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P r e f a c e

Dear reader,

This special issue of the “Bulgarian Chemical 
Communication” contains selected full texts from re-
ports presented during the 4th National Crystallographic 
Symposium (NCS’12), which took place on 01-
03 November, 2012 in the “Assen Zlatarov” hall of 
the University of Chemical Technology Metallurgy 
(UCTM), Sofia. For a third consecutive year, the 
participants in this event gratefully obtained opportu-
nity to publish in this journal. The acceptance of the 
papers was based on the Journal’s normal reviewing 
procedure.

NCS’12 was conducted under the auspices of the 
Bulgarian Crystallographic Society (BCS) with the 
invaluable effort of organizing committee members 
from the Institute of Mineralogy and Crystallography 
(BAS), University of Chemical Technology and 
Metallurgy, Sofia, Institute of General and Inorganic 
Chemistry (BAS), Institute of Geology (BAS), 
Institute of Catalysis (BAS), and Institute of Physical 
Chemistry (BAS).

The organizers of NCS’12 invited leading re-
searchers from abroad to inspire the interdisciplinary 
audience and attract young researchers to this interdis-
ciplinary field of science.

Main purpose of such meetings is to gather the crys-
tallographic community in Bulgaria to meet and share 
knowledge in modern crystallographic approaches on 
study of new materials achieved by scientists from na-
tional research institutes and universities in the fields 
of structural crystallography, crystal chemistry, crys-
tal physics, mineralogy and materials science.

The National Crystallographic Symposium 
(NCS) is the annual meeting of the growing Bulgarian 
crystallographic community and is the principal activity 
of the recently established Bulgarian Crystallographic 
Society (BCS). These symposia became the leading 
scientific events, not only for the Bulgarian crystal-
lographers, but also for participants from different 

European countries. A testimony for the growing in-
terest to the National Crystallographic Symposium is 
the fact that this special issue collected 37 papers – a 
number exceeding by about 60% the ones in previous 
NCS issues. 

The papers in the present issue outline the latest 
developments in the research of the Bulgarian crystal-
lographers. They cover a wide interdisciplinary range 
– main essence is the synthesis, structure and properties 
studies on a great variety of materials – “glaserite” type 
compounds, ion-exchanged natural zeolites and micro-
porous titanosilicates, sedimentary apatite, Ni-Al lay-
ered double hydroxides, ZnO powders, borate materi-
als, ZnFe2О4, LiNbO3 and LiTaO3, TeO2/TiO2 powders, 
Fe-doped TiO2 nanoparticles, magnesium chlorates, 
amorphous Ge–Te–In system, molybdenum modified 
aluminum bronze, bacteria and DNA samples, proteins, 
urea and thiourea adducts, orthodontic archwires, poly-
caprolactam, hybrid materials, organic dyes.

Special attention is paid to the 100 years Anniversary 
of X-ray diffraction discovery.

We very much hope that this issue, representing 
the accepted full texts, reveals the high quality work 
of the Bulgarian crystallographers, is good basis for 
provoking business interest in investment in produc-
tion of high technological materials and is an in-time 
product at the dawn of 2014 – The International Year 
of Crystallography. The decision was proclaimed by the 
United Nations General Assembly in July 2012. The of-
ficial Opening Ceremony of the International Year of 
Crystallography (IYCr2014) will take place at UNESCO 
Headquarters in Paris on 20 and 21 January 2014.

We are looking forward to successful organization 
of the Fifth National Crystallographic Symposium to 
be held in Sofia in 2014. 

Special acknowledgements are due to the spon-
sors of the 4th National Crystallographic Symposium 
– ASTEL, PANalytical, Bruker, RETSCH, and 
Labexpert Ltd. for their help and making the sympo-
sium a success and this special issue possible. 

Prof. Ognyan Petrov
Guest editor of the special issue of the Journal 

Bulgarian Chemical Communications,  
and President of the Bulgarian Crystallographic Society
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The paper invites the reader to recall the 100 years long history of X-rays diffraction discovery, advancement 
and achievements with great impact on our daily life. Let us pay a tribute to the founders of X-ray diffraction and 
emphasize the importance of their work for our modern understanding of matter. Special honor has to be given to 
Max von Laue, who discovered in 1912 that X-rays are electromagnetic in nature, with wavelength short enough, to 
cause diffraction when passing through a periodic crystal medium. Shortly afterwards, the importance of his work was 
recognized and he received Nobel Prize two years later. Other distinguished researchers are Sir William Henry Bragg 
and William Lawrence Bragg, who were awarded a Nobel Prize in 1915 “for their services in the analysis of crystal 
structure by means of X-rays”. Bulgarian history of X-ray diffraction analysis started around 1939, when Ivan Stranski 
and Rostislaw Kaishev performed the first experiments. One of the very first publications by Bulgarian authors on this 
topic belongs to Strashimir Dimitrov in collaboration with Kaishev.

At present, the X-ray diffraction is irreplaceable, unique method for structural investigation of inorganic and or-
ganic materials, biomolecules, including human DNA, nanocomposites and many others, especially after the develop-
ment of more than 40 X-ray synchrotron sources worldwide.

Key words: X-ray diffraction history, Bulgarian X-rays science history.

INTRODUCTION

Since the discovery of X-rays not only the scien-
tific community, but the entire society have recog-
nized their importance for our daily life. X-rays are 
employed in structural investigation of inorganic 
and organic materials, for chemical elemental anal-
ysis and biological imaging.

Hundred years of X-ray diffraction analysis, 
is a good occasion to recall the people, whom we 
have to thank for our achievements today. The ar-
ticle invites the reader to recall the significant mo-
ments in the 100 years long history of advancement 
and achievements since the scientific discovery of 
X-rays diffraction.

Prehistory

Before dealing with the essentials of X-ray dif-
fraction applications, let us recall the story of the 
X-ray discovery, marked with at least 5 related 
Nobel Prizes in a period of only 10 years.

The very first Nobel Prize, in the remote 1901, 
was awarded to Wilhelm Conrad Röntgen “in rec-
ognition of the extraordinary services he has ren-
dered by the discovery of the remarkable rays, 
subsequently named after him” [1]. At the time of 
his discovery, Röntgen was appointed Professor at 
the University of Würzburg. His scientific interests 
since then were far from that field, but since the 
investigations on cathode rays were very new and 
modern, he decided to perform some experiments 
similar to those of Herz and Lenard. In the autumn 
of 1895 he assembled equipment, consisting of 
Ruhmkorff’s coil and evacuated Lenard’s tube cov-
ered with paperboard. What he observed amazed 
him [2]! In the dark room, a barium-platinum-cya-
nide screen, located 2 meters away from the equip-
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ment, was fluorescencing. Röntgen was famous for 
his diligence, so he closed the door of his lab and 
spent six weeks repeating and trying different ex-
periments to convince himself that the observation 
came really from the experiment and is not a fiction. 
He even did not speak to his assistant or his wife, 
who started to worry about him.

The amount of work he performed in this pe-
riod is indeed impressing! The first results were 
published as a short communication in the local 
scientific journal [3], where as a footnote to the 
main text Röntgen wrote “for shortcut I would like 
to use the expression „rays” and more precisely, 
to make the difference with all other rays, I will use 
the name X-rays”. The communication was sent as 
a Christmas present to almost 90 scientists all over 
the world and it actually became the Christmas 
present to the humanity as well.

The first communication was followed by a 
second one, issued a month later. There was only 
one more communication written by Röntgen on 
this topic, published a year later in Berlin [4]. So, 
the new X-rays were born and described in only 
30 pages!

The main part of the experimental work of 
Röntgen aimed on proving the properties of the 
“agent”, if it was really rays, if they differed from 
light and cathode rays and in which way. It has to 
be mentioned here, that he also tried to observe dif-
fraction but did not succeed. His achievement had 
a profound effect. Researchers worldwide could 
experiment with X-rays as Röntgen refused to pat-
ent his findings, convinced that his inventions and 
discoveries belong to the entire world.

The next, very important person in our story is 
Charles Glover Barkla, who devoted his life to the 
investigations on X-rays. His extraordinary work, 
honored with Nobel Prize in 1917, is described on 
the Nobel Prize site as follows [1]: “His discovery 
of homogeneous radiations characteristic of the el-
ements showed that these elements had their char-
acteristic line spectra in X-ray and he was the first 
to show that secondary emission is of two kinds, one 
consisting of X-rays scattered unchanged, and the 
other a fluorescent radiation peculiar to the par-
ticular substance. He discovered the polarization 
of X-rays, an experimental result of considerable 
importance for it meant that X-radiation could be 
regarded as similar to ordinary light. Barkla made 
valuable contributions to present knowledge on the 
absorption and photographic action of X-rays and 
his later work demonstrated the relation between 
the characteristic X-radiation and the corpuscular 
radiation accompanying it. He has also shown both 
the applicability and the limitation of the quantum 
theory in relation to Röntgen radiation …Barkla’s 
discovery of the characteristic X-radiation has 

proved to be a phenomenon of extraordinary im-
portance as regards physical research, a fact which 
has been made increasingly manifest by the subse-
quent researches of other investigators...”

Once upon a time in Munich 

Now the time line goes to Munich, where 
Röntgen had moved to in the beginning of the 20th 
century. The scientific community there had good 
traditions. One of them was that every day profes-
sors and students were discussing modern scientific 
topics at the Café Hofgarten. Under discussion were 
crystallography, X-rays and their polarization, dif-
ferent new theories, ideas mostly inspired by the 
interests of the appointed at that time professors at 
the University of Munich and on the first place by 
professor Röntgen, of course.

On the second place – Professor Groth, who was 
the Director of the Institute of Crystallography. He 
used to invite famous crystallographers from all 
over the world, which gave the possibility to the 
students and professors for real and spontaneous 
transfer of knowledge and generation of new ide-
as. Although at that time some facts were already 
known, for instance the existence of 32 symmetry 
classes and 230 Space Groups, and the theory of 
“molécular intégrantes”, according to which crys-
tals were supposed to be a periodic arrangement 
of identical particles, crystallography was still 
rather a mathematical exercise. This was also the 
time when the theory of the atoms and their inner 
structure did not exist yet. Knowing this, Groth’s 
great contribution can be highly appreciated. In 
1876, he wrote “Physical crystallography”, which 
became a leading book in Crystallography for dec-
ades [5]. The most famous book, written by him is 
“Chemical crystallography” (1906, in 5 volumes), 
where he classified crystal forms according to their 
chemical structure. This way he established for the 
first time the connection between physical shape 
and chemical nature of the crystals. 

Another very important person in our story is 
professor Sommerfeld. At the time when Röngen 
invited him for the position of a Director of the 
Theoretical institute at the University of Munich, 
Sommerfeld’s scientific interests had been con-
nected with the theory of diffraction in the optical 
range. Curiously, Sommerfeld stated that his condi-
tion to accept the position was to have a laboratory 
with appropriate equipment for proving his theories. 
Professor Sommerfeld was easy going, charming 
and open person who soon became the center of all 
scientific meetings at the Café Hofgarten. About his 
extraordinary scientific capacity one could judge 
from the success of his students such as P. Debye, P. 
Ewald, W. Pauli, W. Heisenberg. All these students 
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participated in the café and some of the students of 
Röntgen like P. Knipping, J. Brentano, R. Glocker, 
and Joffe can be added to this list.

All mentioned students are renowned scientists 
of course but we will pay special attention only to 
Paul Ewald (1888–1985). In one of his books Ewald 
wrote [6]: “Towards the end of summer semester of 
1910 the present author, Paul Ewald, had belonged 
to the group of students centered about Sommerfeld 
for about two years, and he felt that he could venture 
to ask his teacher to accept him as a doctorant.”

Ewald chose a thesis problem with the work-
ing title “To find the optical properties of an ani-
sotropic arrangement of isotropic resonators”, the 
basic idea of which he explained as [6]: “…If the 
same type resonators were placed in a lattice ar-
ray, with perfect regularity but different distances 
along the three coordinate axes – would the dis-
persive and refractive properties of this medium be 
those of a crystal?”

Almost ready, Ewald met some difficulties ex-
plaining his calculations. According to Munich 
university traditions, he asked the newly appointed 
assistant Max von Laue for help. Laue was actually 
the favorite student of Max Plank in Berlin, but he 
insisted to move to Munich and in 1909 he was ap-
pointed in the Theoretical institute under the supervi-
sion of Sommerfeld. Laue invited Ewald for a supper 
at home. They met (in late January 1912) and took 
a walk in the English Garden (near the University), 
where Ewald started explaining his problems. 
Ewald wrote [6] about this walk: “Meanwhile they 
were entering the park, when Laue asked: “what 
is the distance between the resonators?”. To this 
Ewald answered that it was very small compared 
to the wave-length of visible light, perhaps 1/500 or 
1/1000 of the wave-length, but that an exact value 
could not be given because of the unknown nature 
of the “molecules integrantes” or “particles” of the 
structure theory; that, however, the exact distance 
was immaterial for his problem because it was suf-
ficient to know that it was only a minute fraction of 
the wave-length.”

Let us now draw our attention to Laue and his 
point of view. In his Nobel Prize lecture he explained 
how much all professors at Munich University in-
fluenced him [1]: “It turned to be a matter of great 
good fortune that Sommerfeld passed to me the ar-
ticle “Wellenoptik” at that time to work upon for 
the Encyclopedia of Mathematical Science. For it 
was during that object that I was obliged to seek 
a mathematical presentation of the lattice theory…
On my arrival in Munich in 1909 my attention was 
drawn constantly – first owing to the influence of 
Röntgen‘s work at this University and subsequently 
by Sommerfeld‘s active interest in X-rays and γ-rays, 
which he had also testified in several works-back to 

the question of their actual nature … it was Groth 
who expressed his defense of it (the space-lattices 
model), both orally and in writing, and I, also thus 
learned from him.” and then concluded [1]: “Such 
was the state of affair as, one evening in February 
1912, P.P. Ewald came to visit me… he was faced 
at that time with certain difficulties and came to me 
with a request for advice.”

Through the memories of Ewald [5] and Laue 
[1] one can reconstruct the remarkable conversa-
tion on that day. Laue said that during the con-
versation with Ewald in his mind was: “…lat-
tice spectra have to be ensued. The fact that the 
lattice constant in crystals is of an order of 10–8 
cm was sufficiently known from the analogy with 
other interatomic distances in solid and liquid 
substances, and in addition, this could easily be 
argued from the density, molecular weight and the 
mass of the hydrogen atom which, just at that time, 
had been particularly well determined. The order 
of X-ray wavelengths was estimated by Wien and 
Sommerfeld at 10–9 cm, so …”

Ewald explained about the time after the supper: 
“When this time came, he found Laue listening in a 
slightly distracted way. He again insisted on know-
ing the distance between the resonators and when 
he received the same answer as before, he asked: 
“what would happen if you assume very much 
shorter waves to travel in a crystal?”…”

Ewald was on a hurry finishing his thesis, so he 
only copied the calculations to Laue. After finishing 
his PhD, Ewald got a job and forgot about this issue. 
However, the interest of Laue and respectively of 
the other scientists at Munich University continued. 
Meanwhile, Ewald continued working on X-rays 
and became later the father of the dynamic theory 
of the X-ray diffraction.

In 1912 during the Easter holydays, complete-
ly in accordance with the good university tradi-
tions, a group of professors, assistants and students 
were skiing in the Alps. During the vacation, Laue 
shared his idea with Sommerfeld, Wien and other 
scientists, but encountered a strong disbelief in a 
significant outcome of any diffraction experiment 
based on the regularity of the internal structure of 
crystals. On the other hand, Walter Friedrich, who 
was newly appointed as an experimental assistant 
in Sommerfeld’s group, immediately expressed 
his willingness to carry out a relevant test. Also 
Paul Knipping, who had just finished his thesis in 
Röntgen‘s institute, volunteered for assisting in the 
experiment. Finally, the opinion prevailed that ex-
periment was safer than theory and that since the 
diffraction experiment required no sophisticated 
set-up, it should at least be tried.

Friedrich and Knipping performed series of ex-
periments with CuSO4 and they had success when 
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experimented on transmission. Visiting the scientif-
ic café, Laue was informed about that progress and 
was so excited that he even remembered the house, 
where he solved the equations. He wrote [1]: “Only 
shortly before this, when writing an article for 
Enzyklopaedie der matematischen Wissenschaften, I 
had given the old theory of diffraction by an optical 
grating, which went back to Schwerd (1835), a new 
formulation in order that by applying the equation 
of the theory twice over, the theory of diffraction 
by a cross-grating could be obtained. I had only to 
write out this equation three times, corresponding to 
the three periodicities of the space lattice, so as to 
obtain the interpretation of the discovery. In partic-
ular the observed rings of rays could thus be related 
to the cones of rays demanded separately by each of 
the three conditions of constructive interference.”

The last events happened in 1912. The results 
were then presented (8.06.1912) by Sommerfeld 
at the Bavarian Academy of Sciences. Meanwhile 
Laue delivered a lecture in Berlin, presenting the 
results to his former colleagues and the scientific 
society in Berlin. On his way back to Munich, Laue 
went to visit Professor Wien and introduced the re-
cent achievements to the group there and a professor 
from Göttingen. The presentations were followed 
by publication of the significant results. The first 
publication was written by Friedrich, Knipping and 
Laue [7], followed by another one written by Laue 
[8]. These publications gave the birth of X-ray dif-
fraction science. Shortly, the importance of Laue’s 
work was recognized and he received the Nobel 
Prize in 1914 “for his discovery of the diffraction of 
X-rays by crystals” [1].

Practical application

The theory of Laue for the diffraction of X-rays 
by crystal lattice and its mathematical formulation 
was a ground breaking discovery a ground break-
ing discovery. However, as Professor Granqvist 
explained [1]: “…calculating the crystal structures, 
from von Laue’s formulae, was an exceedingly com-
plicated one, in as much as not only the space lattic-
es, but also the wavelengths and the intensity-distri-
bution over the various wavelengths in the spectra 
of the X-rays, were unknown quantities.”

This is the reason why Ewald defined [5] the 
beginning of the real X-ray diffraction analysis 
as follows: “Crystal Structure Analysis began in 
November 1912 with the first papers of W. L. Bragg, 
then still student in Cambridge, in which, by analy-
sis of the Laue diagrams of zink blende, he deter-
mined the correct lattice upon which the structure 
of this crystal is built. Soon afterwards he obtained 
the first complete structure determinations, namely 
of NaCl, KCl, KBr, KI, a series of alkali halides hav-

ing similar structures. By this determination a scale 
for measuring of atomic distances in crystals and, 
simultaneously, of X-ray wave-lengths obtained.”

The real progress was possible due to the subse-
quent discovery of W. L. Bragg, who found out that 
the phenomenon could be treated mathematically as 
a reflection by successive parallel planes that may 
be placed so as to pass through the lattice points, and 
that in this way the ratio between the wavelengths 
and the distances of the said planes from each other 
can be calculated by a simple formula from the an-
gle of reflection [1]. The other very important event 
was that W.H. Bragg and W. L. Bragg constructed 
the first X-ray spectrometer, based on reflection 
principle, which admitted a definite, even though 
initially unknown, wavelength being made use of. 
Exactly this spectrometer allowed the Bragg’s to 
gain the first, extremely important insights into the 
structure of crystals. The rays falling on the crystal 
were produced by X-ray tubes, platinum being at 
first used for the anticathode while consequently an-
ticathodes were produced from palladium and rho-
dium. In order to take practical advantage of those 
different X-rays W. L. Bragg developed a method 
for calculating their intensity in the case of a com-
plex space lattice.

If one has to summarize the contribution of the 
Bragg’s to science, one has to mention that these 
two investigators determined the crystal structures 
of various materials, the wavelengths of the X-rays 
and the distances between the successive planes, 
placed with such exactitude, that the error, if any, is 
probably at most some few units per cent. Thanks to 
the methods that the Bragg, father and son, have de-
vised for investigating crystal structures, an entirely 
new world has been opened and has already in part 
been explored with marvelous exactitude. 

In recognition of the great practical importance 
of their method, the Nobel Prize in Physics in 1915 
was awarded jointly to Sir William Henry Bragg and 
William Lawrence Bragg “for their services in the 
analysis of crystal structure by means of X-rays”.

Bulgarian contribution to X-ray  
diffraction science 

In the book of Ewald, devoted to the 50 year 
anniversary of X-ray diffraction [5], the author 
makes a comprehensive review of historical de-
velopments in the field, pretending to cover all 
achievements over the world. Somehow the 
Balkan region is scarcely mentioned. He describes 
only an experiment on a mineral, employing the 
Debye method, performed in Yugoslavia in 1947. 
In the same text, Ewald admits that for countries 
like Romania and Bulgaria there is nothing to be 
said because of their isolation.
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The very first experiments, performed in in 
Bulgaria, date back from the time before World 
War II. Bulgarian X-ray diffraction analysis is 
closely connected with one very prominent and 
distinguished scientist – Iwan Nicolá Stranski, who 
brought from abroad the first X-ray apparatus, made 
by the “Siemens” company (Fig. 1). At that time, 
Stranski was appointed professor at the Institute 
of Physical Chemistry, belonging to the Bulgarian 
Academy of Sciences. 

Actually Iwan Nicolá Stranski [9] (Fig. 2) left 
a profound imprint on the world science record 
with his famous theory of crystal growth (theory of 
Kossel-Stranski) and he is the father of the Bulgarian 

school of physical chemistry. He studied chemistry 
and graduated in Sofia in 1922, but he got his doctor-
ate in 1925 in Germany (at Physikalisch-chemische 
Institut of the University, Berlin). His doctoral re-
search was devoted to X-ray spectroscopic analy-
sis. He started his career as lecturer in Physical 
Chemistry at the Department of Physical Chemistry 
Sofia University in 1926, becoming the first teacher 
in physical chemistry in Bulgaria. In 1937 he was 
the first elected Professor there. In 1941 Stranski 
moved to Germany. During the years 1941–44 he 
was visiting professor at the University and the TH 
Breslau (now Wroclaw, Poland). In 1944 he became 
a scientific fellow of the Kaiser-Wilhelm-Institut 
für physikalische Chemie und Elektrochemie 
(Kaiser Wilhelm Institute for Physical Chemistry 
and Electrochemistry) in Dahlem, Berlin, becoming 
its associate director in 1953. The TU Berlin made 
him the successor to Max Volmer as professor of 
Physical Chemistry in 1946. He taught at the Free 
University of Berlin as an honorary professor un-
til 1963. Two research institutes in Germany have 
been named after him: the Iwan N. Stranski Institute 
of the TU Berlin and the I. N. Stranski Institute for 
Metallurgy in Oberhausen. 

Rostislaw Kaishev [10] (Fig. 2) was appointed 
as assistant to Stanski in 1933. Both are the co-
founders of the contemporary theory of crystal 
nucleation and growth. They both were connected 
with Germany (Kaischew obtained his PhD in 1932 
under the supervision of the famous F. Simon) and 
their fruitful cooperation continues also by working 
on the first X-ray diffraction experiments. In 1958 
Kaischew became the founder of the Institute of 
Physical Chemistry, within the Bulgarian Academy 

Fig. 1. First X-ray diffractometer, used for research pur-
poses in Bulgaria

Fig. 2. Bulgarian pioneers in X-ray diffraction analysis

Iwan Stranski Rostislaw Kaischew Strashimir Dimitrov
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of Sciences, named after him today, and held the po-
sition of director there until his retirement in 1989.

The first publication with Bulgarian contribu-
tion, devoted to X-ray diffraction experiments 
dated from 1939, on clay material, provided by 
Strashimir Dimitrov, and were performed by 
Kaischew. Dimitrov (Fig. 2) graduated in 1914 
from Sofia University. He made a specialty of min-
eralogy and petrology in Heidelberg, Germany in 
1927. His career is closely connected with Sofia 
University, where he became a professor in 1941. 
He was the Dean of the Department of mineral-
ogy and petrography. In 1947 Dimitrov became 
one of the founders and director of the Geological 
Institute of BAS, named today after him. His great 
contribution to the Bulgarian science was recog-
nized by naming a mineral after him (Strashimirite 
Cu8(AsO4)4(OH)4·5(H2O)).

Advancement and achievements 

If one can use the Nobel Prizes as a measure of 
the recognition and significance of any scientific 
field, here is the place to state, that since 1901, more 
than 24 Nobel Prize holders belong to the family 
of researches, connected with X-ray diffraction [1]. 
Even the Nobel Prize in chemistry for 2012 is evi-
dence of the great impact of the Laue’s discovery 
on our daily life. Most of the recent progress is due 
to the development of synchrotron sources, start-
ing in 1970. Nowadays there are more than 40 such 
sourced all over the world. Thanks to the extended 
possibilities, X-rays diffraction analysis is applied 
in biology, earth and environmental science, soft 
matter, polymers, complex and nanostructured ma-
terials sciences, in investigations of semiconduc-

V. Krastev, G. K. Exner: 100 years of X-ray diffraction: from Röntgen’s discovery to top-of-the-art synchrotron ...

tors, surfaces, and interfaces, in chemical dynamics, 
for ultrafast/time-resolved studies, etc. [11, 12]. 
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100 гОдини рентгенОва дифракция: От ОткритиетО  
на рьОнтген дО мОдерните прилОжения  

на синхрОтрОнните изтОчници

в. кръстев, г. екснер*

1 Софийски университет „Св. Климент Охридски“, бул. „Джеймс Баучер“ № 5,  
1164 София, България 

2 Катедра „Експериментална физика“, Факултет по физика и инженерни технологии,  
ПУ „Паисий Хилендарски“, ул. „Цар Асен“ № 24, 4000 Пловдив, България

постъпила февруари, 2013 г.; приета май, 2013 г.

(резюме)

статията приканва читателя да проследи 100-годишната история от откриването на рентгеновите лъчи, 
напредъка и достиженията при тяхното използване и ефекта върху нашето ежедневие. Отдаваме почит на 
откривателите на рентгеновата дифракция и подчертаваме важността на техните усилия за съвременното ни 
познание при изследване на материята. специално уважение трябва да отдадем на макс фон лауе, който през 
1912 година установи, че рентгеновите лъчи са електромагнитни по природа с достатъчно къси дължини на 
вълните за да предизвикат дифракция, когато преминават през една периодична кристална среда. скоро след 
това важността на неговата работа беше оценена високо и след две години той бе удостоен с нобелова на-
града. в същата сфера работят и други авторитетни учени като сър Уилиам хенри Брег и Уилиам лоуренсе 
грег, които получават нобелова награда през 1915 „за техния принос за анализ на кристални структури с 
рентгенови лъчи“. в България стартирането на рентгено-дифракционния анализ води началото си от 1939 г., 
когато иван странски и ростислав каишев правят първите експерименти. една от най-първите публикации 
от български автори по тази тема принадлежи на страшимир димитров в колаборация с каишев. в днешно 
време рентгеновата дифракция е незаменим, уникален метод за структурни изследвания на неорганични и ор-
ганични материали, биоматериали, включващи човешкото днк, нанокомпозити, особено стимулирани след 
разработването и пускане в действие на повече от 40 рентгенови синхротронни източника по света.

V. Krastev, G. K. Exner: 100 years of X-ray diffraction: from Röntgen’s discovery to top-of-the-art synchrotron ...
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Crystal chemical data for more than 100 compounds with “glaserite” type structure are summarized and evaluated. 
A revised general formula for “glaserite” type compounds (GTC) is deduced – X(□;1)Y(□;2)[M(TO4)2]. It gives informa-
tion for two important structural characteristics of GTC. The first one is that main structural unit is the ∞

2[M(TO4)2] 
layer where all the atomic positions are fully occupied. The second one is that the occupancy of X and Y positions 
depends on the layer charge and these positions can either be both unoccupied, one can be entirely occupied whereas 
the other is totally unoccupied, or both can be entirely occupied. Precise criteria for “glaserite” type topology (GTT) 
are proposed distinguishing GTT from other topologies built by similar or identical layers. The range of structural 
stability of the “glaserite” type compounds is outlined in terms of the established up to now cation composition and 
site occupancy. The topological flexibility is evaluated through geometrical criteria based on the lattice parameters or 
certain dimensional and angular correlations. The established compositional diversity, topological versatility and wide 
range of formation conditions are good prerequisite for preparation of new materials adopting the “glaserite” topology 
and estimation of certain physical phenomena such as temperature induced phase transitions.

Key words: glaserite, “glaserite” type topology, “glaserite” type compounds.

INTRODUCTION

The structure of the mineral glaserite was origi-
nally determined by Gossner (1928) [1] and con-
firmed later by Bellanca (1943) [2] and Pontonnier 
et al. (1972) [3]. The structure of its synthetic ana-
logue was solved by Okada and Ossaka in 1980 [4]. 
Later on, it has been established that there are many 
substances which are isostructural with glaserite. In 
the course of gathering information for new com-
pounds with such topology different approaches 
have been applied to describe this structural type. 
Moore (1981) [5] reported that in glaserite, the 
cations and anions form two types of columns in a 
hexagonal arrangement: type I containing only, Na+ 
and K+ cations and type II, containing both cations 
and anions (K+ and SO4

2–). Since the ions in each 
column are tightly bound along its length, the struc-
ture has been considered as a hexagonal packing of 
rods. Such an approach was applied by Takagy et 
al. (1983) [6] for the structure of CaK3H(PO4)2 and 

used also by other authors, e.g. Lazoryak (1996) [7]. 
Later on, the results from investigations of various 
physical phenomena (phase transitions without top-
ological changes, luminescence properties, etc.) oc-
curring in certain “glaserite” type compounds (GTC) 
suggested that their structures can be considered as 
alternating layers composed by corner-sharing oc-
tahedra and tetrahedra with or without additional 
charge compensating cations [8–17]. An interest-
ing approach for presentation of the “glaserite” type 
compound Ba3MgSi2O8 was reported by Park et al. 
[18]. The authors have derived its structure from 
the perovskite one by considering variations on the 
stacking of layers of the type AX3 and AX2. 

Upon accumulation of crystal chemical data 
many authors have tried to classify the GTC and 
clarify their structural features. Based on ap-
proximately 10 compounds known at that time 
Moor (1973) and Eysel (1973) independently 
from each other found out that “The glaserite 
structure and its deformed derivatives can be 
predicted for (A,C)yBX4 solid solution” [19, 20]. 
Later on, Lazoryak (1996) defined criteria for sta-
bility of the “glaserite” type topology and postulated 
that “Glaserite structural type X[6+6]Y2

[4+6]M[6](EO4)2 
is stable for compounds where 0.59 < Δr < 0.89  
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(Δr = rX(Y) – rM; Shanon ionic radii)” [7]. The 
superscripts denote the coordination number ex-
pressed in terms of the bond lengths between the 
central cation and the ligand oxygen atoms. 

Recently, it has been established that a synthetic 
sodium zirconosilicate material – Na3–xH1+xZr(SiO)4.
yH2O (0<x<3, 0<y<1) exhibits a “glaserite” type 
topology [21, 22]. Two features of this compound 
attract attention. The first one is the presence of wa-
ter molecules in a structural topology known as an 
anhydrous one. The second feature is related with 
the possibility for protonation of this compound. 
Sodium ions could be leached out upon treatment 
with hydrochloric acid without destroying the 
structural topology. Such behavior is indicative 
of a “microporous” or a “layered” structure rather 
than of a dense-packed one. To better understand 
the crystal-chemical relation of this zirconosilicate 
to other materials adopting “glaserite” topology a 
search of such compounds in the available structur-
al databases has been undertaken [23, 24]. Detailed 
analysis of the crystal-chemical characteristics of 
the collected compounds has revealed the amazing 
chemical diversity and structural versatility of the 
“glaserite” materials. 

This work summarizes data from the crystal-
chemical characterization of over 100 compounds 
with “glaserite” type topology. All of them are ox-
ides. In fact, only one compound with “glaserite” 
type structure and fluorine instead of oxygen was 
found [3]. Precise criteria for GTT definition are in-
troduced. The general formula previously reported 
for these materials [7] is reconsidered and new fea-
tures and limitations are added to it. The topologi-
cal flexibility is evaluated through introduced here 
geometrical criteria. Based on the gathered crystal-
chemical information the range of structural stabil-

ity of the “glaserite” type compounds is outlined in 
terms of the established up to now cation compo-
sition and site occupancy. This work is not an at-
tempt to classify the “glaserite” type compounds 
but rather to comprise, to describe, and to evaluate 
the chemical diversity and structural versatility of 
the “glaserite” type topology.

RESULTS AND DISCUSSION

Crystal-chemical characterization of the 
“glaserite” type topology

In this paper the layer model for description of 
GTT is adopted as presented in Figure 1. 

The TO4 tetrahedron can be defined as a pri-
mary building unit of the “glaserite” structure 
type. Three of the oxygen atoms of a TO4 tetrahe-
dron are shared with the adjacent MO6 octahedra, 
whereas one oxygen atom is non-bridging. Each of 
the M atoms is linked to six different TO4 groups. 
Repetition of such connectivity results in the for-
mation of a secondary building unit – a ∞

2[M(TO4)2] 
layer of corner-sharing MO6 octahedra and TO4 
tetrahedra (see Fig. 1a). The resulting construction 
upon “glaserite” type stacking of the layers allows 
the appearance of two additional cationic positions 
(Fig. 1b and Fig. 2). For the highest symmetry case 
they can be defined as follows: a twelve coordinated 
position located between the layers and surrounded 
by six oxygen atoms from one of the layers and six 
more oxygens from the other layer (X[6+6]) (Fig. 2a) 
and a ten coordinated position which is layer em-
bedded and surrounded by nine oxygen atoms from 
the same layer and one oxygen from the adjacent 
layer (Y[9+1]) (Fig. 2b). Such presentation of the X 

Fig. 1. Schematic presentation of the “glaserite” type topology: a) ∞
2[M(TO4)2] layer– top view; b) layers stacking – 

side view and possible interlayer cations positions (X, Y)

R. Nikolova, V. Kostov-Kytin: Crystal chemistry of “glaserite” type compounds
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and Y atoms coordination does not match the one 
proposed by Lazoryak in his general formula –  
X[6+6]Y2

[4+6]M[6](EO4)2 [7]. It is because this author 
applies the columnar model for description of the 
glaserite construction. It is worth noting that the 
multiplicity of the Y position in GTT is always 
twice that one of X (X:Y=1:2).

The ∞
2[M(TO4)2] layer is common for a large 

number of compounds e.g. Zr(HPO4)2.2H2O (αZrP) 
[25], palmierite [26], A2(3)MT2O7 [27] and referenc-
es therein (Fig. 3). 

In this work three essential structural charac-
teristics are introduced to strictly define the “gla-
serite” type topology and distinguish it from other 
topologies with ∞

2[M(TO4)2] layers. The first one is 
that GTT does not contain additional atomic posi-
tions except the described M, T, X, and Y ones. For 
example, the structure of Zr(HPO4)2.2H2O (αZrP) 
provides opportunity for appearance of different 
interlayer positions due to its well-known capabil-
ity for intercalation interrelated with the presence 
of OH– group at the free apexes of the TO4 tetrahe-

dra (Fig. 3a). Another essential structural feature of 
GTT is that the free tetrahedral apexes point outside 
the layer towards the interlayer space. Up to now, 
the authors applying the layer model in the descrip-
tion of GTT point out only that the unshared corners 
of the tertahedra are oriented alternatively up and 
down in direction perpendicular to the layer [4, 7–9, 
16, 19]. In the “palmierite” type structures this rule 
is observed however the free apexes point inside 
the layer (Fig. 3b) and the consequences of this is a 
different configuration of the charge compensating 
cations (see the stacking sequence of palmierite in 
[19]). The third one is that the layer stacking in GTT 
is realized without bridging oxygen atoms as shown 
in Fig. 1b. In contrast, in the A2(3)MT2O7 compounds 
(Fig. 3c) the ∞2[M(TO4)2] layers are linked by a bridg-
ing oxygen atoms leading to less pronounced charac-
teristics of layeredness as compared with the GTT.

Quite obviously the ∞
2[M(TO4)2] layer charge de-

pends on the type and valence of the M and T posi-
tioned cations. On its side, the layer charge is pre-
determining the occupancy, type, and valence of the 

Fig. 2. Interlayer cations environment in the highest symmetry GTT case expressed in terms of the oxygen ligands 
from the “upper” (filled circles) and the “lower” (empty circles) layer

Fig. 3. Non-GTT compounds containing ∞2[M(TO4)2] layers. Filled circles in Fig. 3a denote hydrogen atoms. Na2ZrSi2O7 
is a representative of the group of compounds with general formula A2(3)MT2O7

R. Nikolova, V. Kostov-Kytin: Crystal chemistry of “glaserite” type compounds
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X and Y positioned cations. Thus, when the layer is 
electroneutral both charge compensation cation po-
sitions will be unoccupied. In all other cases either 
X, or Y, or both X and Y positions will be occupied 
by appropriate in charge cations. Lazoryak’s gener-
al formula, however, does not provide information 
about the cationic positions occupancy and their 
actual coordination in case of structural deviations 
from the highest symmetry. 

Thus, a reconsideration of the general formula 
of GTC has been undertaken in terms of the postu-
lated above essential structural features for GTT. A 
check-up in the available structural data bases has 
been performed and some of the results are sum-
marized below.

among the compounds adopting GTT there are 5 • 
minerals and more than 100 synthetic compounds;

altogether 47 elements from the periodic table • 
can occupy the established four cationic positions 
(X, Y, M, and T) in the studied group;

the T position (always fully occupied) includes • 
the following elements: transition metals (V, Cr, 
Mo, W, Re, Fe, Ru) and non-metals (Si, P, S, Se). 
Altogether – 11; 

the M position (always fully occupied) is taken • 
by: alkali metals (Na), alkali earth metals (Mg, Ca), 
transition metals (Sc, Y, Ti, Zr, Hf, V, Cr, Mo, Mn, 
Fe, Co, Ni, Cu, Zn, Cd) including lanthanides (Gd, 
Tb, Dy, Ho, Er, Tm, Yb, Lu), and poor metals (Al, 
In, Tl, Ge, Sn, Sb). Altogether – 32;

if occupied the X and Y positions are taken by • 
alkali metals (Na, K, Rb, Cs), alkali earth metals 
(Ca, Sr, Ba), transition metals (Ag), and poor metals 
(Tl, Pb). All of them – 10;

the • ∞
2[M(TO4)2] layer charge can take up the 

following values: 0, –1, –2, –3, –4, –6;
Based on the performed crystal chemical review 

a precise general formula (GF) for “glaserite” type 
compounds can be deduced and presented as fol-
lows: X(□;1)Y(□;2)[M(TO4)2] (X+Y = 0; 1; 2; 3; M = 1; 
T = 2). Additional limitations and variety ranges for 
the general formula are presented in Table 1.

The amazing compositional diversity, the possi-
bility for some chemical elements to occupy more 
than one cationic position (sometimes even in a sin-
gle compound), the availability of mixed cationic 
positions, and the opportunity for X and Y to be 
both either free (unoccupied) or entirely occupied 
bring to a great variety of records for the general 
formula. Table 2 presents derivatives of the as intro-
duced GTC general formula in accordance with the 
specificity (see third column) and occupancy of the 
cationic positions X, Y, M, and T (“conditions”). 
Each one is illustrated with the long and short for-
mula of a particular “glaserite” compound in order 
to clarify the way the empirical chemical formulas 
for certain GTC can be derived. The last column 
shows the number of compounds found in the avail-
able structural data bases.

The distribution of GTC in groups according to 
the specificity of the cationic positions reveal that 
the conditions indicated in lines 2 and 4 of Table 
2 are most favorable for the formation of such ma-
terials. According to the X and Y positions occu-
pancy three groups of GTC can be differentiated. 
There are only 8 compounds with electroneutral 
layers and free X and Y positions. In 45 compounds 
only the X position is occupied (always completely) 
and 55 other phases contain both X and Y cations 
(full occupancy). Up to now only one compound 
– K2Zr(PO4)2 (line 7 in Table 2) is established in 
which the Y position is occupied whereas the X one 
is free. This is indicative that the X position is more 
occupationally preferred than the Y one.

The proposed crystal-chemical formula does not 
contain information about the coordination numbers 
of the charge compensating cations since these val-
ues are not constant (Table 1, last column). These 
are strongly influenced by the structural deviations 
from the highest symmetry case for GTT occurring 
upon variations of the cationic positions specificity 
(Table 2). In some GTC H atoms are added to the 
chemical formula to overwhelm the spatial limita-
tions affecting the charge compensating cations. 

Table 1. Limitations and variety ranges of the GTC general formula X(□;1)Y(□;2)[M(TO4)2] (X+Y = 0; 1; 2; 3;)

Cation position number of elements occupying  
the position 

valence of elements occupying  
the position CN (BVS)*

X 0; 1; 2 1+, 2+ 6, 7, 8, 9, 10, 12
Y 0; 1; 2 1+, 2+ 4, 5, 7, 8, 9, 10, 12
M 1; 2 1+, 2+, 3+, 4+ 6
T 1; 2 4+, 5+, 6+, 7+ 4

* The coordination number CN is determined on the basis of the bond valence sums (BVS) after testing each CIF file with the soft 
BV 0.96 software [28]

R. Nikolova, V. Kostov-Kytin: Crystal chemistry of “glaserite” type compounds
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Table 2. Derivatives of the general formula X(□;1)Y(□;2)[M(TO4)2] in accordance with the specificity and occupancy of 
the cationic positions (X, Y, M, and T)

No General formula Conditions
Examples

Ref. Number 
of GTCLong formula Short formula

1 XY2[M(TO4)2] X≠Y≠M≠T BaNa2[Mg(PO4)2] BaNa2Mg(PO4)2 [12] 12
2 XY2[M(TO4)2] X=Y≠M≠T AgAg2[Fe(VO4)2] Ag3Fe(VO4)2 [29] 31
3 XY2[M(TO4)2] X≠Y; X=M; Y≠M≠T NaK2[Na(SO4)2] = 

K2Na2(SO4)2

KNaSO4 [2] 1

4 XY[M(TO4)2] X≠M≠T; Y=0 Rb[Fe(MoO4)2] RbFe(MoO4)2 [30] 41
5 (X1,X2)Y[M(TO4)2] X1≠X2≠M≠T; Y=0 (Ba0.3Sr0.7)[Zr(PO4)2] Ba0.3Sr0.7Zr(PO4)2 [31] 1
6 X(Y1,Y2)2[M(TO4)2] X=Y1≠Y2;Y2=M≠T Ba(Ba0.5,Na0.5)2[Na(PO4)2] = 

Ba2Na2(PO4)2

BaNaPO4 [32] 4

7 XY2[M(TO4)2] Y≠M≠T; X=0 K2[Zr(PO4)2] K2Zr(PO4)2 [33] 1
8 XY[M(TO4)2] M≠T; X=0, Y=0 [Ni(ReO4)2] Ni(ReO4)2 [34] 7
9 XY[M(T1,T2O4)2] M≠T1; T1≠T2; X=0, 

Y=0
[Zr(Mo,WO4)2] Zr(Mo,WO4)2 [35] 1

10 XY[(M1,M2)(TO4)2] X≠M1≠M2≠T; Y=0 K[(Mg0.5Zr0.5)(MoO4)2] K(Mg0.5Zr0.5)(MoO4)2 [36] 1
11 XY2[M(TO4)2] X=Y=M≠T TlTl2[Tl(WO4)2]= Tl4(WO4)2 Tl2WO4 [37] 2
12 XY2H[M(TO4)2] X=Y≠M≠T NaNa2H[Mg(PO4)2] Na3HMg(PO4)2 [38] 5
13 XYH[M(TO4)2] X≠M≠T; Y=0 KH[Zr(PO4)2] KHZr(PO4)2 [39] 2

For example, in Na3HZr(GeO4)2, K3HCa(PO4)2 and 
Na3HMg(PO4)2 this occurs on the account of a ran-
domly attached to the framework hydrogen [40–42]. 
The Na3–xH1+xZr(SiO)4.yH2O material also accom-
modates charge compensating H+ as well as water 
molecules in its structure [21, 22]. Interestingly, 
the water is trapped between the charge compensat-
ing Na atoms and not positioned in the interlayer 
space, the way this occurs in the αZrP. Since the 
Na3–xH1+xZr(SiO)4.yH2O material does not exhibit 
rehydration or intercalation properties we are prone 
to classify this zirconosilicate as a GTC. 

No doubt, the cations radiuses play a key role 
for the structural versatility and range of stability 
of GTC. As reported in the Introduction section 
in 1996 Lazoryak defined criteria for stability 
of “glaserite” type topology and postulated that 
“Glaserite structural type is stable for compounds 
where 0.59 < Δr < 0.89 Å (Δr = r X(Y) – rM; 
Shanon ionic radii). When this difference de-
creases, metastable or β-K2SO4–like structures are 
formed” [7]. Later on, Morozov et al. expanded 
the lower limit of the range to 0.375 ≤ Δr ≤ 0.89 Å, 
reporting the structure of Na3Fe(PO4)2 [43]. As a 
result of the performed here review of GTC this 
range is further expanded and can be written as  
0 < Δr < 1.345 Å. The lower value is obtained for 
the structure of Tl2WO4 [37] and the upper one – 
for CsAl(MoO4)2 [44]. 

The “glaserite” layer stability  
and structural flexibility 

Inspection of the collected structures brought 
forward certain facts and observations and suggest 
that the main structural motif of the investigated 
materials is the ∞

2[M(TO4)2] layer. One example 
concerns compounds which undergo phase transi-
tions upon thermal treatment without destroying 
their topology. It was noticed that this process af-
fects noticeably only the environment of the charge 
compensating interlayer cations. The adjacent lay-
ers may mutually off-shift when a phase transition 
occurs but the layer structure itself remains almost 
intact and only slight deviation can be detected for 
the bond distances and angles of the atoms constitut-
ing them. The XOn and YOn polyhedra in the higher 
temperature phases (HTP) have higher symmetry 
and are larger in volume than the corresponding 
coordination polyhedral in the lower temperature 
phases (LTP). The latter ones exhibit noticeable 
non-equivalence in the bond lengths. In general, the 
thermal expansion of the XOn and YOn polyhedra 
is most pronounced in the direction perpendicular 
to the layers. An expected effect of the bond dis-
tances elongation occurring in the HTP is the low-
ering of the bond valence sums calculated for the 
charge compensating cations there as compared 
to those ones obtained in the LTP. K3Na(SeO4)2, 

R. Nikolova, V. Kostov-Kytin: Crystal chemistry of “glaserite” type compounds
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K3Na(RuO4)2, BaZr(PO4)2 are “glaserite” type ma-
terials which undergo phase transformation upon 
thermal treatment and the comparison of their high 
and low modifications characteristics is a pretty fair 
illustration of the above said [10, 45, 46]. The struc-
tural transformations that occur with the latter com-
pound are such that the charge compensating Ba even 
changes its coordination number from 10 (LTP) to 12 
(HTP) thus making its bonds with the layer weaker.

As mentioned above in some “glaserite” type 
compounds the layers are electroneutral and their 
structures do not contain charge compensating cati-
ons, i.e. X and Y are vacant: Ni(ReO4)2, Co(ReO4)2, 
Zn(ReO4)2, Mn(ReO4)2, Zr(Mo,WO4)2, Zr(MoO4)2, 
Hf(MoO4)2, [34, 35, 47, 48]. The lack of any bonds 
between the layers provide for their compara-
tively high mobility and various opportunities for 
mutual orientation. Thus, a remarkable number 
of different polymorphs of Zr(MoO4)2 with GTT 
have been reported in the literature ([47, 48] and 
references therein). 

In general, GTC with compositionally identical 
layers and various in size charge compensating inter-
layer cations are interesting because they illustrate 
the “layer-splitting” role of the latter. The intralayer 
cations are, in fact, framework cations and hence, 
it is possible to calculate the framework density 
(FD) of such compounds the way this is made for 
microporous materials (FD = number of framework 
cations per 1000 Å3). Best candidates for this proce-
dure are GTT orthophosphates, orthovanadates and 
orthotungstates of rare earth elements (REE) and 
differing in size alkali elements (rK < rRb < rCs) 
with general formula X(□;1)Y(□;2)[M(TO4)2] (X,Y = K, 
Rb, Cs; M = Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu; T = P, 
V, W). These materials have been investigated in 
details by many authors and although not all theo-

retically possible structures have been experimen-
tally observed or refined, there is sufficient amount 
GTC with refined lattice parameters and chemical 
formulas to perform such calculations [13–17]. As 
expected the FD values drop with the increase of the 
alkali cation radius. For example, in K2RbGd(VO)4 
[16] this value is 12.8 whereas in Rb3Gd(VO)4 [14] 
FD = 12.5. Another examples are KAl(MoO)4 [49] 
(FD = 15.94) vs. CsAl(MoO)4 [44] (FD = 13.99); 
NaCr(CrO)4 (FD = 18.98) – KCr(CrO)4 (FD = 
16.88) – CsCr(CrO)4 [50] (FD = 16.11), etc. In prac-
tice, the “layer-splitting” role of the interlayer cat-
ion was noticed for M3Ln(PO4)2 compounds (M = 
K, Rb, Cs) in terms of the correlation between their 
hygroscopicity and the alkali cation radius. Most 
hygroscopic are the Rb and Cs phosphates [13].

As a whole, the “glaserite” topology is quite 
flexible and able to endure deformations preserv-
ing however its main structural motif. This is mani-
fested through a variety of symmetry related Space 
Groups in which the members of GTC crystalize, 
e.g. P–3m – C2/m – P2/m – P–1 or C2/c – P2/c etc. 

The flexibility of GTT can be expressed by com-
paring unit cell parameters which actually describe 
the translational symmetry of each particular crystal 
structure. For many GTC two crystallographic unit-
cell parameters lie within the plane of the layer and 
hence, the a and b parameters are assumed to de-
scribe the intralayer translational symmetry, where-
as the c parameter describes the stacking sequence 
repetition. For structures with a and b inclined to 
the plane of layer appropriate coordinate-system 
transformations are performed as to meet the above 
assumption. Therefore, the a and b parameters are 
related with the layer dimensionality and the value 
of their ratio is indicative for the degree of intra-
layer deformation (Fig. 4a). 

Fig. 4. GTT flexibility expressed in terms of lattice parameters ratios: a) two cell choices within the layer; b) sche-
matic presentation of the magnitude of deformation within the layers and along their stacking

R. Nikolova, V. Kostov-Kytin: Crystal chemistry of “glaserite” type compounds
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On the other hand, the c value refers to the flex-
ibility of the layer stacking. The highest possible 
symmetry of GTT is P–3m. In this “ideal” case of 
hexagonal setting ah = bh or in the case of orthogo-
nal choice the cell used is characterized with the ra-
tio ao:bo = √3 (Fig. 4a). For the studied compounds 
the a0:b0 ratio deviates from the “ideal” value of √3 
within the range 0.001 to 0.247 for BaNa(PO4) [51] 
and KM(SeO4)2 [52], respectively. On the other 
hand, the value of the c parameter varies between 
5.285(1) Å in δZr(MoO4)2 [47] to 25.409(4) Å in 
KSb(PO4)2 [53]. From these figures it can be con-
cluded that similarly to other layered structures 
the deformation in GTT is anisotropic being more 
pronounced in direction of the layer stacking rather 
than within the layer (Fig. 4b). 

Another set of parameters characterizing the top-
ological flexibility is presented in Fig. 3 on the ex-
ample of three particular GTC. By considering the 
∞
2[M(TO4)2] layer two planes can be clearly defined: 
the mean plane defined by the M atoms – denoted 
here with (m) and the plane defined by the three 
bridged oxygen atoms from a given TO4 tetrahedron 
is denoted here with (o). In the “ideal” case all M 
atoms lie in a single plane and both m and o planes 
are parallel to each other (Fig. 5a). However, de-
viations from these values are possible as the maxi-
mum measured distance of M atom from the mean 
m plane is 1.09 Å and the largest established angle 

Fig. 5. Torsion of ∞
2[M(TO4)2] layer in terms of the relationship between atoms and planes. a) glaserite K3Na(SO4)2;  

b) CsSb(VO4)2; c) Na3HZr(SiO4)2 × 0.2H2O

between o and m planes is 45.99° for CsSb(VO4)2 
[54] (Fig. 3b). 

Obviously, the chemical diversity and structural 
versatility of GTC are closely related and depend 
also on the formation conditions which impress 
with the broadness of their range. Thus, three of 
the minerals are products of volcanic fumarolic 
activity e.g. glaserite (aphthitalite) – K3Na(SO4)2 
[1–3], yavapaiite – KFe(SO4)2 [55], eldfellite – 
NaFe(SO4)2 [56]. Merwinite – Ca3Mg(SiO4)2 is of 
scarn origin (high temperature, low pressure contact 
metamorphic zones with marbles) [57]. Brianite – 
Na2CaMg(PO4)2 is an exotic find established only 
in meteorite rocks [58]. The synthetic compounds 
can be prepared through a great variety of methods 
(from solution, hydrothermally, solid state reac-
tions, electrosynthesis, etc.) and within temperature 
ranges from room temperature to 1800 °C. 

The established compositional variety and wide 
range of formation conditions are good prerequisite 
for preparation of new materials adopting the “gla-
serite” topology.

CONCLUSIONS

Crystal chemical data for more than 100 com-
pounds with “glaserite” type structure have been 
summarized, analyzed, and evaluated. A revised 
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general formula for “glaserite” type compounds 
has been deduced – X(□;1)Y(□;2)[M(TO4)2] (X+Y = 
0; 1; 2; 3;). It gives information for two important 
structural characteristics of GTC. The first one is 
that main structural unit is the ∞

2[M(TO4)2] layer in 
which all the atomic positions are fully occupied. 
The second one is that the occupancy of X and Y 
positions depends on the layer charge and these po-
sitions can either be both free, separately or both of 
them entirely occupied. Additional limitations and 
variety ranges of the general formula are presented 
with respect to the cationic characteristics most im-
portant of which is the great variety of coordination 
numbers for the X and Y positions.

Precise criteria for the “glaserite” type topology 
are proposed distinguishing it from other topologies 
constructed by similar or identical layers. One of 
them is that the free apexes of the layer constructing 
tetrahedral should point outside the layer towards 
the interlayer space and another one is that the lay-
ers stacking should be realized without bridging 
oxygen atoms.

The range of structural stability of the “glaser-
ite” type compounds is outlined in terms of the es-
tablished up to now cations composition and site 
occupancy. The topological flexibility is evaluated 
through purposely introduced here geometrical pa-
rameters based on the lattice parameters or certain 
dimensional and angular interrelations.

The established compositional diversity, topo-diversity, topo-
logical versatility and wide range of formation 
conditions are good prerequisite for preparation of 
new materials adopting the “glaserite” topology and 
estimation of certain physical phenomena such as 
temperature induced phase transitions.
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кристалОхимия на съединения с “GLASERITE” тип стрУктУра

р. николова*, в. костов-китин

Институт по минералогия и кристалография, Българската академия на науките,  
ул. „Г. Бончев“, бл. 107, 1113, София, България

постъпила февруари, 2013 г.; приета май, 2013 г.

(резюме)

Обобщени и са кристалохимични данни за повече от 100 съединения с “glaserite” тип структура. предложена 
е ревизирана кристалохимичната обща формула на “glaserite” тип съединения (GTC) – X(□;1)Y(□;2)[M(TO4)2], 
коя то дава информация за две важни структурни характеристики на GTC. първата е, че основната структурна 
единица в този тип съединения е слой – ∞2[M(TO4)2], в който всички атомни позиции са напълно заети. втората 
е, че заетостта на х и Y позиции зависи от заряда на слоя и тези позиции могат или да бъдат изцяло заети и 
двете заедно или по отделно, като и да бъдат незаети, ако заряда на слоя е нулев. предложени са точни крите-
рии за “glaserite” тип топология (GTT), които позволяват разграничаване на GTT от други такива, изградени 
от сходни или еднакви слоеве. границите на структурна стабилност на “glaserite” тип съединения е описан 
от гледна точка на установените до сега катионен състав и заетост на междуслойните катионни позиции. 
възможностите за деформация на GTT при запазване на основните и характеристики е оценена чрез геомет-
рични критерии, основани на решетъчни параметри и определени разстояния и ъглови. Установеното голямо 
разнообразие в структурните параметри, химичния състав и условията на образуване на “glaserite” тип съеди-
нения са добра предпоставка за получаване на нови материали с подобна топология, предлагаща възможности 
за нереконструктивни фазови преходи. ключови думи: глазерит, “glaserite” тип топология, “glaserite” тип 
съединения.
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XRD and TEM characterization of the morphology of ZnO powders  
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Three different synthesis techniques were applied in order to prepare ZnO powder samples with different crystal-
lite size. The first method is thermal decomposition of Zn(NO3)2.6H2O. The second synthesis method is a sucrose-as-
sisted solution combustion method. The third technique used is ultrasound assisted precipitation. A short-time thermal 
treatment is used to obtain ZnO materials with the required mean crystallite size. Materials were studied by means 
of powder XRD and TEM. The detailed morphology of the materials was first studied by XRD utilizing the special 
features of Fullprof program. This study revealed that different synthesis methods lead to products with different 
morphology. Materials obtained by the first method have an average crystallite size of 130–150 nm with irregular but 
isometric shape of the crystallites, while those obtained by the second method are almost spherical particles with size 
of about 30–40 nm. Regardless of the similar average crystallite size of the material obtained by the third method, its 
morphology is spindle-like, derived from different broadening of the XRD lines. The results from XRD analyses were 
confirmed by TEM observations. The influence of crystal morphology on the performance of ZnO as a main active 
material in zinc electrodes is discussed.
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INTRODUCTION

In recent years, many studies have been focused 
both on the synthesis and the morphological-struc-
tural characterization of new functional materials. 
Zinc oxide (ZnO) is a challenging inorganic ma-
terial with various applications in many industrial 
branches, namely: in ceramic and rubber produc-
tion; in electronics – for field emitters, gas sensors, 
ultraviolet lasers, solar cells, piezoelectric and op-
toelectronic devices; in chemical industry for pho-
tocatalysts; in energy production – for hydrogen-
storage and alkaline batteries; and in environmen-
tal protection as biosensors, etc. [1–8]. Zinc oxide 
micro- and nanoparticles have attracted great inter-
est due to their unique and remarkable chemical, 
electrical, mechanical, optical, and piezoelectric 

properties. It was established that the properties and 
possible applications of the ZnO are strongly influ-
enced by structure and morphology of the obtained 
products which depend on the method of synthesis 
and synthesis conditions [9–11]. Therefore, it is im-
portant to synthesize ZnO with different size and 
morphologies to explore its performance for certain 
applications. Experience in the use of ZnO in alka-
line secondary batteries shows that many of the bat-
tery problems are related to the physical and elec-
trochemical properties of ZnO. As an example, the 
initial morphology of the active ZnO anode material 
was found to influence strongly the electrochemical 
performance of the battery altogether. For exam-
ple, the use of ZnO with prismatic shape improves 
the cycling life of the battery [12]. Many synthe-
sis techniques are known for the ZnO preparation. 
Recently, several soft chemistry (chimie douce) 
methods have been developed, allowing modifica-
tion of the morphology and the particle size, by af-
fecting diameters and aspect ratios of ZnO particles. 
The aim of the present work is to obtain ZnO na-
nomaterial and to investigate the relation between 
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its morphological characteristics and electrochemi-
cal properties. In the present work we also explore 
the ability of X-ray diffraction to obtain information 
about the crystallite morphology. This is possible 
by crystal structure refinement using the Rietveld 
method, where crystallite size and morphology are 
modeled with spherical harmonics.

EXPERIMENTAL

Three different techniques were applied in or-
der to prepare ZnO powder samples with different 
crystallite size and morphology. The first method is 
thermal decomposition of Zn(NO3)2.6H2O. Aqueous 
solution of initial nitrate was placed in glass beaker 
and heated till evaporation. The obtained powders 
were heat-treated in air at 400 or 500 °C for 1 hour.

The second synthesis method is sucrose-assisted 
solution combustion method. For this purpose a 
Zn(NO3)2.6H2O solution was mixed with sucrose-
in-water solution in 1:1 ratio oxidizing to reduce 
the power ratio of the corresponding nitrates and 
organic fuel [13, 14]. The solutions were placed on 
a heating plate until evaporation of the water. After 
that, a foamy mass was formed, which produces an 
amorphous powder oxide material. The calculated 
average crystallite size of the as prepared sample 
is 5 nm. Consequently, materials were thermally 
treated in air at 350, 400 and 500 °C for 1h. Finally, 
the materials were grinded for homogeneity.

The third technique used is ultrasound-assisted 
precipitation. The sonication of the precipitate was 
performed by a 20 KHz, 750W ultrasonic processor 
SONIX, USA. The total sonication time was from 
5 to 30 minutes. The obtained product was repeat-
edly washed with distilled water, filtered and finally 
dried at 80 °C.

Powder XRD patterns were recorded at room 
temperature on a Bruker D8 Advance diffractom-
eter with Cu Kα radiation and LynxEye detector. 
TEM investigations were performed by transmis-
sion electron microscope JEOL 2100 at 200 kV ac-
celerating voltage. 

Electrochemical charge-discharge characteristics 
were collected using specialized laboratory cycling 
equipment allowing galvanostatic mode charge and 
discharge, as well as mixed mode constant current/
constant voltage. Nickel electrode was commer-
cial cathode produced in Bulgaria. Zinc electrode 
is prepared by introducing the zinc paste on the 
matrix (modified metallic or conductive ceramic 
composite). The pasted electrode is dried at 90 °C 
for 2 hours and then is pressed under 30 MPa for  
2 min. Electrodes in the cell package are separated 
by a microporous polymer separator and immersed 
in alkaline (7M solution of KOH) electrolyte.

RESULTS AND DISCUSSION 

This study revealed that different synthesis 
methods lead to products with different size and 
morphology. The diffraction patterns of ZnO ma-
terials obtained by the three methods are presented 
on Fig. 1. According to the X-ray diffraction pat-
terns the products obtained through the first method 
are single phase ZnO. The average crystallite size 
of this material heated to 400 °C is about 100 nm. The 
increase of the temperature up to 500 °C leads to an 
increase in the crystallite size to about 150–200 nm.

The powders of ZnO prepared by the second 
method have crystallite size of about 6 nm. Additional 
heating to 400 and to 500 °C leads to an increase of 
crystallite size up to 10–12 and 25–30 nm, respec-
tively. After one hour heat treatment at 600 °C, the 
sizes of crystallites were 45–50 nm. Thus this meth-
od allows easy preparation of ZnO material with 
predefined crystallite size.

The calculated mean crystallite size of the ZnO 
powders prepared by the third method is 24 nm. 
After thermal treatment at 600 °C for 1 h the mean 
crystallite size increases to about 50 nm. Powder 
diffraction pattern indicates the morphological pe-
culiarities of this material. The diffraction peaks 
with indices (00l) are significantly narrower than 
those with other indices, which mean larger size in 
this direction indicating rod-like or needle-like mor-
phology of the crystallites.

The calculated crystallite sizes within the main 
directions and the calculated mean crystallite sizes 
are summarized in Table 1. The crystallite sizes 
within the main directions were estimated by sin-
gle line fitting of the corresponding peaks with the 

Fig. 1. XRD powder patterns of the materials obtained by 
the a) – decomposition; b) combustion; c) sonochemical 
methods
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program Topas 4.2 [15] using the fundamental pa-
rameters peak shape description including appro-
priate corrections for instrumental broadening and 
diffractometer geometry.

Microstructural effects of materials may sig-
nificantly hinder the successful crystal structure 

Table1. Calculated crystallite size within main directions of ZnO obtained by different methods

Line 100
(nm)

002
(nm)

101
(nm)

110
(nm)

Mean
(nm) D(002)/D(100)

ZnO – sonochemical as prepared 22 36 22 22 24 1.63
ZnO – sonochemical, heated 50 62 49 44 48 1.24
ZnO – combustion 52 49 46 50 47 0.94
ZnO – combustion (doped) 55 42 50 49 46 0.76
ZnO – decomposition 145 192 116 153 144 1.32

determination via Rietveld refinement method. 
The standard peak profile functions as well as the 
Caglioti equation fit patterns of materials with iso-
metric crystallites well, but when the morphology 
is somehow different from the spherical symmetry 
some peaks of the diffraction pattern could not be 

Fig. 2. Rietveld plot for ZnO obtained by the sonochemical method with the use of a) isotropic model for size broaden-
ing and b) using spherical harmonics

M. Markova-Velichkova et al.: XRD and TEM characterization of the morphology of ZnO powders ...
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fit so good. As a result the refined structural param-
eters and their standard deviation may have values 
different from the expected ones for a well balanced 
structure. Such refinement may lead to unacceptable 
interatomic distances and highly distorted coordina-
tion polyhedra. Figure 2 illustrates the influence of 
microstructural effects by showing two Rietveld 
plots resulting from refinement of the crystal struc-
ture of ZnO using a) an isotropic model for size ef-
fects, and b) an appropriate crystallite morphology 
modelling.

The morphology of the materials synthesized by 
the three methods was first studied by XRD apply-
ing the special features of Fullprof [16] program. 
The microstructural effects in the program are in-
troduced into the line broadening. For this purpose, 
instrumental and sample profiles are described by 
a convolution of Lorentzian and Gaussian func-
tions, thus ensuring the simultaneous treatment of 
size and strain contribution to the line broadening. 
Spherical harmonics (SPH) are used for modeling 
the shape of the particles. Spherical harmonics are 
the angular parts of some solutions to Laplace’s 
equation and they are widely used in different field 
of physics as a tool for gravitational, electric and 
magnetic fields description. In quantum chemistry 
they represent the atomic orbital electron configu-
rations. Recently, spherical harmonics are used in 
the computer graphics in lightening effects and rec-
ognition of 3D shapes. The explicit formula for the 
SPH treatment of size broadening in Fullprof is the 
following [17]: 

Where βh is the size contribution to the integral 
breadth of reflection h, and ylmp(Θ, ф) are the real 
spherical harmonics with normalization. For the 
proper use of this particular treatment of line broad-
ening the instrumental resolution function should 
be preliminary determined by collecting the powder 
diffraction pattern of a standard sample with high 
crystallite size. After refinement of the coefficients 
the program calculates the apparent size (in ang-
stroms) along each reciprocal lattice vectors. 

It should be mentioned that the effect of the crys-
tallite size on the broadening of diffraction lines is 
negligible for large crystallites (above 200 nm). As 
a result the attempt for modeling the size for the 
sample prepared from nitrate decomposition was 
not successful. Therefore, Transmission Electron 
Microscopy was used to confirm the findings of 
X-Ray diffraction. TEM photograph of the sample 
prepared by the decomposition method is present-
ed on Fig. 3. 

Figure 4a shows the XY, XZ and YZ projection 
of the “mean” crystallite as derived from XRD line 
broadening for ZnO prepared via the combustion 
method. TEM photograph of the ZnO prepared by 
this method is presented on Figure 4b. It can be seen 
that the particles are isometric, and that the shape 
derived from XRD analysis fits well with the shape 
observed in TEM. 

Fig. 3. TEM photograph of ZnO prepared by the decom-
position method

Fig. 4. a) XY, XZ and YZ projection of the “mean” crys-
tallite, derived from the XRD line broadening for ZnO 
prepared via the combustion method; b) TEM photo-
graph of ZnO prepared via combustion method

M. Markova-Velichkova et al.: XRD and TEM characterization of the morphology of ZnO powders ...
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A different morphology was observed for sam-
ples prepared via the sonochemical method. As it 
can be seen on Figure 5, both analytical methods 
give similar results representing spindle-like parti-
cles with different sizes within different crystallo-
graphic directions. The details in TEM photographs 
revealed also that spindle-like crystallites aggregate 
together within particles with same shape. Each big 
particle (with a size of about 200 nm) in fact con-
sists of several smaller crystallites.

The electrochemical cycling behavior of past-
ed zinc electrodes with ZnO prepared by different 
methods is presented in Figure 6. The charge/dis-
charge capacity of electrode with ZnO prepared via 
combustion method shows good stability during cy-
cling as well as good capacity retention at different 
charge/discharge current rates. The initial capacity 
value for this material is about 200 mAh/g and de-
creases gradually to 180mAh/g within 50 charge-
discharge cycles at C/5 rate, where C is the theoreti-
cal capacity of ZnO (978 mAh/g). The increase of 

the discharge rate to C/1.5 at charge rate C/2.5 lead 
to decrease of the capacity to about 75 mAh/g with-
in the next 90 cycles. When the initial charge/dis-
charge rate is restored, the capacity increases to its 
initial values. Cycling efficiency of this electrode is 
about 90–95%. Analogous behavior but higher val-
ues for the charge and discharge capacities (about 
240 mAh/g) were observed for the capacity during 
cycling of electrodes with ZnO prepared via the 
sonochemical method. The dependence of charge 
and discharge capacity of the corresponding cell on 
cycle number demonstrates good electrochemical 
characteristics and cycling behaviour but relatively 
lower cycling efficiency (80–85%), compared to 
the zinc electrode with ZnO synthesized by com-
bustion method. Nevertheless, the initial capacity 
of the ZnO prepared by decomposition method is 
relatively low (about 100 mAh/g) while the capac-
ity fade during cycling is also very low.

Fig. 5. a) The XY and XZ projection of the partic-
les,derived from XRD line broadening for ZnO prepared 
via sonochemical method; b) TEM photograph of ZnO 
prepared by the sonochemical method; c) detail of the 
TEM photograph of ZnO prepared by the sonochemical 
method

Fig. 6. a) Capacity during charge/discharge of electrode 
made with ZnO prepared via the combustion method; 
b) Capacity during charge/discharge of electrode made 
with ZnO prepared via sonochemical method

M. Markova-Velichkova et al.: XRD and TEM characterization of the morphology of ZnO powders ...
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CONCLUSIONS

Compared to the conventional ZnO, nanosized 
ZnO anode material in Ni-Zn batteries shows better 
electrochemical characteristics – higher capacity 
and long cycling life. The reasons for such behav-
ior could be attributed to higher specific surface 
area of the electrode prepared from nanoparticles 
thus ensuring better contact with the electrolyte. 
The morphology of the particles also influences 
the electrochemical behavior. ZnO with spindle-
like particles showed higher capacity but lower 
electrochemical efficiency compared to ZnO with 
isometric particles. 
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рентгенОграфскО и TEM характеризиране на мОрфОлОгията  
на прахООБразен ZnO, пОлУчен пО различни метОди
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(резюме)

поликристални образци от ZnO с различни размери на кристалитите бяха получени по три различни ме-
тода на синтез. първият метод е чрез термично разлагане на Zn (NO3)2·6H2O. вторият синтез е по метода на 
изгаряне от разтвор. третата използвана техника е чрез ултразвуково третиране на утайка. сравнително крат-
ки времена на термична обработка са необходими за получаване на ZnO материали с желан среден размер на 
кристалитите. материалите са изследвани с рентгенова дифракция и трансмисионна електронна микроско-
пия. Mорфологията на материалите първоначално е изследвана с рентгенографски методи чрез прилагане 
на специалните възможности на програмата Fullprof. изследването показа, че различните методи за синтез 
водят до получаване на продукти с различна морфология. материалите, получени по първия метод имат 
среден размер на кристалитите 130–150 nm с неправилна но изометрична форма на кристалите, тези, получе-
ни по втория метод имат почти сферични частици с размер от около 30–40 nm. въпреки същия среден размер 
на кристалитите на материала, получен по третия метод морфология на частиците е вретеновидна, съгласно 
резултатите от анализа на уширението на дифракционните линии. резултатите от рентгенографските анализи 
бяха потвърдени от снимките получени от тем. Обсъдено е влиянието на морфологията на ZnO върху рабо-
тата му като активен материал в цинкови електроди.
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Zinc ferrite (ZnFe2O4) nanopowders were prepared by co-precipitation method from the corresponding nitrate pre-
cursors and thermal treating of the obtained precursor at different temperatures. X-ray diffraction and 57Fe Mössbauer 
spectroscopy were used for the characterization of the obtained materials. The results of X-ray analysis confirm 
formation of nanocrystalline zinc ferrite phase with cubic structure and crystallite size 6–46 nm depending on the an-
nealing temperature. The obtained ferrites were tested as catalysts in methanol decomposition to CO and hydrogen. 
The analyses of the samples after the catalytic test reveal a significant phase transformation of the ferrite phase by the 
influence of the reaction medium.

Key words: zinc ferrite, Mössbauer spectroscopy, methanol decomposition.

INTRODUCTION

The magnetic, dielectric and electrical behavior 
of the ferrite materials provides their large scale of 
applications, as semiconductors [1], pigments [2], 
magnetic resonance imaging [3], computer memory 
chips. Their catalytic properties have been tested in 
number of industrial process, such as oxidative de-
hydrogenation of hydrocarbons, decomposition of 
alcohols [4] and hydrogen peroxide, treatment of 
automobile-exhausted gases, phenol hydroxylation 
(oxidation), photocatalytic ozonation of dyes [5] 
and alkylation of hydrocarbons [6]. 

Recent studies concerned methanol as a poten-
tial source of hydrogen for fuel cells because of 
its relatively low temperature of decomposition to 
hydrogen, high energy density, safety handle, low 
cost and possibility of production from renewable 
sources as biomass [7–11]. 

The aim of present work is to study prepara-
tion of zinc ferrite nanopowders by co-precipitation 
method following by thermal treatment and to study 
the catalytic activity in methanol decomposition to 
CO and hydrogen. The changes in the phase compo-
sition of materials after the catalytic test were also 

in the focus of investigation. Mössbauer technique 
was used due to its high sensitivity to investigate the 
phase composition, magnetic behavior and iron ions 
emplacement of unit cell [12].

In our previous work the synthesis of CuFe2O4 
[13, 14], CoFe2O4 [15, 16], NiFe2O4 [17] and mixed 
Ni-ZnFe2O4 ferrite materials [18] was reported. 
Methods of Spark Plasma Sintering, sol-gel, ther-
mal and mechanochemical treatments [19, 20] have 
been applied successfully. The relationship between 
parameter of synthesis, phase composition, particle 
size, microstrain and catalytic behavior of ferrite 
materials has been discussed. Application of Cu, 
Ni, and Co based ferrites is well known, especially 
when these elements are substituted with Zn ions, 
which prefer the tetrahedral position in spinel lat-
tice and has strong effect on the properties. It is 
well known that Zn content exerts important role 
on structure and properties of ferrites [21, 22]. In 
this work we demonstrate synthesis, structure and 
catalytic properties of pure zinc ferrite. 

EXPERIMENTAL

Synthesis

Four samples of zinc-iron oxide powders were 
prepared by co-precipitation method. Water solu-
tion containing Zn- and Fe-ions was prepared of sto-
ichiometric amount of nitrate salts [Zn(NO3)2.6H2O; 
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Fe(NO3)3.9H2O]. As a precipitation agent was used 
1M Na2CO3 and pH was kept of 9. The obtained pre-
cipitates were washed with distilled water and dried 
at room temperature to form precursor powders. 
The heat treatment of precursors was conducted in 
air at 573 K, 673 K, 773 K, 973 K for four hours to 
obtain ferrite samples. 

Characterisation

The powder XRD patterns were recorded by a 
TUR M62 diffractometer with Co Kα radiation. The 
observed patterns were cross-matched with those in 
the JCPDS database [23]. The average crystallites 
size (D), the degree of microstrain (e) and the lat-
tice parameters (a) of the studied ferrites were deter-
mined from the experimental XRD profiles by using 
the PowderCell-2.4 software [24]. The instrumental 
broadening of diffraction peaks is equal to 0.020° 
Bragg angle. It was determined by Al standard and 
was excluded at calculation of crystallites size and 
the degree of microstrain. The Mössbauer spec-
tra were obtained at room temperature (RT) with 
a Wissel (Wissenschaftliche Elektronik GmbH, 
Germany) electromechanical spectrometer working 
in a constant acceleration mode. 57Co/Rh (activity 
≅50 Ci) source and α-Fe standard were used. The 
experimentally obtained spectra were fitted us-
ing CONFIT2000 software [25]. The parameters 
of hyperfine interaction such as isomer shift (IS), 
quadrupole splitting (QS), effective internal mag-
netic field (Heff), line widths (FWHM), and rela-
tive weight (G) of the partial components in the 
spectra were determined. 

Catalytic test

Methanol decomposition experiments were car-
ried out in a flow reactor using argon as a carrier 
gas, at methanol partial pressure of 1.57 kPa and 
WHSV of 1.5 h–1. On-line gas chromatographic 
analysis were performed on HP 5980 on PLOT 
Q column, with simultaneous using of detector of 

Fig. 1. X-ray diffraction patterns of synthesized samples

thermo conductivity and flame ionization detector 
and an absolute calibration method. 

RESULTS AND DISCUSSION

XRD patterns of the precursor powder and ther-
mally synthesized samples are presented in Fig. 1. 
Beginning of crystallization process was observed 
at temperature as low as 573K. The diffractograms 
of samples treated at higher temperatures show 
well defined reflexes corresponding to cubic spinel 
phase of zinc ferrite with lattice parameter a= 8.43–
8.44 Å. Microstrain degree and average crystallite 
size of zinc ferrite powders was calculated using 
Williamson–Hall equation and presented in Table 1. 

Table 1. Average crystallite size (D), degree of microstrain (e) and lattice parameters (a) determined from 
experimental XRD profiles

Sample Phase D, nm e.103, a.u a, A

ZnFe2TS573 Fd3m(227) – cubic 5.89 7.894 8.43
ZnFe2TS673 Fd3m(227) – cubic 19.09 1.228 8.43
ZnFe2TS773 Fd3m(227) – cubic 19.08 1.323 8.44
ZnFe2TS973 Fd3m(227) – cubic 45.84 1.187 8.43

K. V. Koleva et al.: Preparation, structure and catalytic properties of ZnFe2О4
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Increasing of crystallite size from 6 to 46 nm and 
narrowing the width of the peaks with increasing 
of temperature in the range of 573–973 K can be 
explain with effect of sintering. 

The room temperature Mössbauer spectroscopy 
is presented in Fig. 2. The Mössbauer spectra are 
consisted of well-defined doublet, typical of para-
magnetic state of materials. The fitting parameters 
of Mössbauer spectra are presented in Table 2. 
Parameters of all spectra correspond to octahedral 
coordinated Fe3+ ions. Increasing of the value of su-
perfine quadrupole splitting after treatment at 573 K 
could be assigned to additional deformation of octa-
hedral Fe3+, as a result of precursor decomposition. 
Further increasing of treatment temperature leads to 
decrease of QS to reach values typical for well crys-
tallized zinc ferrite. 

Temperature dependencies of conversion and CO 
selectivity in methanol decomposition of synthe-
sized materials are presented in Figure 3. All ferrites 
started to decompose the methanol above 500 K and 
the conversion was about 90–95% at 600 K. Carbon 
monoxide was formed with 50–70% selectivity and 
methane and CO2 were also registered as by prod-
ucts. A well defined tendency for the catalytic activ-
ity decrease with the increase of the temperature of 
ferrite synthesis was observed. Fig. 2. Mössbauer spectra of synthesized samples

Table 2. Parameters of Mössbauer spectra of the investigated samples

Sample Components IS
mm/s

QS
mm/s

Heff,
T

FWHM
mm/s G,%

ZnFe2HC Db 0.36 0.67 – 0.44 100
ZnFe2TS573 Db 0.35 0.72 – 0.56 100
ZnFe2TS673 Db 0.35 0.44 – 0.40 100
ZnFe2TS773 Db 0.35 0.42 – 0.41 100
ZnFe2TS973 Db 0.35 0.40 – 0.38 100

Fig. 3. Methanol conversion (A) and CO selectivity (B) vs. temperature of investigated ferrite materials

K. V. Koleva et al.: Preparation, structure and catalytic properties of ZnFe2О4
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The phase transformation of used materials after 
catalytic test has been obtained by Mössbauer meas-
urement (Fig. 4). The Mössbauer spectra of used 
sample ZnFe2O4 TS-973 was well fitted with two 
sextets of Zn-substituted magnetite, one sextets of 
non-stoichiometric carbide (FexCx), α-Fe and dou-
blet of wuestite (FeO). Spectra of the other materi-
als consist of sextets with parameters corresponding 
to ZnxFe3–xO4 and Fe5C2 phases and zinc ferrite with 
relative part of 4–13% was also registered (Table 3). 
The Zn-substituted magnetite could be presented 
with the formula (Znx

2+Fe3+
1–x)tetra[Fe3+

1+xFe2+
1+x]octaO4, as 

the spinel structure is preserved in the range 0≤x≤1. 
Mössbauer spectrum of magnetite (Fe3O4) i.e. x = 0 
consist of two Zeeman sextets. One of them is due 
to tetrahedral Fe3+ ions and other is due to octahe-
dral Fe3+ and Fe2+ ions rendered indistinguishable 
by electron hopping at a frequency faster than that 
of the Larmor precession of the iron nucleus in the 
hyperfine field [26]. Therefore, the ratio of relative 
weight of two sextet components of unsubstituted 
magnetite should be 1:2 for Fetetra:Feocta, assuming 
of equal Mössbauer–Lamb factors for the different 
iron sites. The ratio of fitted relative weight of Sx1 Fig. 4. Mössbauer spectra of samples after catalytic test

Table 3. Parameters of Mössbauer spectra of the investigated samples after catalytic test

Sample Components IS, mm/s QS, mm/s Heff, T FWHM, mm/s G, %

ZnFe2TS573-MD

ZnxFe3-xO4

(x = 0.30)
Sx1 
Sx2

0.28
0.60

0.00
0.01

47.9
44.0

0.33
0.87

14
40

Fe5C2 
Sx3
Sx4
Sx5

0.23
0.23
0.17

0.09
0.00
0.01

21.3
19.4
10.6

0.34
0.52
0.28

16
22
3

ZnFe2O4 Db 0.35 0.44 – – 4

ZnFe2TS673-MD

ZnxFe3-xO4 

(x= 0.36)
Sx1
Sx2

0.28
0.60

–0.01
0.00

47.5
43.7

0.36
0.89

14
44

Fe5C2

Sx3
Sx4
Sx5

0.22
0.22
0.17

0.11
0.04
0.02

21.2
19.4
10.1

0.32
0.60
0.15

8
20
1

ZnFe2O4 Db 0.37 0.37 – – 12

ZnFe2TS773-MD

ZnxFe3-xO4

(x = 0.20) 
Sx1
Sx2

0.30
0.59

0.00
0.00

47.2
43.2

0.39
0.88

12
30

Fe5C2

Sx3
Sx4
Sx5

0.30
0.23
0.17

0.10
0.00
0.02

21.0
19.3
11.5

0.36
0.57
0.38

18
20
7

ZnFe2O4 Db 0.36 0.35 – – 13

ZnFe2TS973-MD

ZnxFe3–xO4

(x = 0.21)
Sx1 
Sx2

0.28
0.63

–0.02
0.00

48.2
44.6

0.26
0.63

11
28

α-Fe Sx3 0.00 0.01 32.7 0.27 23

FexCx Sx4 0.17 0.07 20.4 0.36 8

FeO Db 0.88 0.73 – 0.60 30

K. V. Koleva et al.: Preparation, structure and catalytic properties of ZnFe2О4
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and Sx2 of samples after catalytic reaction (Table 3) 
is higher than 1:2. This is due to presence of Zn-
ions substitution of Fe3+ in tetrahedral position of 
magnetite lattice. The degree of Zn substitution x 
can be easily calculated by formula: x = 1 – 2A/B, 
where A and B are relative weight of Sx1 and Sx2, 
respectively. 

CONCLUSION

Nanocrystalline zinc ferrites with cubic struc-
ture and particle size 6–45 nm were successfully 
synthesized by co-precipitation method. All in-
vestigated ferrite materials revealed good catalytic 
activity and selectivity to CO in methanol decom-
position and it can be denoted that the final com-
position of the catalytic materials was formed in 
the reaction medium.
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синтез, стрУктУра и каталитични свОйства на ZnFe2О4

к. в. колева1*, н. и. велинов1, т. с. цончева2,  
и. г. митов1, Б. н. кунев1
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(резюме)

наноразмерен цинков ферит (ZnFe2O4) беше синтезиран по метод на съутаяване от съответните метални 
соли с последващо термично третиране на получените предходници при различни температури. всички об-
разци бяха охарактеризирани с рентгенов дифракционен анализ и мьосбауерова спектроскопия. резултатите 
получени от рентгенофазовия анализ показват формиране на добре изкристализирала феритна фаза с кубична 
структура и размери на кристалитите в граници 6–46 nm, в зависимост от прилаганата температура на синтез. 
получените след термична обработка феритни материали бяха изследвани в реакция на разлагане на метанол 
до CO и водород. проведените анализи на образците след каталитичния тест показват значителна фазова 
трансформация на феритната фаза под влияние на реакционната среда.
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Crystallographic conditions of the heterologically expressed recombinant  
metal-binding protein Ts-PCHTP
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We have optimized the expression of Polycysteine and histidine-tailed protein (Ts-PCHTP). The protein contains 
a natural His-tag for metal binding, used in the protein purification process. The “tag” amino acid sequence binds 
very strongly to conventional Ni affinity chromatography columns and permits the protein elution with EDTA. The 
protein purification should be monitored by Native-PAGE as the high content of cysteine in the Ts-PCHTP protein 
sequence produces false positives, when SDS-PAGE technique is used. According to the DLS data a dimmer form of 
Ts-PCHTP is observed. Sparse matrix crystallization screens were used for the determination of the most favorable 
conditions for growth of crystals suitable for X-ray single crystal.

Key words: recombinant protein; His Tag affinity chromatography; Metal binding protein; Dynamic Light Scattering; 
Protein crystallization.

INTRODUCTION 

The ultimate goal of structural biology is to un-
derstand the structural basis of proteins in cellular 
processes. In structural biology, the most critical 
issue is the availability of high-quality samples. 
Thus “structural biology grade” proteins must be 
produced in a suitable quantity and quality allowing 
crystallization (screening for crystallization condi-
tions) and structure determination. The purification 
procedure must be reproducible and yield homoge-
neous protein in milligram quantities. Therefore the 
choice of protein purification and quality control 
procedures play a key role in obtaining protein sam-
ples in sufficient amounts and with high purity.

PolyCysteine and Histidine-Tailed protein (Ts-
PCHTP) is a metalloprotein expressed in muscle lar-
vae of nematode Trichinella spiralis. Metalloprotein 
is a term used for proteins (e.g. ferritin) which binds, 
transports or stores, metal ions or enzymes (metal-
loenzymes), in which the metal atom is involved in 
important catalytic processes. Ts-PCHTP is the first 
described member of a new nematode-specific pro-

tein family PCHTP – Poly-cysteine proteins, which 
are unique to Order Trichocephalida [1]. Ts-PCHTP 
binds different bivalent metal ions such as Fe, Ni 
and Zn. Its most probable function is transport or 
storage of the metal ions in the parasite. Heavy 
metal ions exhibit positive and negative effects 
on biological processes. On one hand they act as a 
cofactor for a number of enzymes, which catalyze 
numerous metabolic reactions. On the other hand, 
they can destroy the native structure of proteins or 
nucleic acids, which requires their detoxification. 
Proteins, which bind bivalent metal cations, contain 
specific amino acids (aa) sequences forming metal 
binding sites. These sequences contain numerous 
aa such as cysteine, histidine, methionine, serine, 
threonine, tyrosine, asparagine, glutamine, aspar-
tate and glutamate [2, 3].

The Ts-pchtp gene length is 1896 bp [1]. It contains 
six exons and five introns. The nucleotide sequence 
of the mRNA comprises 1576 bp. The transcript has 
a single open reading frame consisting of 1272 bp. 
The primary structure of Ts-PCHTP includes 424 aa 
with a molecular weight of 47744 Da. Protein se-
quence shows a high content of the following ami-
no acids: 36 cysteine (8.5%), histidine 26 (6.4%), 
10 tyrosine and 8 tryptophan. The protein consists 
of a signal peptide for extracellular localization in 
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the N-term, two homologous polycysteine domains 
(pcd) – pcd-1 and pcd-2, poly-histidine domain 
(histidine tag) at the C-term. Another characteris-
tic of the cysteine rich and metal binding proteins 
is predominantly β-structure [4, 5]. Ts-PCHTP is 
mainly characterized by β-structural conformation. 
It is typical for many metalloproteins that they can 
also bind specifically or nonspecifically hydropho-
bic ligands, such as fatty acids or hem [4, 6].

Poly-histidine regions are often associated with 
the binding of transition metal ions such as Ni2+, 
Zn2+ Cu2+, Co2+, Mn2+, Fe2+, Fe3+. These metal bind-
ing sites can be constructed either from consecutive 
histidine residues or repeats of histidine in combi-
nation with one to three aa between them [7–9]. The 
poly-histidine motifs common observed in the mid-
dle part of protein chain rather than C- and N-term 
(Histidine rich glycoproteins etc.).

The poly-histidine motif is one of the most fre-
quently used in the purification of recombinant pro-
teins (his-tag protein) [9]. Typically the construct 
(his-tag) is composed by six or more histidine 
residues, which are located in C-or N-term of a re-
combinant protein. The method is one of the most 
common and is based on the affinity of the histidine 
to bivalent metal ions. Purification was performed 
by metal affinity chromatography – Ni2+ or Co2+ 
chromatography. 

In this study we present successful conditions 
for production of the recombinant Ts-PCHTP  
(rTs-PCHTP) in Escherichia coli strains. Recom-
binant protein with natural His-tag at the C-end 
was obtained by metal affinity chromatography 
similarity to the common recombinant His-tag pu-
rification techniques. Purified rTs-PCHTP was used 
for a crystallographic assay and Dynamic Light 
Scattering (DLS) analyses. 

EXPERIMENTAL METHODS

cDNA synthesis and PCR amplification

The cDNA synthesis and amplification were 
performed as described by Radoslavov et al. [1]. 
Briefly, total RNA from Trichinella spiralis (T1 
ISS03) muscle larvae was extracted after homoge-
nization with Trizol reagent according to the manu-
facturer’s instructions (Invitrogen). 

Reverse cDNA transcription was performed 
with 4 µg of RNA, gene specific primer AS3 and 
M-MuLV Reverse Transcriptase (Fermentas). The 
nucleotide sequence from the second exon to the 
stop codon ORF of the Ts-TCHTP (GeneBankTM 
accession JF899252 and GQ497342) was amplified 
with the following primers: S22 5’-ggaattccatatga 
acaaaatttcgtcggccga-3’ and AS3 5’-cgcggatccttatca 

atgatgatgatgatgatgatg-3’, containing BamHI and 
NdeI restriction sites for direct cloning into pJC20 
expression vector [10]. PCR product and vector 
were ligated with T4-DNA Ligase (Fermentas) 
by standard protocol [11] and transformed into 
Escherichia coli DH5α cells. The positive colonies 
were checked by colony PCR and DNA sequencing 
(Macrogene).

Production and purification  
of recombinant protein

The E. coli BL21(DE3), C43(DE3) and Rosetta-
gami(DE3) cells were used for the expression of the 
recombinant protein. The induction was performed 
with of 1 mM IPTG (final concentration), for 4 
hours at 37 °C. Cells were lysed through sonication 
on ice. The soluble fraction contains Ts-PCHTP. In 
consequence Ni-affinity chromatography, HisTrap 
Kit (GE Healtcare BioSciences), was employed for 
rTs-PCHTP purification.

The protein concentration was determined ini-
tially by the method of Bradford [12] and spectro-
photometrically using a molar extinction coefficient 
of 1.332 M−1 at 280 nm as calculated on the basis of 
the aromatic amino acid of 10 Tyrosine (Tyr) and 
8 Tryptophan (Trp) residues with ProtParam tool 
[13] (www.expasy.org). Protein fractions were dia-
lyzed with PD-10 desalting column, Sephadex G25 
(Amersham Bioscience) against 0.02M Tris buffer, 
pH 7.2. The protein was concentrated up to 4 mg/ml 
with Centricon columns, 10kDa (Millipore).

The molecular size and purity of the protein was 
determined by 12% SDS-PAGE and 12% Native-
PAGE [11]. Proteins were visualized by Colloidal 
Coomassie G-250 Blue Safe staining (National 
Diagnostics) (Fig. 1).

Fig. 1. a) 12% Native-PAGE gel of purified rTs-PCHTP 
lysate (elution with 0.05M EDTA) in to C43DE3 cells 
and b) 12% SDS-PAGE gel of purified rTs-PCHTP lysate 
(elution with 0.05M EDTA) in to C43DE3 cells. Proteins 
were visualized by Colloidal Coomassie Blue staining

H. Sbirkova et al.: Crystallographic conditions of the heterologically expressed recombinant metal-binding protein Ts-PCHTP
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Dynamic Light Scattering (DLS)

DLS measurements on the protein solutions were 
obtained using a 90Plus (Brookhaven Instruments), 
equipped with a 657 nm, 35mW laser. Time de-
pendent fluctuations in the scattered intensity 
were measured using an avalanche photo detec-
tor (APD) and digital correlator. Protein solutions 
were analyzed in triplicate at 25.0 °C and scatter-
ing angle of 90°. The buffer solutions were fil-
tered through 0.44 μm and 0.022 μm filters and 
were also analyzed by DLS. Standard NIST trace-
able polystyrene 22 nm ± 1.8 nm, 92 ± 2 nm latex 
standards and a blank, 0.02 μm filtered ultrapure 
water (Nanopure, Thermo Scientific), were also 
run as standards. Data was collected as co-added 
runs of 2 min collected for a total of 10 min. The 
autocorrelation functions were deconvoluted to 
obtain size distributions using both the non-neg-
atively constrained least squares fit (multiple pass 
NNLS) algorithm. The size distributions obtained 
from the NNLS algorithm were presented since the 
distributions are bimodal. The intensity of scat-
tered light is proportional to the particle size to 
the sixth power, which results in a higher scattered 
intensity for larger particles. The intensity weight 
distributions, measured by DLS, were converted to 
number weighted distributions using analysis soft-
ware provided by Brookhaven (BIC). 

Crystallographic conditions

Crystallization attempts were performed us-
ing the vapor-diffusion method, in which 1 μL of  
Ts-PCHTP (3.6 mg ml–1 in 0.02 M Tris 7.3 pH) so-
lution was added to 1 μL of reservoir solution in 
a hanging drop suspended over 0.6 ml of reservoir 
solution. The reservoir (crystallization) conditions 
were those of the commercial Hampton Research 
Crystal screen HT, PEG/Ion and PEG/Ion 2. 

RESULTS AND DISCUSSION 

DNA sequencing of the pJC20 construct showed 
that the inserted fragment length is 1221 bp. Detailed 
analysis of the sequencing results showed that was 
the amplification and cloning, that the insert has 
an additional ATG initial codon at 5’end of the 
sequence. Thus the construct will translate 408 aa 
from the Native Ts-PCHTP (424 aa), with predicted 
molecule weight of 46 kDa. The 408 aa sequence 
includes the two full poly-cysteine domains and the 
poly His-Tag end, while the starting signaling pep-
tide sequence is omitted. DNA sequencing showed 
also that the construct reading frame starts and ends 
correctly, so thus will allow subsequent expression. 

The three E. coli bacterial strains were trans-
formed with the expression vector: BL21(DE3), 
C43(DE3) and Rosetta-gami(DE3). The recom-
binant protein is isolated from soluble protein frac-
tion under normal aerobic conditions, even that the 
cysteine constitutes 8.5% of all aa in Ts-PCHTP. 
12% SDS-PAGE of bacterial lysates showed 
that only the C43(DE3) cells produced sufficient 
quantity of the recombinant protein (Fig. 2). The 
C43(DE3) cells are designed for expression of 
difficult or even toxic proteins. This suggests that 
Ts-PCHTP may be toxic due to its metal binding 
properties. Ts-PCHTP contains 26 histidine resi-
dues or 6.1% of the amino acid content in the pro-
tein. Fourteen histidine residues are localized in the 
C-terminus of the protein, which gives the name of 
the domain – poly-histidine tag. Seven consecutive 
histidine residues form a motif at the C-end of the 
protein. This histidine repeat at the C-term allows 
rTs-PCHTP to be purified with Ni-affinity chroma-
tography (His Trap kit / GE Healtcare BioSciences). 
Sonication of C43(DE3) was performed in 10 mM 
imidazole pH 7.9, followed by centrifugation. The 
supernatant was used for loading on a HisTrap col-
umn. Attempting to elude the protein with high con-
centration of Imidazole (up to 1M) in some of the 
cases failed. The protein was successfully eluted 
with 0.05 M EDTA, pH 8.0. The concentration of 
the eluted protein was measured by Bradford [12] 
and spectrophotometrically at 280 nm. The mo-
lecular weight and purity of the protein was deter-
mined by 12% SDS-PAGE and 12% Native-PAGE. 
The protein is visualized on the gel at the expected 
molecular weight of 46 kDa (Fig. 1). The Native-
PAGE showed better separation and single bands, 
in contrast to the SDS-PAGE, where multi bands 

Fig. 2. 12% Native-PAGE of rTs-PCHTP lysate (elution 
with 0.05M EDTA): bands 1–4 correspond to C43DE3, 
M – protein marker, W – Wash cytosol after IPTG, C 
– Cytosol after IPTG, R1-R2 – rTs-PCHTP in Rosetta 
cells. Proteins were visualized by Colloidal Coomassie 
Blue staining

H. Sbirkova et al.: Crystallographic conditions of the heterologically expressed recombinant metal-binding protein Ts-PCHTP
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were visualized. This is an indication that the pro-
tein is more stable into non reductive conditions. 

rTs-PCHTP was used for DLS analysis to evalu-
ate protein purity. The estimation of the molecular 
weight of rTs-PCHTP was carried out according to 
the Mark-Houwink-Sakurada equation D = KMa [15, 
16] where D is the diffusion coefficient (assessed by 
DLS, D = kT/(6πηRh), M is the molecular weight 
and K and a are two empirically determined param-
eters that are solvent, temperature and protein spe-
cific. The molecular weight for the first size (peak 
of 39.4 nm) of the bimodal distribution corresponds 
to 110 kDa (Fig. 3b and 3c). This values is more 
than two time bigger than the theoretical one of 46 

Fig. 3. Representative DLS for rTs-PCHTP 3.6 mg ml–1 
in Tris pH 7.3 a) correlation function b) intensity particle 
size distribution and c) number particle size distribution

Fig. 4. Observed crystal of rTs-PCHTP, No 41 of Hamp-
ton Crystal screen 2

kDa. Thus the first peak in the size distribution can 
be related to a dimmer Ts-PCHTP. Although pro-
teins generally fold into compact globular domains 
that are tightly packed (no voids or water molecules 
are accommodated in the interior of the protein) the 
surface of the protein is rather “bumpy” and is cov-
ered by an outer shell of water/solvent molecules. 
The DLS results for Rh will be affected by that shell 
and will overestimate the protein molecular weight. 
The second peak (82.6 nm, Rh of 41.3 nm) can be 
attributed to additional aggregation of Ts-PCHTP 
(octamer or dodecamer). As one can see from the 
multimodal distribution “number vs. diameter” 
the contribution of Ts-PCHTP dimmer is close to 
100%, while the higher 8- or 12-mer is almost in-
discernible (Fig. 3c). 

Preliminary crystallization results

The initial sparse matrix screening for Ts-PCHTP 
crystallization showed that the crystallization con-
ditions listed in Table 1 are suitable for the growth 
of crystals for X-ray data collection (Fig. 4).

CONCLUSIONS

The present investigation provides insights 
into the heterologous expression, purification and 
crystallization of rTs-PCHTP. The protein was ex-
pressed and purified from soluble protein fraction at 
native condition. The purification of the rTs-PCHTP 
with Ni affinity chromatography is based of its na-
ture poly his tag (7 histidine residues). Ts-PCHTP 

H. Sbirkova et al.: Crystallographic conditions of the heterologically expressed recombinant metal-binding protein Ts-PCHTP
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describes for the first time a natural protein with this 
amino acid motif. DLS analysis showed that pro-
tein forms thoroughly dimmer formations which are 
not visualized at native gel conditions. There are 
identified several different suitable crystallization 
conditions for Ts-PCHTP. The data can be used 
for X-ray analysis.
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Table 1. Formulation of the crystallization conditions for Ts-PCHTP crystal growth

Hampton Screen No salt buffer precipitant

Crystal screen 1 46 0.2 M Ca acetate hydrate 0.1 M Na cacodylate 
trihydrate, pH 6.5

18% w/v PEG 800

Crystal screen 2 33 2M Ammonium formate 0.1M HEPES pH 7.5
Crystal screen 2 41 0.01M Ni(II) chloride 

hexahydrate
1M Tris pH 8.5 1M Lithium sulfate 

monohydrate 0.
PEGI 2 0.2 M Potassium fluoride 20% w/v PEG 3350
PEGI 41 0.2 Potassium phosphate 

monobasic
20% w/v PEG 3350
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кристализациОнни УслОвия на хетерОлОжнО експресиран 
рекОмБинантен металОсвързваЩ Белтък TS-PCHTP
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(резюме)

в настоящата работа е оптимизирана експресията на протеин с полицистеинови домейни (Ts-PCHTP). 
протеинът съдържа естествен фрагмент (His-Tag) за метална координация, използван в процеса на пречист-
ване, чрез Ni афинитетна хроматография. чистотата на белтъка се следи чрез нативна-полиакриламидна елек-
трофореза, тъй като високото съдържание на цистеини в Ts-PCHTP протеиновата последователност води до 
подвеждащи резултати, когато се използвана техника с CH3(CH2)11OSO3Na – полиакриламидна електрофореза. 
според данните, получени чрез динамично светлоразсейване, се наблюдава димерната форма на Ts-PCHTP. 
за определяне на условията за кристализация на белтъка е използвана матрица от произволни условия за из-
растване на монокристали, подходящи за рентгеноструктурен анализ.
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Two inclusion complexes of tetraethylammonium hydrogen sulfate (Et4N.HSO4) with thiourea (TU) and urea 
(U) were prepared and characterized by X-ray diffraction (XRD) and differential thermal analysis (DTA). The 
crystal structures of the commercial salt Et4N.HSO4 (1) and both of the complexes Et4N.HSO4.TU.H2O (2) and 
2Et4N.2HSO4.H2SO4.3U (3) were solved. Compounds 1 and 2 crystalize in the monoclinic P21/n space group and 
compound 3 in the triclinic P–1 one. The cations and anions in 1 display a layered-like arrangement of alternating 
well-ordered tetraethylammonium cations and hydrogen-bonded hydrogen sulfate anions. In 2 and 3 the anionic 
layer is more complex and in addition to the hydrogen sulfate it includes thiourea and water or urea molecules, 
respectively. The thermal behavior of both adducts is more complicated than the one of Et4N.HSO4 and the melting 
temperature of the studied compounds decreases in the following order: 1 > 3 > 2.

Key words: urea, thiourea; inclusion complex; hydrogen bonding; thermal decomposition.

INTRODUCTION

Tetraethylammonium salts are used as a source of 
tetraethylammonium ions (Et4N) in pharmacological 
and physiological studies, but also in organic chem-
ical synthesis and as structure-directing agents for 
synthesis of microporous materials [1, 2]. Besides, 
the urea and thiourea efficiency in formation of ani-
onic host lattices is well defined due to the high di-
pole moment, planar geometry and good donor-ac-
ceptor properties of both molecules. A great number 
of urea and thiourea crystal complexes of different 
tetraethylammonium salts were synthesized aiming 
to study their crystal structures, phase transitions and 
temperature stability [3–10]. Varieties of host lattic-
es were obtained depending on the combination of 
the employed anion and the number of urea/thiourea 
molecules. For instance, the inclusion complexes of 
(Et4N)C4O4 with thiourea exhibit layered, one di-
mensional channel and two dimensional channel 
structures depending on the number of the incorpo-
rated thiourea molecules [11]. Many complex ani-
ons were employed including halides [12, 13], car-
bonate [14], perchlorate [15], borate [16], fumarate 

[17], etc. However, to date no structural information 
about the commercially distributed Et4N.HSO4 was 
reported [Cambridge Structural Database (CSD), 
2011 release]. Moreover, bis(tetraethylammonium) 
hydrogen-sulfate dihydrogen-phosphate is the only 
reported compound containing both the Et4N+ and 
HSO4

– ions. [18]. 
The present communication concerns the prep-

aration of two new inclusion complexes of urea 
and thiourea with tetraethyl ammonium hydrogen-
sulfate from aqueous or water/methanol solutions. 
The crystal structures of the studied compounds 
are discussed in relation to the differences in their 
thermal behavior. 

MATERIALS AND METHODS

Synthesis

тetraethylammonium hydrogen-sulfate, Et4N.
HSO4 (1) is a commercial product and crystals suit-
able for single crystal X-ray diffraction measure-
ments were obtained by slowly evaporation from 
water solution. 

The other two compounds tetraethylammoni-
um hydrogen sulfate thiourea hydrate, Et4N.HSO4.
TU.H2O (2) and tetraethylammonium hydrogen-sul-
fate sulfonic acide ureate, 2Et4N.2HSO4.H2SO4.3U 
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(3) were obtained by slow evaporation from water 
solution of the components at room temperature: 

Et4N.HSO4.TU.H2O (2): 0. 227 g (1.10–3 mol) 
Et4N.HSO4 and 0.078 g (1.10–3 mol) TU are dis-
solved in 20 ml of distillated water. The solution is 
slowly evaporated at room temperature leading to 
the formation of prismatic colorless crystals.

2Et4N.2HSO4.H2SO4.3U (3): 0. 227 g (1.10–3 mol) 
Et4N.HSO4 and 0.060 g (1.10–3 mol) U are dissolved 
in 20 ml of distillated water. The solution is slowly 
evaporated at room temperature leading to the forma-
tion of prismatic colorless crystals.

Methods

XRD single crystal analyses: Crystals of the 
studied compounds were mounted on glass capil-
laries and diffraction data were collected at room 
temperature by ω-scan technique, on an Agilent 
Diffraction SuperNova Dual four-circle diffrac-
tometer equipped with Atlas CCD detector using 
mirror-monochromatized MoKα radiation from 

micro-focus source (λ = 0.7107 Å). The determina-
tion of cell parameters, data integration, and scaling 
and absorption correction were carried out using the 
CrysAlis Pro program package [19]. The structures 
were solved by direct methods (SHELXS-97) [20] 
and refined by full-matrix least-square procedures 
on F2 (SHELXL-97) [20]. The non-hydrogen atoms 
were refined anisotropically and urea and thiourea 
hydrogen atoms were placed at idealized positions 
and refined using the riding model. The positions of 
hydrogen atoms of water molecule were calculated 
by DHA software [21]. A summary of the structural 
and refinement data is provided in Table 1. The data 
for publication were prepared using the program 
package WinGX [22]. Crystallographic data were 
deposited with the Cambridge Crystallographic 
Data Centre, CCDC No. 935080 (1) 93508 (2), 
935082 (3). A copy of this information may be ob-
tained free of charge from: The Director, CCDC, 12 
Union Road, Cambridge, CB2 1EZ, UK. Fax: +44 
1223 336 033, e-mail:deposit@ccdc.cam.ac.uk., or 
www.ccdc.cam.ac.uk. 

Table 1. Crystal data and structure refinement results for the studied compounds

CCDC deposit number 1 2 3

Empirical formula C8 H21 N O4 S C9 H27 N3 O5 S2 C19 H56 N8 O15 S3
Moiety formula C8 H20 N, O4 H S C8 H20 N, H O4 S,  

C H4 N2 S, H2 O
3(O4 H S), 3(C H4 N2 O),  
2(C8 H20 N)

Formula weight 227.32 321.46 732.9
Temperatute (K) 290(2) 290(2) 290(2)
Crystal system Monoclinic Monoclinic Triclinic
Space group P 21/n P 21/n P –1
a 9.7994(5) 9.4527(6) 7.4002(4)
b 13.812(3) 10.1222(6) 15.2365(8)
c 9.5968(17) 17.9932(11) 16.6134(8)
α 90 90 73.130(5)
β 89.368(15) 100.160(6) 88.137(4)
γ 90 90 84.630(4)
Volume (Å3), Z 1190.2(4), 4 1694.63(18), 4 1784.71(16), 2
Calculated density (Mg m–3) 1.269 1.260 1.364
F(000) 496 696 788
Crystal color, shape, size (mm) Colorless, prismatic

0.3 × 0.28 × 0.26
Colorless, prismatic 
0.32 × 0.30 × 0.28

Colorless, prismatic 
0.32 × 0.3 × 0.28

θ Range for data collection (deg) 2.95−29.58 3.52–29.12 2.99–29.45
Limiting indices h, k, l −12 ≤ h ≤ 11, −18 ≤ k ≤ 

13, −11 ≤ l ≤ 13
−11 ≤ h ≤ 9, −13 ≤  
k ≤ 10, −24 ≤ l ≤ 17

−10 ≤ h ≤ 9, −16 ≤ k ≤ 20,  
−22 ≤ l ≤ 22

Reflections collected 6931 6277 14262
Independent reflections 2839 3513 7982
Rint 0.0446 0.0256 0.0438
Goodness-of-fit on F2 1.058 1.047 1.019
Final R indices (I > 2σ(I)) R1 = 0.0937, wR2 = 0.2653 R1 = 0.0681,  

wR2 =0.1990
R1 = 0.0694, wR2 = 0.1809

R indices (all data) R1 = 0.1308, wR2 = 0.3061 R1 = 0.1106,  
wR2 = 0.2318

R1 = 0.0958, wR2 = 0.2082

Largest diff. Peak/ hole (e Å–3) 0.873/ −0.574 0.652/ −0.277 0.957/ −0.498
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Thermal analyses: Differential thermal analy-
sis (DTA) and thermogravimetric measurements 
(TG) were carried out simultaneously in a thermal 
analyzer Stanton Redcroft 780 at the following con-
ditions: heating rate of 10 °C/min, dry argon as a 
carrier gas, Al2O3 used as a referring material and 
sample weight of 8–10 mg. 

RESULTS AND DISCUSSION

The asymmetric units of the studied compounds 
are shown in Figures 1, 2 and 3. Table 2 gives in-
formation about the bond distances and angles for 
HSO4 group, urea and thiourea molecules in com-
pounds 1, 2 and 3. The three dimensional packing of 
the discussed compounds and their hydrogen bond-
ing systems are presented in Figure 4 and Table. 3.

Crystal structure of Et4N.HSO4 (1)

Figure 1 presents the asymmetric unit of com-
pound 1. It crystallizes in a monoclinic P21/n space 
group and has pseudo orthorhombic lattice with a 
beta angle of 89.4°. The bond lengths and bond an-
gles characterizing the Et4N cation and hydrogen-
sulfate anion agree with those reported previously 
[1–18] (Table 2.). There are four anions and four 
cations in the unit cell. The smaller hydrogen sul-
fate ion donates and accepts a hydrogen bond to 
form dimers. The dimers are arranged in layers par-
allel to (10–1) and are spaced at a distance of 6.53 Å  
(Fig. 4a, Tabl. 3). The larger Et4N ions have a reg-
ular “Nordic cross” like shape with S4 symmetry 
(Fig. 1). They are sandwiched between the anionic 
layers. Thus the 3D arrangement of Et4N.HSO4 is 

very similar to that in 2Et4N.HSO4.H2PO4 [18] but 
the hydrogen-bonding network within the anionic 
layers is less extensive.

Crystal structure  
of Et4N.HSO4.TU.H2O (2)

The TU adduct crystallizes as a neutral molecu-
lar adduct with one water molecule (Fig. 2). The 
crystal structure is monoclinic, space group P21/n 
and there are four structural units per unit cell. The 
3D arrangement is the same as in compound 1 and 
the larger Et4N+ ions are sandwiched between the 
layers built by hydrogen-sulfate anions and the rest 
of the molecules. As it is expected the TU and H2O 
molecules are incorporated within the HSO4

– layers 

Fig. 1. ORTEP [23] view of complex ions in compound 1 
with the atomic numbering scheme; ellipsoids are drawn 
at 50% probability; hydrogen atoms are shown as small 
spheres with arbitrary radii

Table 2. Selected geometric parameters for the studied 
compounds. Bond lengths (Å)

Compound 1
S – O(1) 1.409(5) N – C(5) 1.505(5)
S – O(2) 1.515(4) N – C(7) 1.512(5)
S – O(3) 1.310(5) C(1) – C(2) 1.481(6)
S – O(4) 1.340(6) C(3) – C(4) 1.497(7)
N – C(1) 1.515(5) C(5) – C(6) 1.508(7)
N – C(3) 1.523(5) C(7) – C(8) 1.504(8)
Compound 2
S – O(1) 1.492(3) C(11) – C(12) 1.529(8)
S – O(2) 1.435(3) C(13) – C(14) 1.580(9)
S – O(3) 1.484(3) C(15) – C(16) 1.574(9)
S – O(4) 1.433(3) C(17) – C(18) 1.525(9)
N – C(11) 1.530(6) S(1) – C(1) 1.696(4)
N – C(13) 1.474(7) C(1) – N(11) 1.318(4)
N – C(15) 1.511(6) C(1) – N(12) 1.326(4)
N – C(17) 1.554(7)
Compound 3
S(1) – O(11) 1.507(2) C(11) – C(12) 1.514(5)
S(1) – O(12) 1.456(2) C(13) – C(14) 1.509(7)
S(1) – O(13) 1.459(2) C(15) – C(16) 1.505(5)
S(1) – O(14) 1.452(2) C(17) – C(18) 1.499(6)
S(2) – O(21) 1.484(2) C(21) – C(22) 1.516(6)
S(2) – O(22) 1.449(2) C(23) – C(24) 1.507(6)
S(2) – O(23) 1.485(2) C(25) – C(26) 1.499(6)
S(2) – O(24) 1.449(2) C(27) – C(28) 1.499(6)
S(3) – O(31) 1.423(3)
S(3) – O(32) 1.426(4) O(1) – C(1) 1.289(4)
S(3) – O(33) 1.500(3) O(2) – C(2) 1.302(4)
S(3) – O(34) 1.396(3) O(3) – C(3) 1.302(4)
N(1) – C(11) 1.514(4) C(1) – N(11) 1.325(4)
N(1) – C(13) 1.522(4) C(1) – N(12) 1.314(4)
N(1) – C(15) 1.515(4) C(2) – N(21) 1.295(4)
N(1) – C(17) 1.513(4) C(2) – N(22) 1.304(4)
N(2) – C(21) 1.509(4) C(3) – N(31) 1.305(4)
N(2) – C(23) 1.520(4) C(3) – N(32) 1.310(4)
N(2) – C(25) 1.518(4)
N(2) – C(27) 1.517(4)

K. Kossev et al.: Crystal structure and properties of urea and thiourea adducts of tetraalkyl ammonium hydrogen sulphate



449

Fig. 2. ORTEP [23] view of complex ions and molecules 
in compound 2 with the atomic numbering scheme; ellip-
soids are drawn at 50% probability; hydrogen atoms are 
shown as small spheres with arbitrary radii

Table 2. Selected geometric parameters for the studied 
compounds. Bond lengths (Å)

Compound 1
S – O(1) 1.409(5) N – C(5) 1.505(5)
S – O(2) 1.515(4) N – C(7) 1.512(5)
S – O(3) 1.310(5) C(1) – C(2) 1.481(6)
S – O(4) 1.340(6) C(3) – C(4) 1.497(7)
N – C(1) 1.515(5) C(5) – C(6) 1.508(7)
N – C(3)) 1.523(5) C(7) – C(8) 1.504(8)
Compound 2
S – O(1) 1.492(3) C(11) – C(12) 1.529(8)
S – O(2) 1.435(3) C(13) – C(14) 1.580(9)
S – O(3) 1.484(3) C(15) – C(16) 1.574(9)
S – O(4) 1.433(3) C(17) – C(18) 1.525(9)
N – C(11) 1.530(6) S(1) – C(1) 1.696(4)
N – C(13) 1.474(7) C(1) – N(11) 1.318(4)
N – C(15) 1.511(6) C(1) – N(12) 1.326(4)
N – C(17) 1.554(7)
Compound 3
S(1) – O(11) 1.507(2) C(11) – C(12) 1.514(5)
S(1) – O(12) 1.456(2) C(13) – C(14) 1.509(7)
S(1) – O(13) 1.459(2) C(15) – C(16) 1.505(5)
S(1) – O(14) 1.452(2) C(17) – C(18) 1.499(6)
S(2) – O(21) 1.484(2) C(21) – C(22) 1.516(6)
S(2) – O(22) 1.449(2) C(23) – C(24) 1.507(6)
S(2) – O(23) 1.485(2) C(25) – C(26) 1.499(6)
S(2) – O(24) 1.449(2) C(27) – C(28) 1.499(6)
S(3) – O(31) 1.423(3)
S(3) – O(32) 1.426(4) O(1) – C(1) 1.289(4)
S(3) – O(33) 1.500(3) O(2) – C(2) 1.302(4)
S(3) – O(34) 1.396(3) O(3) – C(3) 1.302(4)
N(1) – C(11) 1.514(4) C(1) – N(11) 1.325(4)
N(1) – C(13) 1.522(4) C(1) – N(12) 1.314(4)
N(1) – C(15) 1.515(4) C(2) – N(21) 1.295(4)
N(1) – C(17) 1.513(4) C(2) – N(22) 1.304(4)
N(2) – C(21) 1.509(4) C(3) – N(31) 1.305(4)
N(2) – C(23) 1.520(4) C(3) – N(32) 1.310(4)
N(2) – C(25) 1.518(4)
N(2) – C(27) 1.517(4)

and are involved in the hydrogen bonding network, 
which in this case is distributed over the whole 
layer (Fig. 4b, Table. 2). Thus, although the layer 
has similar thickness as in compound 1 the stacking 
is realized at a longer distance (7.64 Å in 2 versus 
6.53 Å in 1). This is accompanied with less compact 
shape of Et4N ion exhibiting D2d symmetry in this 
structure (Fig. 2). The N….N distance between the 
closest Et4N cations is 7.43Å, while the correspond-
ing distance in compound 1 is 6.64 Å.

Crystal structure  
of 2Et4N.2HSO4.H2SO4.3Urea (3)

The asymmetric unit is presented in Figure 3. 
The organization of the crystal structure in this 
compound is very similar to that in 1 and 2, but it 
crystallizes in triclinic P–1 space group. The sulfate 
groups and urea molecules are hydrogen bonded 
and built negatively charged layers, between which 
Et4N+ cations are situated. The hydrogen bonding 
network is presented in Fig. 4c. Hydrogen-sulfate 
groups and urea molecules are hydrogen-bonded 
to form anionic layers spaced at 8.30 Å from each 
other. The Et4N cations are placed between the lay-
ers and the N…N distance between the closest ones 
is 7.40 Å. This is in agreement with the shape of 
Et4N having D2d symmetry as in compound 2. The 
structure determination shows a deficiency of Et4N+ 
ions and in order to balance the electro-neutrality of 
the compound it is assumed that it crystalizes with 
one molecule of sulfuric acid. However, this could 
not be confirmed by the X-ray diffraction data, be-

cause it was not possible to localize the positions 
of H atoms from the electron density map. On the 
other hand, the S-O distances for the symmetrically 
nonequivalent sulfate groups can give information 
about the presence of OH group because the cor-
responding S-O bond distance should be longer 
than the other three ones. This is actually the case 
for (S2)O4 sulfate group only (Table 2). In con-
trast, the four S-O bonds in the (S1)O4 and (S3)O4 
groups have similar lengths of about 1.46 Å. One 
possible explanation is that there is a migration of 
protons along the strong O-H…O hydrogen bonds 
formed between sulfate and urea oxygen atoms 
(Table 3). Besides, C-O distances in all of the urea 
molecules are longer than the standard C=O dou-
ble bond (~1.2 Å) and have values of about 1.3 Å. 

K. Kossev et al.: Crystal structure and properties of urea and thiourea adducts of tetraalkyl ammonium hydrogen sulphate
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Fig. 3. ORTEP [23] view of complex ions and molecules in compound 3 with the atomic numbering scheme; ellip-
soids are drawn at 50% probability; hydrogen atoms are shown as small spheres with arbitrary radii

Fig. 4. Three dimensional packing and hydrogen bonding systems: a) stacking of cationic and anionic layers with 
hydrogen bonds between HSO4 groups compound 1; b) hydrogen-bonding system within the complex layer in com-
pound 2; c) hydrogen-bonding system within the complex layer in compound 3

K. Kossev et al.: Crystal structure and properties of urea and thiourea adducts of tetraalkyl ammonium hydrogen sulphate
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Thermal behavior

The thermal behavior of compounds 1, 2 and 3 is 
investigated between room temperature and 400 °C 
using DTA-TG-DTG analysis (Fig. 5).

Compound 1: DTA measurement shows a slow 
endothermic effect at 160 °C without loss of mass on 
the TG curve. Such kind of effect, assigned to phase 
transition, has been reported to be at 189 °C for te-
tramethylammonium sulfate [25] and in the interval 
154–170 °C for tetraethylammonium tetra chloro-, 
bromo trichloro- and tribromochloroferrates(III) 
[26]. In the last work additional endo-effects cor-
responding to the melting point of the compounds 
are observed between 265–283 °C. However, in 
DTA curve of compound 1 similar effect cannot be 
clearly defined, because the melting and the main 

decomposition of the compound seem to occur si-
multaneously. These processes manifest a sequence 
of exo- and endo-effects maximizing at 297 and  
330 °C, respectively, and are related to about 70% 
mass loss, which corresponds to a partial degrada-
tion. The described thermal behavior is rather simi-
lar to that in [26], where the thermal decomposition 
of tetraethylammonium salts had occurred in two 
main steps: first one, maximazing at 380–390 °C and 
corresponding to 60–79% mass loss and the second 
one – much slower, coming to an end at 700 °C and 
relating to the remaining sample mass loss.

The thermal behavior of compounds 2 and 3 
(Fig. 5) becomes more complicated as compared 
with that of 1 and shows a complete degradation up 
to 400 °C. The first endothermic effect in the DTA 
curve (due to the melting of compounds without 

Table 3. Hydrogen-bond geometry (Å, °) for:

Compound 1
D—H…A D—H H…A D…A D—H…A
O2-H2…O1i 0.820 1.876 2.479 129.48
i: –x+1, –y +1, –z+1
Compound 2
D—H…A D—H H…A D…A D—H…A
O-H1…S1i 0.960 2.490 3.450 179.60
O-H2…O3ii 0.961 1.725   2.686 179.81
O1-H1A…O 0.820 1.864 2.644 158.32
N11-H11C…O4 0.860 2.127   2.977 169.51
N11-H11D…O2iii 0.860 2.171   2.932 147.25
N12-H12D…O2 0.860 2.113   2.966 171.77
N12-H12E…O4iv 0.860 2.145   2.916 149.12
i: –x+3/2, y–1/2, –z+1/2; ii: –x, –y+1, –z+1; iii: –x+3/2, y+1/2, –z+1/2;
iv: –x+3/2, y–1/2, –z+1/2
Compound 3
D—H…A D—H H…A D…A D—H…A
O11-H11…O1 0.820 1.681 2.483 164.99
O21-H21…O33 0.820 1.706 2.512 167.15
O23-H23…O3i 0.820 1.734 2.537 165.91
O31-H31…O2ii 0.820 1.725 2.494 155.42
N11-H11C…O24iii 0.852 2.079 2.920 168.75
N11-H11D…O11ii 0.815 2.354 3.154 167.12
N12-H12D…O13ii 0.805 2.047 2.851 176.37
N12-H12E…O14 0.813 2.036 2.830 165.22
N22-H22D…O32 0.812 2.133 2.920 163.27
N22-H22E…O34i 0.794 2.505 3.143 138.46
N22-H22E…O33 0.794 2.558 3.294 154.93
N21-H21C…O13 0.745 2.130 2.875 176.81
N21-H21C…O14 0.745 2.657 3.124 122.75
N21-H21D…O32 0.743 2.238 2.926 154.45
N31-H31A…O21 0.874 2.051 2.896 162.17
N31-H31B…O22ii 0.796 2.083 2.862 165.67
N32-H32A…O23 0.848 2.348 3.162 161.09
N32-H32A…O21 0.848 2.648 3.354 141.57
N32-H32B…O12iv 0.816 2.049 2.856 170.33
i: x+1, y, z; ii: x–1, y, z; iii: x–1, y+1, z; iv: x, y–1, z; 
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Fig. 5. DTA-TG-DTG curves: a) compound 1; b) compound 2 and c) compound 3
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mass loss on the TG curves) of compounds 2 and 3 
appears at 57 °C and 85 °C respectively, while the 
melting point of pure thiourea and urea has been ob-
served respectively at 158 °C [27] and 132 °C [28]. 
Most probably, the presence of crystallization water 
in compound 2 decreases the melting temperature of 
that compound. At the same time the water in this 
sample continuously releases up to 150 °C with mass 
loss of about 5%, which corresponds to 1 molecule of 
H2O (Fig. 5b). The melting temperature of the stud-
ied compounds decreases in the order: 1 > 3 > 2.

As it is evident from the DTA-TG-DTG curves 
at least four events occur during the decomposi-
tion of both adducts being more clearly separated in 
compound 2 (Figures 5b and 5c). The process starts 
after the compound’s melting with exothermal event 
on DTA curves following by series of endothermal 
events. These events manifest at lower temperea-
tures for the urea adduct (compound 3) comparing 
with the thiourea one (compound 2). 

The thermal degradation of tetraethylammonium 
salts has been investigated ever since the beginning 
of 20th century [29]. Two main ways of degrada-
tion have been defined both related to generation 
of a tertiary amine: beta degradation known also as 
“Hofmann degradation” and a nucleophilic substi-
tution [30]. However, the decomposition processes 
of the studied compounds are more complicated due 
to the complex degradation of the HSO4 group and 
the presence of Urea or Thiourea molecules. 

CONCLUSIONS

Urea and Thiourea adducts of Et4N.HSO4 were 
synthesized and the crystal structures of the initial 
alkyl-ammonium salt and both adducts Et4N.HSO4.
TU.H2O and 2Et4N.2HSO4.H2SO4.3U were solved. 
The structural analyses show that all three com-
pounds have similar structures, where the large Et4N 
cations are sandwiched between layers of hydrogen 
bonded anions or anions and molecules. The cation 
shape depends on the free space between the layers. 
In the initial alkyl-ammonium salt Et4N has “Nordic 
cross” shape with 4s symmetry, while in both adducts 
it becomes less compact and has D2d symmetry. 

The most complicated hydrogen bonding sys-
tem with strong O–H…O bonds is observed in 
the Urea containing adduct. This supposes high-
er stability of that configuration compared to the 
thiourea compound, which is confirmed by the 
thermal analyses data. The structural features af-
fect the melting point of the studied compounds 
and the observed melting temperature decreases in 
the following order: Et4N.HSO4 > 2Et4N.2HSO4.
H2SO4.3U > Et4N.HSO4.TU.H2O.
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синтезирани са две съединения на тетраетил-амониев-хидроген сулфат (Et4N.HSO4) с тиоуреа (TU) и уреа 
(U). първоначалния продукт тетраетил-амониев-хидроген сулфат (Et4N.HSO4) и двете нови съединения са 
характеризирани чрез рентгеноструктурен (XRD)  и термичен (DTA-TG) анализи. Определени са кристалните 
структури на търговския продукт Et4N.HSO4 (1) и двете нови съединения Et4N.HSO4.TU.H2O (2) и 2Et4N.2HSO4.
H2SO4.3U (3). съединенията 1 и 2 кристализират в моноклинна пространствена P21/n, а съединения 3 в три-
клинна пространствена група P–1. катионите и анионите в съединение 1 оформят слоисто-подобна структура 
в която се редуват слоеве от тетраетил-амониви катиони и свързани с водородни връзки хидроген-сулфатни 
аниони. кристалните структури на новосинтезираните материали са подобни на тази на съединение 1, но 
анионните слоеве има по-комлексен строеж, поради наличието на тиоуреа и вода или уреа молекули за съе-
динения 2 и 3 съответно. термичното поведение на двата адукта е по-сложно в сравнение с това на първона-
чалния продукт Et4N.HSO4, като температурата на топене на изследваните съединения намалява в посочената 
последователност: 1 > 3 > 2.

K. Kossev et al.: Crystal structure and properties of urea and thiourea adducts of tetraalkyl ammonium hydrogen sulphate
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The orthodontic archwires are an integral part of the fixed appliance used for treatment of orthodontic malocclu-
sions. The chemical composition of the surface of three of the most frequently used archwires in orthodontic treatment 
worldwide and in Bulgaria is investigated, which consist of the following types of metal alloys: chromium-nickel 
stainless-steel, nickel-titanium, and titanium-molybdenum. The results of XRD, SEM and EDS show that the main el-
ement composition of the orthodontic archwires has not been changed for the examined residence time in the patient’s 
mouth, which is an average of 6 and 10 weeks and the complex oral bacterial flora does not influence them.
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INTRODUCTION

The orthodontic wires are an integral part of the 
fixed appliance which is used to treat orthodontic 
malocclusions. The most frequently used archwires 
are made of the following alloys: chromium-nickel 
stainless steel, nickel-titanium, titanium-molybde-
num and copper-nickel-titanium. Each of these al-
loys has its specific characteristics and the corre-
sponding wires made by them possess the typical 
mechanical properties which enables choice in dif-
ferent treatment phases.

The orthodontic wires, made by stainless 
steel, classified by AISI (American Iron and Steel 
Institute) as type 304, are with chemical composi-
tion as follows: approximately 71% iron, 18–20% 
chromium, 8–11% nickel and quantities of carbon, 
manganese and silicon, respectively not exceeding 
0.08%, 2% and 1% [1, 2]. Their mechanical prop-

erties are determined by the chemical composition 
and the microstructure and they are the most fre-
quently used in their austenitic form. They are hard, 
elastic and have the smoothest surface, which leads 
to reducing of the friction between the wire and the 
brackets [3].

Nickel-titanium wires presented by Andreasen 
and Hilleman [4] in 1970 contain nearly equal 
amounts of nickel and titanium, respectively, 54–
55% and 43-44%, and minimum amount of cobalt – 
1.6–3%. They have very low modulus of elasticity 
and high elastic potential compared to the stainless 
steel and thus they are able to let out weak and con-
tinuous forces, which is desirable during the ortho-
dontic treatment. These first wires are in martensite 
state and it is believed that they have curved mono-
clinic, three-clinic or hexagonal crystal structure 
[5]. They are known as non-super-elastic. The mod-
ern orthodontic nickel-titanium wires exist in the 
austenitic state with cubic crystal structure. They are 
called super-elastic and are able to undergo stress-
induced transformation from austenite to marten-
site. When subjected to load or activated till elastic 
deformation they restore their shape approximately 
8% of the initial [6].
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Later titanium-molybdenum wires are introduced 
(β-Ti, or TMA) [7], which are characterized by a 
high springy effect, low hardness, can be bent and 
directly soldered. The Element composition of these 
wires contains: 79% Ti, 11% Mo, 6% Zr and 4% Sn, 
and the adding of zirconium and zinc contributes to 
the strength and hardness of the arch. Their major 
disadvantage is the high friction coefficient.

A new generation of wires is the copper-nickel-
titanium arches, which are known as orthodontic 
wires with shape memory, also called heat-activat-
ed. That’s because they can be deformed in the mar-
tensite state but when increasing their temperature 
in the oral cavity a phase transformation is induced 
towards austenite and the form of the arch is re-
turned to the original one [8]. 

The presented three types of orthodontic wires 
are used at certain treatment’s stages with fixed 
equipment. They stay in the mouth a certain period, 
during which they are exposed to the aggressive 
environment of the oral cavity. The latter is char-
acterized by the presence of complex oral micro-
flora, which together with its bioproducts forms and 
accumulates plaque around the material [9]. Also 
the impact of food that the patient used, the type of 
tooth pastes and the temperature changes occurring 
in the oral cavity should not be overlooked. All this 
leads to changes in the surface characteristics of the 
retrieved orthodontic archwires.

It is established that the surface of the orthodon-
tic wires is covered by the formed intraoral protein 
coat which covers up their topographic surface to 
a degree depending on the individual patient’s oral 
circumstances and on the intraoral exposure period. 
The film’s organic components founded on alloy’s 
surface are amide, alcohol and carbonate while the 
predominant elements are sodium, potassium, chlo-
ride, calcium and phosphorus [10].

In the present study are considered three types 
(chromium-nickel stainless steel, nickel-titanium, 
titanium-molybdenum) orthodontic archwires and 
the changes in the chemical composition of the 
surface are observed when these wires are used for 
treatment.

MATERIAL AND METHODOLOGY

The research is on the orthodontic archwires of 
patients treated in 2012 by researchers – orthodon-
tists. In relation to the study’s objectives we pro-
vided the tested three main types of orthodontic 
wires in 3 pieces each, Table 1. The type A wires 
are with circular cross section 0.016 inches, and the 
remaining B, and C have a rectangular cross sec-
tion – 0.016×0.022 inches. These are some of the 
most commonly used wires as a size and type that 

are offered by the distributors to the orthodontists in 
Bulgaria. The treatment of patients with orthodontic 
malocclusions is carried out with them as at certain 
treatment’s stage the appropriate type and size wires 
are placed. Two wires are used of each type, which 
are compared with the corresponding starting wires, 
called control ones. The selected wires are used for 
the treatment and stayed in the patient’s mouth, re-
spectively 6 and 10 weeks. This period covers the 
average time of residence of the orthodontic wires 
at the mouth of the patient in order to perform a cer-
tain stage of orthodontic treatment. All wires, after 
removal from the patient’s mouth, they are cleaned 
with disinfectant and placed in a resealable plastic 
bag each along with a note in which the following 
data is recorded: patient’s name, his age, wires’ 
type, the size, date of placement, date of removal, 
the total time of stay in the mouth. 

The studied wires were analyzed by X-ray dis-
persive analysis (EDS), X-ray powder diffraction 
and scanning electron microscopy (SEM). Powder 
X-ray diffraction patterns were collected within 
the range from 5.3 to 80° 2θ with a constant step 
0.02° 2θ on Bruker D8 Advance diffractometer 
with CuKα radiation and LynxEye position sensi-
tive detector. Phase identification was performed by 
the program DiffracPlus EVA using ICDDPDF-2 
(2009) database. The microstructure of the wires 
surface was studied by means of Zeiss EVO MA-15 
scanning electron microscope (SEM) with LaB6 
cathode on the polished cross-section samples. The 
chemical composition was determined by the X-ray 
microanalysis using the energy dispersive spectros-
copy (EDS) method and Oxford Instruments INCA 
Energy system. The qualitative and quantitative 
analyzes were carried out at an accelerating voltage 
20 kV, an optimal condition for these samples.

RESULTS AND DISCUSSION

XRD patterns of the orthodontic archwires from 
the type A are amorphous, these of type B and C 

Table 1. Characteristics of investigated  
orthodontic wires

Type of 
orthodontic wires

Cross section
[inches]

Time of residence 
in the mouth

A – stainless steel,
AISI 304*

0.016 A6 – 6 weeks
A10 – 10 weeks

B – nickel-titanium
alloys

0.016 × 0.022 B2 – 2 weeks
B6 – 6 weeks 
B10 – 10 weeks

C – beta-titanium
alloys

0.016 × 0.022 C6 – 6 weeks 
C10 – 10 weeks

V. Petrov et al.: Corrosive changes and chemical composition of the orthodontic archwires’ surface during treatment
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are presented in Figure 1a) and 1b) respectively. 
On Fig. 1a) it can be seen the peaks of a crystal-
line phase marked with asterisk. The peaks corre-
spond to the NiTi alloy with composition Ni1.02Ti0.98 
(ICDDPDF#65-5746) with cubic type structure 
S.G. Pm-3m and unit cell parameter 3.01Å. For the 
peaks of the alloy presented in Fig. 1b) the best cor-
respondence was found with a hexagonal phase 
(Ti2Sn) with unit cell parameters a = 4. 65 Å and 
c = 5.7 Å. It is worth nothing that an amorphous 
hump is seen of the diffraction patterns of arches 
after prolonged usage for patient treatment. This 
amorphous part comes not only from corrosion 
processes on the wires surface but mostly from or-
ganic residues. The formed biofilms and calcifica-
tion layers are well adsorbed to the wire surface and 
may play protective role towards the alloy surface. 
It should be mentioned that the presence of such 
films as well as their thickness and composition do 
not correlate well with the time of the wires appli-

cation. The quality of the film is also patient de-
pendant. These differences are mainly related to the 
nourishing traditions, composition of the saliva and 
the hygienic habits.

The information about the change in the surface 
morphology of the orthodontic wires is obtained by 
scanning electron microscopy (SEM), Fig 2. The 
observed change in the surface of the archwires is 
studied in details through energy dispersion study 
(EDS). The method used allows quantitative iden-
tification of the chemical composition by elements 
and focuses on the corrosion changes of the alloy 
rather than commenting on the complex oral flora. 
In Table 2 are presented the average values of the 
main components contained in the wires’ alloy (Fe, 
Cr, Ni, Si and Mn) as well as the identified inclu-
sions (P, S, Cl, K, Ca). For comparison are used the 
data of the studied as-received wires. The results in-
dicate that the presence of the inclusions are as a re-
sult of the oral bacterial flora and of the oral hygiene 

Fig. 2. Scanning electron microscopy images of а-austenitic stainless steel wires with cross section 0.016 inches:  
a) – as-received (а); b) – 6 weeks retrieved wire (а6) and c) – 10 weeks retrieved wire (а10)

Fig. 1. a) XRD patterns of the orthodontic archwires type B at different stages of treatment; b) XRD patterns of the 
orthodontic archwires type C at different stages of treatment

a b

V. Petrov et al.: Corrosive changes and chemical composition of the orthodontic archwires’ surface during treatment
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of the patient, while the main element composition 
of the orthodontic archwires from the stainless steel 
does not change for the examined period of treat-
ment (6 and 10 weeks).

The second type of studied orthodontic wires 
is composed of nickel and titanium in almost 
equal amounts. Figure 3 shows the structure (3a) 
and the spectrum of the performed integral anal-
ysis of the element content by EDS (3b) of the 
as-received wires. The analysis confirms the two-
component composition of nickel (54.67 wt.%) 
and titanium (45.38 wt.%).

After the usage of the wires correspondingly 
6 and 10 weeks, which is shown in Figure 4, again 
changes of the surface are observed, which are 
associated with the presence of oral plaque. The 
presented scanning microscopical pictures are of 
selected areas of the wires’ surface, where a point 
element analysis is made. The average values of 
the element composition are shown in Table 3. 
The quantity of nickel and titanium is not changed 
during the time of use. On the wires’ surface that 
has stayed in for 10 weeks are observed surface 
irregularities, Figure 4c, which we assume, are as 

Table 2. Elements content in new wire type A-stainless steel and used ones after  
6 and 10 weeks

Elements,
weight % Si Cr Mn Fe Ni P, S, Cl, K, Ca

Initial components content
(new wire) 0.67 19.48 1.4 70.19 8.26 –

Mean components content 
after 6 weeks treatment 0.86 19.51 1.51 69.63 8.39 1.75

Mean components content 
after 10 weeks treatment 0.85 19.44 1.49 69.70 8.38 2.89

Fig. 3. Scanning electron microscopy images of as-received nickel-titanium wire and EDS spectrum of wire

Fig. 4. Scanning electron microscopy images of retrieved nickel-titanium wires: a) – 2 weeks retrieved wire (B2); b) 
– 6 weeks retrieved wire (B6) and c) – 10 weeks retrieved wire (B10)

V. Petrov et al.: Corrosive changes and chemical composition of the orthodontic archwires’ surface during treatment
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a result of mechanical action. According to some 
authors [11] such surface alterations may be caused 
by loads during chewing. It is difficult to trace and 
investigate the corrosion according to the treat-
ment’s time stage and the wires’ residence in the 
mouth due to the individuality of each patient (type 
of food, hygiene, age, gender, etc.). As an example 
we will point out the carried out analysis of nickel 
- titanium archwires used only for 2 weeks (B2), in 
which there is a large percentage of accumulated 
plaque on the surface in comparison with those 
used for 6 and 10 weeks, Fig. 4a, Table 3. From the 
analysis it appears that the coating deposits cannot 

be regarded as foci of corrosive change in wires. 
In-depth research on the mechanical resistance is 
about to be made.

Figure 5 shows the structures of titanium-mo-
lybdenum orthodontic archwires, respectively, 5a 
– as-received, 5b – after 6 weeks, and 5c, after 10 
weeks of use. The determined chemical composi-
tion by EDS analysis is presented in Table 4. The 
trend to maintain the main components of the alloy 
(Ti, Mo, Zr, and Sn) is also observed in this type of 
orthodontic wires. The element study of the wires 
surface’s changes indicate the presence of Na, Ca, 
Cl, which is associated with biofilm formation and 

Table 3. Elements content in new wire type B – nickel-titanium alloys and used ones 
after 2, 6 and 10 weeks

Elements, 
weight % Ni Ti Al, P, S, Cl, K, Ca

Initial components content (new wire) 54.67 45.38 –
Mean components content after 
2 weeks treatment 54.85 45.16 2.06

Mean components content after 
6 weeks treatment 54.33 45.48 1.48

Mean components content after 
10 weeks treatment 54.74 45.30 0.22

Fig. 5. Scanning electron microscopy images of retrieved beta-titanium wires with cross section 0.016×0.022 inches: 
a) – as-received (C); b) – 6 weeks retrieved wire (C6) and c) – 10 weeks retrieved wire (C10)

Table 4. Elements content in new wire type C beta – titanium alloys and used ones 
after 6 and 10 weeks

Elements, 
weight % Ti Zr Mo Sn Na, Cl, Ca

Initial components content 76.90 6.36 11.87 4.86 –
Mean components content after 
6 weeks treatment 76.80 7.11 11.45 4.65 0.52

Mean components content after 
10 weeks treatment 77.09 6.54 12.4 3.95 4.27

V. Petrov et al.: Corrosive changes and chemical composition of the orthodontic archwires’ surface during treatment



460

does not contribute to a change of the initial wires’ 
chemical composition.

CONCLUSION

The studied orthodontic archwires made of 
stainless steel, nickel-titanium and titanium-mo-
lybdenum is essential in orthodontic treatment. 
The analyses made and the achieved results show 
chemical resistance of all three wires. The ortho-
dontic archwires are under continuous influence of 
the saliva, which is different from patient to pa-
tient and depends on the age, the hygiene of meal, 
the individual oral hygiene, which determines the 
plaque quality in the oral cavity, the presence of 
different diseases. From the carried out tests it is 
established that the complex oral flora, regardless 
of the changes it is subjected to according to the 
above described factors, it does not alter the major 
components of the alloys, which make them bio-
compatibility to the patient.
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(резюме)

Ортодонтските дъги са неразделен елемент от фиксираната техника, използвана за лечение на ортодонт-
ските деформации. изследван е химичния състав на повърхността на три от най-използваните дъги за лечение 
в България, състоящи се от следните видове метални сплави: хром-никелова неръждаема стомана, никел-ти-
тан, титан-молибден и мед-никел-титан. всяка една от тези сплави има своите специфични характеристики и 
направените от тях съответни дъги притежават характерни химични и механични свойства, давайки възмож-
ност за избор при употребата им в различните етапи от лечението. резултатите от направените рентгенови и 
морфологични повърхностни изследвания показват, че основният химичен състав на ортодонските дъги не се 
променя в периода на лечение, който е между 2, 6 и 10 седмици. наличието на химични примеси и отлагания 
се свързва с индивидуалната бактериална микрофлора в устната кухина на всеки пациентит.

V. Petrov et al.: Corrosive changes and chemical composition of the orthodontic archwires’ surface during treatment
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Generally it is difficult to locate hydrogen atoms accurately using X-ray data because of their low scattering power 
and lack of core electrons. For many purposes the hydrogen positions can be calculated according to well-established 
geometrical criteria. Nevertheless, in some cases the positioning of the hydrogen atoms is tricky. Usually the problem 
arises when solvent molecules (e.g. water, OH groups or ammonia) are present in the crystal structure. Fortunately, 
hydrogen bonding interaction are characterized by an appropriate geometry and distance between the donor (D) and 
acceptor (A) atoms and requires the participation/presence of a hydrogen atom (D – H ••• A). Thus, if the coordinates 
of the donor and acceptor atoms are known one can calculate the coordinates of the “elusive” hydrogen atom. The 
program DHA uses an extremely simple mathematical apparatus to produce the coordinates of the hydrogen atom (H) 
participating in a D – H ••• A type of interaction.

Key words: 

INTRODUCTION

Nowadays, single crystal X-ray data collection 
and structure solution has become a very accessi-
ble, popular and routine experimental technique. 
Interestingly, the most popular software, ShelX 
[1] used for structure solution and refinement has 
remained almost untouched since 1993, although 
1997 and 2013 versions are available (Shelx, 2013). 
Various graphical user interfaces (GUI) were de-
signed and implemented over the years to circum-
vent the “tedious” text typing, editing and manip-
ulation of the input (*.ins) and output (*.res) files 
of Shelx programs [2, 3]. Certainly, several other 
free and commercial [4–6] software packages are 
available to the end-user but as the standard is set 
by ShelX most of the features are similar to those 
implemented in ShelX. One of the very few elusive 
options in those programs is the positioning of H 
atoms when suitable geometrical criteria fail and 
electron density from difference Fourier is not avail-
able. Usually the problem arises for solvent (water, 
OH, NH3 etc.) atoms/molecules that are present in 
the crystal structure. However, if suitable hydrogen 
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E-mail: blshivachev@gmail.com

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

bonding geometry and distance (directionality) be-
tween such atoms (D ••• A) is detected the hydrogen 
atom should also be present. The DHA program tar-
gets the calculation of hydrogen atoms’ coordinates 
when hydrogen bonding interaction criteria are en-
countered but the usual positioning of the hydrogen 
atom is either impossible or inaccurate.

METHODS

The mathematical apparatus required for the 
calculation of the H atoms coordinates is extremely 
simple. The distance D12 between two atoms A1 
(with coordinates x1, y1, z1) and A2 (coordinates 
x2, y2, z2) can be calculated as:

(1)

The coordinates of the atom Amid lying exactly in 
the middle between A1 and A2 are easily obtained: 

(2)

The distance between A1 and Amid (or Amid and 
A2) can be obtained according to eq. 1. Using the 
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coordinate descendent method [7] one can obtain 
the coordinates (within a predetermined error) of 
an atom located at the required distance from A1 
(A1 -- Aend). The logical algorithm of the program is 
shown on Figure 1.

Hardware environment. The program is intend-
ed to run on personal computers and has minimal 
requirements for disk space and memory.

Software environment. The program is written in 
Visual Basic (VB) and utilizes the Dot.NET tech-
nology allowing it to be run on different operating 
systems. 

For simplicity all of the calculations are carried 
out in Cartesian coordinate system. The conversion 
of fractional to Cartesian coordinates and backwards 
is performed as follows: 

(3)

(4)

Fig. 1. Scheme of the algorithm of DHA program

B. Shivachev: DHA, a program for calculating hydrogen atom coordinates of solvent atom...
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(5)

The assumption is that both coordinate system 
share the same origin, the a-axis is collinear with 
the x-axis, and the b-axis lies in the xy-plane. 

INPUT DATA

The program requires the following data in order 
to return the Hydrogen coordinates (Fig. 2):

Unit cell parameters 1. a, b, c, α, β, γ in Å, 
Fractional coordinates of the donor (2. x1, y1, z1), 
Fractional coordinates of the acceptor atom 3. 
(x2, y2, z2),
Optionally a DH, donor-hydrogen distance 4. 
(0.96 Å is pre-imputed). 

OUTPUT DATA

The program outputs the Cartesian and fractional 
coordinates of an atom located at DH (Å) from 
the donor atom.

DISCUSSION

The choice of a suitable (default) O-H distance 
is very difficult. Internuclear O–H distances for iso-
lated molecules in the gas phase are about 0.96 Å  

(e.g. 1.10 Å for C-H). However, the appropriate 
distance to use for X-ray diffraction must be appre-
ciably shorter to allow displacement of the center 
of gravity of the electron distribution towards 
the oxygen atom, and also for oscillating effects. 
Fortunately SHELXL-97 provides a selection of op-
tions (AFIX and HFIX) for positioning and refining 
hydrogen atoms from geometrical criteria (ShelX 
manual [1]). For routine refinement, and when suit-
able geometrical criteria are available (e.g. tertiary 
CH (HFIX 13), secondary CH2 (HFIX 23), ethylenic 
CH2 (HFIX 93), acetylenic CH (HFIX 163), BH in 
polyhedral boranes (HFIX 153) and aromatic CH 
or amide NH (HFIX 43) etc.), the choices of hydro-
gen atoms generation are multiple (trough combina-
tion of AFIX and HFIX instructions). The hydro-
gen coordinates are re-idealized before each cycle, 
and “ride” on the atoms to which they are attached 
(i.e. the coordinate shifts are the same for both the 
heavy atom and riding H atom). Hydroxyl and me-
thyl groups are more difficult to position accurately 
but if good data are available (e.g. low-temperature 
data) the method of choice is HFIX 137 for CH3 
and HFIX 147 for OH groups (torsion angles are al-
lowed to refine while keeping the X–H distance and 
Y–X–H angle fixed). 

OMIT instruction combined with L.S. 0, FMAP 2 
(e.g. Fo – Fc) and PLAN-100 (list the coordinates 
and geometry of the highest 100 non-zero electron 

Fig. 2. Input/output window of DHA program

B. Shivachev: DHA, a program for calculating hydrogen atom coordinates of solvent atom...
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densities) enables an “omit map” to be calculated, 
which is a convenient way of checking whether 
there are actually electron density peaks close to the 
calculated atom positions (the H atom should not 
be already present). In this omit map, if a non-zero 
electron density (peak) appears in the Fourier out-
put, then there is an actual peak in the difference 
electron density synthesis that can be assigned to a 
hydrogen position (AFIX 03).

In the case of isolated solvent molecules (water, 
OH, NH3, etc.) no suitable geometric criteria are 
applicable and thus the location of the H atom(s) 
depends only on the data quality. Unfortunately, 
solvent molecules are usually far more mobile 
than the other atoms of the structure and thus 
their isotropic U’s are bigger. Therefore, the dif-
ference Fourier map may not allow the location 
of the solvent H atoms. Usually the solvent mol-
ecules that are present in the structures participate 
in hydrogen bonding interactions that stabilize the 
three-dimensional crystal packing. Thus if suitable 
hydrogen bonding geometry and distance (direc-
tionality) involving solvent (donor and/or accep-
tor) is detected, the hydrogen atom should also be 
present. Assuming that the D–H distance is known 
one can calculate the H atom coordinates from the 
ones of D and A (D ••• A). 

The program has been used for the determina-
tion of solvent H atom coordinates for the structures 
cited in refs. 8 and 9. 

CONCLUSION

The DHA program calculates hydrogen at-
oms coordinates when the usual positioning of 

the hydrogen atom is either impossible or inaccu-
rate but hydrogen bonding interaction criteria are 
encountered.

Availability: The program is available free of 
charge and can be downloaded from the www.imc.
bas.bg/dha site or supplied upon request.

Acknowledgments: The financial support of Bul-
garian Science Fund grant DRNF 02/1 is gratefully 
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DHA, прОграма за изчисляване на кООрдинатите  
на вОдОрОден атОм към атОм разтвОрител,  

УчастваЩ в вОдОрОдна връзка

Б. Шивачев

Институт по минералогия и кристалография – Акад. „Иван Костов“,  
Българска Академия на Науките, ул. „Акад. Георги Бончев“,  

блок 107, София 1113, България

постъпила февруари, 2013 г.; приета май, 2013 г.

(резюме)

при рентгеноструктурния анализ е сравнително трудно да се позиционират водородни атоми на база екс-
периментални данни поради малкия брой електрони (в действителност един) а оттам и ниското им разсейване 
на рентгеновите лъчи. в много случаи водородните координати (позиции) могат да се изчислят въз основа на 
утвърдени геометрични критерии. все пак, в някои случаи на позициониране на водородните атоми е трудно. 
Обикновено такъв проблем възниква, когато молекули на разтворителя (например вода, Он групи, амоняк и 
др.) са част от кристалната структура. за щастие, водородните атоми участват във водородни връзки (взаимо-
действия), които се характеризират с подходяща геометрия и разстоянието между донора (D) и акцептора (A) 
и изискват наличие на водороден атом (D–H • • • А). по този начин, ако координатите на атомите на донора и 
акцептора са известни, може да се изчислят координатите на „липсващият“ водороден атом. програмата DHA 
използва изключително прост математически апарат за изчисляване на координатите на водороден атом (Н), 
участващ във взаимодействия от типа D–H • • • А.

B. Shivachev: DHA, a program for calculating hydrogen atom coordinates of solvent atom...
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The thermal stability of the clinoptilolite’s structure is reported to vary in a relatively wide range 600–800 °C 
depending on the sizes of the cations, their sites and occupancies. The aim of this study is to reveal and compare the 
thermal stability of a natural monomineral clinoptilolite (CP) that contains the most common cations: Na, Ca, K and 
Mg and its Zn-exchanged analogue (CZN) having high Zn content of 2.23 at%.

Two different modes of heating were applied: (1) conventional with time-dependent heating/cooling cycles in an 
electric oven and (2) in situ with the sample mounted on a high temperature attachment and continuously heated. In 
mode (1) the samples were heated up to 600 °C and maintained at this temperature for 3 and 6 hours. With retention 
time of 3 hours the CP structure collapses, while the CZN one remains stable and does not show visible structural 
changes. The prolonged retention time of (6 hours at 600 °C) results in the collapse of both structures. 

In mode (2), the samples CP and CZN were heated from room temperature to 800 °C with steps of 100 °C and 
retention time of 20 min. on every step. It was found that the structure of CZN is stable up to 700 °C, while that one 
of CP collapses around at 600 °C. 

Initially we assumed that the high Zn-content in CZN structure is the one that caused its higher short time thermal 
stability. However, the structural refinement conducted on X-ray powder diffraction patterns of heated samples (2) 
reveals a continuous displacement of the cations along a- and c-axis.

Key words: clinoptilolite, ion exchange, thermal stability, in situ HT X-ray diffraction.

INTRODUCTION

The zeolite minerals are known for having spe-
cific structural features based on the individual to-
pology of their framework and the differences in the 
amount and type of cations located in the “cavities” 
of their structures. All these characteristics play 
a significant role in their thermal stability [1–3]. 
Thermal behavior is an important part of the over-
all knowledge of natural zeolites, and each study of 
these processes could provide a better recognition 
of their distinctive properties that can be used in 
various industrial applications. More specifically, 
the thermal stability may help understanding certain 
kinetic aspects related to: ion exchange, selective 
catalysis, molecular sieve properties etc.

The heulandite’s group of zeolites is the most 
abundant on Earth and contains minerals with 
HEU topology [4]. Clinoptilolite is a member of 
HEU group with Si/Al ratio greater than four [5]. 
A widely used empirical method for distinguishing 
clinoptilolite from heulandite is the different ther-
mal stability [6, 7]. Heulandite undergoes a struc-
tural collapse at 350 °C, while clinoptilolite remains 
stable above this temperature (undergoes structural 
collapse in the range 550~750 °C). 

The clinoptilolite structure has cations and water 
molecules located inside its framework. The number 
of cations, their types, site occupancies and charge 
distribution over the framework are considered as be-
ing factors for its higher thermal stability. It is well 
known that the presence of K+ and Cs+ increases the 
thermal stability of clinoptilolite [8–12]. Although 
dehydration and some of the structural changes of 
heulandite group of minerals upon heating are stud-
ied [10, 11, 13, 14,] not all of the associated with 
heating internal processes are clarified.
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In the current paper we study the thermal behav-
ior of natural, poly-cationic clinoptilolite that was 
purified from additional phases (CP) and its Zn2+ 
exchanged analogue (CZN).

The thermal stability of both structures was mon-
itored by diffraction patterns taken at various stages 
of heating. A detailed analysis of the diffraction 
patterns including Pawley whole pattern decompo-
sition and Rietvled refinement were applied to ac-
cess changes in lattice parameters, cation positions 
and site occupancies. In addition, a thermally stable 
K-exchanged clinoptilolite form was prepared (CK) 
and heated the same way as the other two in order 
to control the reliability of the applied heating pro-
cedures [1, 8].

Two different heating procedures were applied 
in this study: 

1. Conventional (stationary) heating, in which 
the sample is placed in an electric furnace, heated 
and held at a certain temperature for a fixed period 
of time and then cooled down. This mode was used 
for evaluation of time-dependent short (3 hours) and 
long (6 hours) stability of the samples at the critical 
for CZN clinoptilolite temperature of 600 °C.

2. In situ heating process, in which the material 
is placed in a special “homemade” high temperature 
(HT) sample holder and mounted on the goniom-
eter. This approach allows an instant monitoring of 
sample’s compositional and structural changes dur-
ing the entire process of continuous heating between 
the steps. This way, each diffraction pattern taken at 
a certain temperature will represent the actual status 
of the material at this moment of heating process. 

EXPERIMENTAL

Materials

The studied material is a purified clinoptilolite 
tuff from Beli Plast deposit, Eastern Rhodopes, 
Bulgaria.

Ion exchange

The clinoptilolite sample was subject to pre-
liminary removal of concomitant minerals such as: 
quartz, plagioclase, feldspar, mica and was labeled 
as CP. This material was used for Zn2+ and K+ ex-
change as described below.

Zn-exchange: 1 g of CP, 10 ml 1M ZnCl2 so-
lution and 50 ml distilled water were placed in a 
Teflon autoclave. The procedure of zinc exchange 
was performed at 100 °C for a period of 30 days. 
The autoclave was shook up every day while the 
solution of 1M ZnCl2 was renewed every second 
day. The exchanged material (30th day) was triple 

washed with distilled water, filtered and dried at 
room temperature. Zinc-exchanged clinoptilolite 
was labeled as CZN. 

K-exchange: 1 g of CP, 10 ml 1M KCl and 50 ml 
distilled water were placed in a Teflon autoclave. 
The exchange was carried out at 60 °C for 5 days. 
The autoclave was shook up every day while the 
solution of 1M KC1 was renewed every 40 hours. 
The exchanged material was washed and dried. 
This potassium-exchanged clinoptilolite was la-
beled as CK.

Chemical analysis

The chemical composition of the samples was 
determined by ISP-OES, Varian Vista MPX CCD 
simultaneous analyses. The structural formulas of 
the CP, CZN and CK samples were calculated based 
on 72 framework oxygen atoms. Water molecules 
were determined using TG data (mass losses). 

Differential Thermal analysis (DTA)/ 
Thermogravimetric (TG) analyses

The thermal effects and mass losses were moni-
tored by DTA/TG analyses in the 30–750 °C temper-
ature range and were obtained from samples CP and 
CZN (weight 12 ± 0.2 mg)  under a constant heating 
rate of 10 °C min–1 and an air flow of 50 ml/min on a 
Stanton Redcroft thermoanalyzer. 

Thermal treatment and heating procedures 

Conventional heating: one set of samples CP, 
CZN and CK were placed in an electric oven, heat-
ed and retained at 600 °C for 3 hours. Another set 
of samples was heated and retained at 600 °C for a 
prolonged period of e.g. 6 hours.

In situ heating – the analyzed samples were placed 
and mounted on a homemade HT device adapted for 
powder X-ray diffractometer Dron 3M. They were 
heated from room temperature (RT) up to 800 °C. 
The heating scheme was: steps of 100 °C with a con-
stant heating rate of 10 °C/min and 20 minutes re-
tention time. 

X-ray diffraction 

The X-ray powder diffraction data collection for 
conventionally heated samples was carried out on 
a Bruker D2Phaser diffractometer, CuKα radiation, 
with scan step of 0.02°/s on a range of 5–35° 2θ. 

X-ray diffractometer Dron 3M, CoKα radiation, 
with scan step of 0.02°/s on a range of 5–35° 2θ was 
used for data acquisition of in situ heated samples. 
A detailed description of high temperature equip-
ment is represented [15].

L. Dimowa et al.: Natural and Zn exchanged clinoptilolite: in situ high temperature XRD study of structural behavior...
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Rietveld refinement

The structural properties at RT and high temper-
atures were investigated by Rietveld [16] analysis 
on the XRD powder patterns of the in situ heated 
samples using Bruker AXS Topas v. 4.0 [17] suite 
of programs. A pseudo-Voight profile function was 
applied. Profile parameters (2θ zero correction, 
background, cell parameters) were refined first and 
then the positional parameters (locations and site 
occupancies) of the cations at three different tem-
peratures: RT (20 °C), 300 °C and 500 °C. Unit cell 
parameters for all samples (RT to 800 °C) were cal-
culated by Pawley fitting procedure (Table 1).

RESULTS AND DISCUSSION

The chemical compositions of the samples CP, 
CZN and CK are shown in Table 2. The obtained 
formulas indicate that the exchanged samples CZN 
and CK contain predominantly zinc and potassium 
cations respectively.

The thermal behavior and mass losses illustrated 
by DTA/TG data are typical for clinoptilolite and 
both samples CP and CZN display similar curves 

(Fig. 1). The thermal curves for both samples are 
characterized by a broad single endothermic effect 
between ~100–300 ºC for CP and ~80–250 ºC for 
CZN. These losses are associated with continuous 
loss of mass mainly due to dehydration (removal of 
water molecules located in the channels). 

The results of thermogravimetric analysis (RT-
750 °C) of CP, CZN and CK show typical values 
for the mass losses of 14.5, 14.2 and 11.37 wt.%, 
respectively (Table 2). 

XRD powder diffraction patterns obtained from 
RT, conventional heating (600 °C → 3 hrs) and 
conventional heating (600 °C → 6 hrs) for CK, 
CP and CZN samples are shown on Fig. 2 (a–c), 
respectively. As expected the diffractograms (RT, 
600 °C → 3 hrs and 600 °C → 3 hrs) of the CK 
sample remains unchanged while those of CP and 
CZN samples exhibit a different behavior and are 
affected  by the conducted thermal treatment. The 
most important result obtained from the conven-
tional time-dependent mode of heating was the 
higher thermal stability of Zn-exchanged material 
after a short-term heating cycle (600 °C → 3 hrs) as 
shown on Figure 2b. One can see that the diffraction 
pattern of heated for 3 hours CZN is almost identical 
with its diffraction pattern at RT (Figure 2a). All 

Table 1. Agreement factors and unit cell parameters for samples CP and CZN at different temperatures

Sample CP RT CP 300 °C CP 500 °C CZN RT CZN 300 °C CZN 500 °C

Rexp 9.64 9.74 9.79 9.44 9.28 9.44
Rwp 12.7 11.8 11.85 11.37 11.22 12.05
Rp 9.68 9.22 8.96 8.69 8.73 9.46
GOF 1.32 1.21 1.19 1.23 1.21 1.28
DW 1.67 2.06 1.86 1.88 2.01 1.76
α (Å) 17.661(2) 17.635(3) 17.634(8) 17.649(2) 17.637(4) 17.613(4)
b (Å) 17.931(2) 17.612(3) 17.651(5) 17.960(3) 17.741(3) 17.593(4)
c (Å) 7.401(2) 7.394(4) 7.384(5) 7.401(3) 7.389(4) 7.382(5)
β(°) 116.33(4) 116.67(4) 116.71(6) 116.24(5) 116.29(5) 116.62(6)
V (Å3) 2100(3) 2052.6(9) 2035.4(8) 2104(3) 2073(8) 2045(2)

Table 2. Chemical composition of the analyzed samples: CP, CZN and CK (results from ICP-OES)

Oxides Wt % SiO2 Al2O3 Fe2O3 CaO Na2O K2O MgO ZnO LOI*

CP 66.10 12.08 0.28 3.45 1.16 1.92 0.72 >0.01 14.20
CZN 64.75 11.74 0.31 0.80 0.21 0.70 0.29 6.59 14.56
CK 66.25 11.95 0.28 0.45 0.16 9.15 0.22 >0.01 11.37

Calculated chemical formulas: 
CP: (Na1.01Ca1.66 K1.10 Mg0.48) Al6.39 Si29.52O72 21.20 H2O; 
CZN: (Na0.19Ca0.39 K0.41 Mg0.20 Zn 2.23)Al6.31Si29.61O72 22.20 H2O; 
CK: (Na0.19Ca0.39 K0.41 Mg0.20 Zn 2.23)Al6.31Si29.61O72 22.20 H2O; 
* LOI – Loss on ignition.

L. Dimowa et al.: Natural and Zn exchanged clinoptilolite: in situ high temperature XRD study of structural behavior...
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peak intensities and their positions on the pattern 
indicate that the structure of CZN retains its integ-
rity and long-range ordering. This is a clear indica-
tion for unchanged crystal structure in contrast with 
the behavior of CP structure, which collapsed af-
ter identical short-term heating cycle. As shown on 
Figure 2c the long range order of samples CP and 
CZN subject to long-term heating cycle (600 °C → 
6 hrs) disappears (amorphization).

The results from in situ HT x-ray experiments ex-
ploring a continuous heating mode do not show any 
significant structural changes up to 600 °C (Fig. 3). 
For the next step (700 °C) the structure of CP has 
collapsed, whereas that one of CZN remains stable. 
This shows again the enhanced thermal stability 
of Zn-exchanged material over the purified natu-
ral clinoptilolite. In situ HT results show that CZN 
structure has collapsed at 800 °C.

As expected, there are some variations of the 
unit cell as a function of temperature. It was found 

that unit cell parameters a, c and β remain almost 
unchanged, whereas the heating affects mainly b 
(and thus way the volume, V) (Fig. 4). The reduc-
tion of b and V is slightly more noticeable below 
300 °C due to ongoing dehydration process, while 
for next heating steps the contraction mechanism re-
mains unclear. This mechanism could be related to 
the motion (kinetics and diffusion) of cations inside 
the channels. 

We attempted to understand this short-term sta-
bility of the Zn2+-exchanged sample by using in situ 
heating XRD powder data followed by Rietveld 
structural analysis on the diffraction patterns at dif-
ferent temperatures for both samples.

The crystal structure of our clinoptilolite (CP) 
was found to be very close to that one reported by 
Koyama et al. [9]. It has the same 4 cation sites for 
Na, Ca, K and Mg located at almost the same posi-
tions in the channels. The calculated XRD powder 
diffraction pattern is very close to that one obtained 

Fig. 1. The results obtained by DTA TG analysis for sample CP (a) and CZN (b)

Fig. 2. XRD powder patterns of CP, CZN and CK obtained at RT (a), 300 °C (b) and 600 °C (c)

L. Dimowa et al.: Natural and Zn exchanged clinoptilolite: in situ high temperature XRD study of structural behavior...
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Fig. 3. XRD powder patterns of in situ heated samples CP (a) and CZN (b)

Fig. 4. The parameters that vary significantly: unit cell parameters b and V for samples CP (a) and CZN (b) during in 
situ heating process

for our clinoptilolite. Thus, the structure of Koyama 
and Takeuchi was used as a starting structural mod-
el in this study.

The results from the performed Rietvled refine-
ment reveal that at high temperatures the cations 
move inside the channels. Some of their positions re-

main unchanged, while others experience shifts. This 
is shown on Table 2 and illustrated on Figure 5. 

In the refined structure of CP at 300 and 500 °C, 
both Na+ and Ca2+ positions have moved along a- and 
c-axes and as a result they have slightly been shifted 
away from the center of the channel, while K-position 

L. Dimowa et al.: Natural and Zn exchanged clinoptilolite: in situ high temperature XRD study of structural behavior...
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Fig. 5. The structures of CP and CZN samples refined in RT, 300 and 500 °C and cation positions obtained by using 
Rietveld method. The cation labeling is discussed in the text

Table 3. Cation positions, atomic coordinates (x, y, z) of the samples CP and CZN, their occupancies and Wyckoff 
positions (Wp) at RT, 300 and 500 °C. The cation labeling is discussed in the text

CP Position T °C x y z SOF Wp
Na 20 0.143(7) 0 0.664(8) 0.26(3) 4i
Na 300 0.145(8) 0 0.664(8) 0.26(3) 4i
Na 500 0.185(9) 0 0.858(9) 0.26(3) 4i
Ca 20 0.038(8) 0.5 0.206(8) 0.44(2) 4i
Ca 300 0.038(8) 0.5 0.131(9) 0.44(2) 4i
Ca 500 0.950(8) 0.5 0.138(8) 0.44(2) 4i
K 20 0.255(9) 0.5 0.088(9) 0.28(3) 4i
K 300 0.255(9) 0.5 0.088(9) 0.28(3) 4i
K 500 0.257(9) 0.50 0.080(9) 0.28(3) 4i
Mg 20 0 0 0.5 0.24 (3) 2c
Mg 300 0 0 0.5 0.09 (3) 2c
Mg' 300 0.092(8) 0 0.051(8) 0.08(3) 4i
Mg'' 500 0.075(9) 0.077(8) 0.760(9) 0.07 (3) 8j

CZN Zn1 20 0 0 0.5 0.52(3) 2c
Zn1' 300 0.162(9) 0 0.076(9) 0.23(4) 4i
Zn1'' 500 0.080(8) 0.072(9) 0.838(8) 0.07(3) 8j
Zn2 20 0.043(6) 0.5 0.27(9) 0.17(2) 4i
Zn2' 300 0.075(8) 0.5 0.538(9) 0.20(3) 4i
Zn2'' 500 0.085(7) 0.42 0.109(9) 0.11(3) 8j
Zn3 20 0.092(6) 0 0.464(9) 0.13(2) 4i
Zn3' 300 0.721(9) 0 0.127(9) 0.13(2) 4i
Zn3' 500 0.72(8) 0 0.127(9) 0.19(3) 4i

remains steady. The most significant change here 
occurs with Mg2+ cation located at the center of the 
channel. At 300 °C its initial site splits creating new 
position labeled Mg'. At 500 °C it moves further to 

another position labeled Mg''. This high-temperature 
transitions of Mg position to Mg' and Mg'' changes 
the symmetry of its initial site from (2c) to (4i) and 
finally to (8j) (Table 3, Fig. 5). 
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Similar changes occur in the structure of CZN 
sample where the high Zn-content is distributed in 
three Zn2+ positions. At RT Zn1 and Zn2 occupy the 
formerly occupied by Mg2+ and Ca2+ positions, re-
spectively. The Zn3 position (with low occupancy) 
is very close to Zn1 and because of this both posi-
tions cannot be occupied simultaneously [18]. 

At 300 °C all three zinc positions: Zn1, Zn2 and 
Zn3 move along a-axis away from the center of the 
channels and along c-axis. The initial Zn1 position 
disappears and transforms to a new position labeled 
Zn1'. This changes its initial site symmetry from (2c) 
to (4i). The shifted position Zn2 and Zn3 are labeled 
as Zn2' and Zn3' and keep the same symmetry (4i).

At 500 °C both Zn1' and Zn2' continue their mo-
tion along b-axes. Thus Zn1' moves to a new po-
sition labeled Zn1'' changing again its site symme-
try to (8i). The Zn2' moves to a new position Zn2'' 
changing its site symmetry from (4i) to (8j). The 
Zn3' position does not change.

We assume that the movements of Zn1 and Zn2 
during the heating and the transformation of their 
initial positions symmetry from (2c) to (4i) and fi-
nally to (8j) could be the key factor that increases 
the HT stability of CZN structure. In the case of 
CP, Mg-position is the most mobile one, however 
its very low occupancy is insufficient, to hold the 
integrity of the structure above 600 °C. In contrast, 
the Zn-sites in CZN structure are highly occupied 
and their HT migration (movement) and re-arrange-
ment most likely have an effect on charge balance 
between the framework and the cations that leads to 
the observed higher stability of the CZN structure. 
The smaller size of Zn2+ compared with the larger 
ones of Na+, K+ and Ca2+ is in favor for its mobil-
ity. On the other hand, the Zn2+-positions cannot be 
fully occupied even at high temperatures due to the 
limitations imposed by the existing framework’s 
charge. Thus, the initial low symmetry cation posi-
tions at RT may uptake only three divalent cations 
per unit cell and because of this the observed ther-
mal stability of CZN exists only for a limited time 
and eventually the structure would collapse as it has 
been observed. 

CONCLUSION

The applied two different modes of heating on 
purified clinoptilolite and its Zn-analogue ulti-
mately revealed the enhanced thermal stability of 
Zn-exchanged material. The steadiness of the refer-
ence sample CK structure confirmed the correctness 

of the applied heating procedure. The unit cell of 
CP and CZN shrinks during heating mainly due to 
continuous decrease of b parameter. The performed 
Rietveld structural analysis discloses the increased 
mobility of the cations in the channels. This leads to 
transformation of their initial crystallographic sites 
symmetry to new ones. This process is more sig-
nificant in the Zn-exchanged form and it is assumed 
that it could be a stabilization factor for its higher 
thermal stability. Actually, the small Zn cation can-
not ‘hold’ the structure the way this is made by as 
the bigger potassium one and this high temperature 
stability is temporary.
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(резюме)

структурата на клиноптилолита е стабилна при високи температура (600 до 800 °C) в зависимост от типа 
на катионите в каналите, от техните позиции и от заетостта им. в настоящето изследване е сравнено термич-
ното поведение на природен мономинерален клиноптилолит (ср) и на обменен с цинкови катиони (CZN). в 
природната ср форма се съдържат Na, Ca, K и Mg катиони, а в CZN 2,23 aт.% цинк. за целта на изследването 
се използват два метода за нагряване на пробите: (1) конвенционален в пещ и (2) in situ, при който пробата е 
монтирана на високо температурна приставка и постепенно се нагрява. при (1) се достига температура 600 °C, 
като продължителността е 3 и 6 часа. при образците загрявани 3 часа структурата на проба ср се разрушава, 
докато тази на CZN остава стабилна. при (2) загряването на образците ср и CZN започва от стайна температу-
ра и достига до 800 °C със стъпка 100 °C и задържане от 20 min за всяка стъпка (~ 3 часа). структурата на про-
ба CZN остава стабилна до 700 °C, докато тази на ср се разрушава при температура около 600 °C. направено 
е структурно уточнение по метода на Rietveld на in situ нагряваните проби, за да се установи причината за 
кратката термична стабилност на цинково обменения клиноптилолит.

L. Dimowa et al.: Natural and Zn exchanged clinoptilolite: in situ high temperature XRD study of structural behavior...
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The proton exchange (PE) technology has focused scientists’ attention for the last 30 years because of the easy and 
fast obtaining of waveguides with strong waveguiding effect in electro-optical crystals like LiNbO3 (LN) and LiTaO3 
(LT). The Li1–xHxNbO3/Li1–xHxTaO3 layer, formed by Li-H ion exchange, shows complex phase behavior depending 
on the hydrogen concentration (value of x). Up to seven phases exist in PE-LN an up to five – in PE-LT. Each phase 
forms its own sublayer in the protonated region, the one with the highest value of x being on the top. That is why the 
recognition of the top sublayer phase in many cases could be used for some conclusions about the phases building the 
rest of the whole layer or for the optical and electro-optical quality of the optical waveguiding layer. It has been estab-
lished that IR reflection spectra of proton-exchanged layers contain new bands within the range 850–1050 cm–1 and 
each phase has its own reflection spectrum. This way, IR reflection spectra in low-frequency range could determine 
the top-layer phase status. The samples investigated were obtained at different technological conditions and the analy-
sis performed contributes to the accumulation of knowledge about the technological control of the phase composition 
of proton-exchanged waveguide layers in LN and LT.

Key words: LiNbO3, LiTaO3, optical waveguides, proton exchange, phase composition.

INTRODUCTION

Lithium niobate and lithium tantalate are among 
the most attractive ferroelectric crystals for integrat-
ed optics. Being an alternative of the most popu-
lar technology for obtaining optical waveguides in 
LiNbO3 – Ti-indiffusion, proton exchange (PE) [1, 2] 
has undergone a strong development in the last two 
decades. PE represents a chemical reaction (diffu-
sion and Li-H ion exchange) which takes place in 
the surface layer of a crystal immersed in an appro-
priate melt. 

Going by the scheme: 

LiMO3 + xH+ Þ Li1–xHxMO3 + xLi+ (M=Nb,Ta)

PE modifies the surface layer (several µm in 
depth) by Li–H ion exchange causing a large extra-
ordinary index change ∆ne (∆ne @ 0.12 for LiNbO3  

and @ 0.02 for LiTaO3 at 0.633 µm). The PE layers 
show complex phase behaviour depending on the 
hydrogen concentration (value of x) and causing 
significant decrease in electro-optical coefficients 
and increase in optical losses and instabilities. 

The phase model developed by Korkishko et 
al. [3, 4], on which contemporary ideas on phase 
formation in monocrystalline layers of Li1–xHxMO3 
are based, suggests that each phase originates as an 
individual sublayer of several hundred nm or less. 
In every single one of them Δne is a linear func-
tion of concentration. The lattice parameters vary 
among phases. Within each phase, the change of the 
extraordinary refractive index Δne is proportional to 
x; within a phase transition, the value of Δne and/
or of the deformations perpendicular to the surface 
change by leap. Up to 7 phases could be formed in 
LiNbO3 (α, κ1, κ2, ß1, ß2, ß3, ß4), and up to 5 – in 
LiTaO3 (α, κ, ß, γ, δ).

The complicated phase composition of the pro-
ton-exchanged layers, determined by the degree of 
H+–Li+ substitution, has oriented the main efforts 
since the beginning of the technology to the ways 
for controlling the phase composition and to meth-
ods for waveguide phase characterization.



475

EXPERIMENTAL

Proton-exchanged optical waveguides in Z-cut 
LiNbO3 and Z-cut LiTaO3 were obtained by differ-
ent technology conditions described in Table 1. 

The phase analysis based on mode and IR ab-
sorption spectra was performed and reported ear-
lier [5–8], the results being presented also in Table 
1. In addition, infrared reflection spectra were reg-
istered in order to confirm the phase composition 
as well as to give some indications about the dis-
tribution of the different phases within the proton-
exchanged layers.

IR reflection spectra were recorded at angle of 
incidence θ = 70° (measured from the normal to the 
surface) as shown in Fig. 1. The spectrometer ac-
cessories for specular reflectance were fixed- angle 
ones (for 20° and 70°). Since the penetration depth 
depends on the angle of incidence, at smaller angles 
(closer to the normal incidence) deeper penetration 

Table 1. Technological and waveguide parameters of the proton-exchanged waveguides: (T – temperature,  
t – duration of the PE process, Ta and ta – temperature and duration of the annealing, M – number of waveguide 
modes at λ = 633 nm, ∆ne – extraordinary refractive index change, d – waveguide depth)

Material Sample Proton
source

T
[°C]

t 
[h]

Ta
[h]

ta 
[h] M d

[μm] Δne
Possible phase
composition

Surface
phase

LiTaO3 TZ-2 LiHSO4 (vapors) 250 20 – – 1 1.23 0.0162 α, κ, δ δ
LiTaO3 TZ-3 LiHSO4 (vapors) 220 48 – – 1 1.44 0.0101 α, κ, δ δ
LiTaO3 TZ-4 LiHSO4 (vapors) 200 72 – – 1 2.09 0.0058 α, κ, δ δ

LiTaO3 T-1 Benzoic acid 240 8 265
295

1
1.5 2 2.18 0.0213 ß(γ) γ

LiTaO3 T-2 Benzoic acid 240 31 400 2 5 9.45 0.0155 Α α

LiTaO3 Z-1 Benzoic acid 240 8 295
350

1
1 4 4.25 0.0189 α, κ α, κ

LiNbO3 LZ-1 LiHSO4 (vapors) 250 3.5 – – 6 2.66 0.1491 ß1, ß3, ß4 ß4

LiNbO3 NM-1 NH4HSO4 (melt) 230 3.3 – – 9 2.47 0.1508 ß1, ß3, ß4 ß4

LiNbO3 NM-5 LiHSO4 (melt) 175 1.5 – – 1 0.62 0.1222 ß1, ß2, ß3 ß1

Fig. 1. Schematic sketch of IR reflection measurements

takes place and the measured spectra are affected 
by the presence of the various phases forming the 
waveguide. It was established [9] that at 70° the 
spectrum of the surface layer is separated from those 
of deeper situated layers in multiphase guides. This 
way only the surface phase could contribute to the 
reflection spectra of multiphase waveguides and the 
IR reflection spectroscopy allows the surface phase 
to be recognized.

RESULTS AND DISCUSSION

LiNbO3

The IR reflection spectra for LN samples are 
presented in Fig. 2. 

The reflection IR spectra of protonated LN crys-
tals have new bands compared to the spectra of 
virgin crystal (LZ-ref) or α-phase PE-LiNbO3 [9]. 
These bands appear at frequences in the range of 
890–1010 cm–1, each phase having its own spec-
trum. It has been found that the new bands which 
can be attributed to new phases are 975 cm–1 for ß1 
phase, 980 cm–1 for ß2 and ß3 phases, 970 cm–1 for ß4 
phase [9, 10]. The new band at 890–985 cm–1 appears 
after PE in addition to the lattice spectrum of LN. 

The low-frequency edges of the band correspond 
to the TO phonons of the NbO6 vibration mode. Less 
distorted NbO6 octahedra without any non-bridging 
oxygen ions are present in the α, κ1 and κ2 phases, as 
well as in pure LN. The appearance of weak extra 
bands in the region of IR reflection spectra from 800 
to 900 cm–1 for all ßi phases suggests the presence of 
more distorted NbO6 octahedra with non-bridging 
oxygen ions. Each ßi phase is marked by a very spe-
cific lattice vibration spectrum with unique charac-

M. Kuneva: Surface phase detection of proton-exchanged layers in LiNbO3 and LiTaO3 by IR reflection spectroscopy
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teristic bands. A significant difference between the 
crystalline structures of different ßi phases exists, 
which is introduced by the added chemical bonds 
with characteristic frequencies of vibration. This 
feature can be used for accurate identification of ßi 
phases in any HxLi1–xNbO3 waveguide.

Since the analysis based on mode and IR ab-
sorption spectroscopy suggests a particular phase 
composition, where the most strongly protonated 
phase is at the surface of the waveguide, particular 
changes in the reflection spectrum can be attributed 
to the respective phase. This way the analysis was 
made which allows a particular frequency band to 
be attributed to the presence of the definite phase on 
the surface.

The new bands which can be attributed to new 
phases are: 955 cm–1 and 970 cm–1 for κ2-phase, 
965 cm–1 for κ1-phase and 965 cm–1 for α-phase.

Thus, looking at the spectra in Fig. 2 we could 
conclude that ß1 phase is present on the top of 
sample NM-5 while ß4 phase forms the top of the 
waveguiding layers of samples NM-1 and LZ-1, 
which are really strongly protonated. Also, it is seen 
that the spectrum of NM-5 is closest to the shape of 
the virgin sample (LZ-ref), which suggests that the 
contribution of the α-phase is larger than in the case 
of the other two samples. It could be seen that LZ-1 
and NM-1 have almost the same spectra, confirm-
ing their equal phase composition determined by 
other methods, as it can be seen in Table 1.

In the case of analysis of the phase composi-
tion of the most weakly protonated waveguide, 
the reflection spectra give particularly important 
information since they show that the waveguide is 
a single-phase one. As it is known from the phase 
model, the single-phase layers form the layer in 

such way that the value of x increases towards the 
surface (i. e. the most strongly protonated layer is 
at the surface).  In our case the uppermost layer 
is of the ß1 phase and therefore, according to the 
phase analysis based on mode and IR spectrosco-
py, the possible ß2 and ß3 phases are not present in 
the protonated layer. (Another possibility is that 
the layer is slightly “buried” but the technological 
conditions do not suggest such a result).

LiTaO3

The IR reflection spectra for LT samples are pre-
sented in Fig. 3 and Fig. 4. 

The main changes in the reflection spectra intro-
duced by proton exchange in Z-cut LiTaO3 occur in 
the range of 850–1050 cm−1. They were compared 
to the spectra of X-cut PE-LiTaO3 given in [10] and 
some correlations with lattice deformations and re-
flection minimums were made in order to assign 
the spectral changes to a definite phase. According 
to [10], the changes observed at 899, 952 and  
985 cm−1 in IR-reflection spectra of all samples 
could be assigned to the ß- and γ-phases, and the 
change at about 1000 cm−1 to the δ-phase, respec-
tively. Since in the case of the waveguides (Fig. 3) 
obtained by proton exchange in vapors (PEV) the 
second perturbation is much stronger, we should 
conclude that the surface phase of all investigated 
waveguides is δ as their spectra are almost identical.

The phase composition of the annealed sam-
ples suggests the presence of α- and κ-phases, so 
the new bands in their reflection spectra (Fig. 4) 
could be assigned to these two phases: 960 cm–1 
for the κ-phase, 974 cm–1 for the α-phase, 891 for 
both α- and κ-phases. For the ß- and γ-phases the 

Fig. 2. IR reflection spectra measured at θ = 70° for the 
LiNbO3 proton exchanged layers

Fig. 3. Infrared reflection spectra measured at θ = 70° for 
the LiTaO3-waveguides obtained in LiHSO4 vapors

M. Kuneva: Surface phase detection of proton-exchanged layers in LiNbO3 and LiTaO3 by IR reflection spectroscopy
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band has three components at 890–915, 960 and 
992 cm–1, which are shifted to lower frequencies 
compared to the bands for the γ- and δ-phase of 
PEV waveguides.

The results of the IR-spectra analysis for the 
investigated LN and LT samples are shown in the 
rightmost two columns of Table 1. The information 
given by these spectra allows the determination to 
be made, which phase forms the uppermost layer 
of the waveguide. Thus, the information given by 
the analysis of the IR-reflection spectra allows us 
to be much more specific when determining which 
phases build the investigated waveguide layers.

CONCLUSIONS

The phase composition of the entire PE-layers • 
was determined by combined mode and IR absorp-
tion spectroscopy.

IR reflection spectra of proton-exchanged layers • 
contain new bands within the range 890–1010 cm–1 
and each phase has its own reflection spectrum. 
This way, IR reflection spectra in the low-frequency 
range could determine the top-layer phase status.

The low-frequency edges of the band cor-• 
respond to the TO phonons of the NbO6/TaO6 vi-
bration mode. The appearance of weak extra bands 
in the region of IR reflection spectra from 800 to 
900 cm–1 suggests the presence of more distorted 

Fig. 4. Infrared reflection spectra measured at θ = 70° for 
the post-exchange annealed LiTaO3-samples

NbO6/TaO6 octahedra with non-bridging oxygen 
ions. There is a significant difference between the 
crystalline structures of different phases, which is 
introduced by the added chemical bonds with char-
acteristic frequencies of vibration. 

The phase-characteristic bands for LiNbO• 3 
are at:

965 cm–1 for both α- and κ1-phase;
955 cm–1 for κ2-phase;
975 cm–1 for ß1-phase;
980 cm–1 for ß2- and ß3-phases;
970 cm–1 for ß4-phase.

The new bands assigned to the definite phase • 
in the case of LiTaO3 are:

960 cm–1 for the κ-phase; 
974 cm–1 for the α-phase;
890 cm–1 for both α- and κ-phases;
890–915, 960 and 992 cm–1 for ß- and γ-phases, 
the components of the first being shifted to 
lower frequencies compared to the bands of the 
second;
1000 cm–1 for the δ-phase.

The presented results could contribute to the • 
obtaining of waveguides with control of their phase 
composition and therefore of their optical and elec-
tro-optical properties.
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(резюме)

протонният обмен (PE) е технология, която привлича вниманието на учените през последните 30 години 
поради лесното и бързо получаване на оптични вълноводи със силен вълноводен ефект в електрооптичните 
кристали LiNbO3 (LN) и LiTaO3 (LT). слоят Li1–xHxNbO3/Li1–xHxTaO3, получен чрез Li–H йонен обмен, има 
сложен фазов състав, зависещ от концентрацията на водорода (стойността на х). до седем фази могат да съ-
ществуват в PE-LN и до пет – в PE-LT. всяка фаза образува свой собствен подслой в протонираната област, 
като този с най-висока стойност на х се намира на повърхността. по тези причини от определянето на фазата 
на повърхинния слой в много случаи може да се направят изводи и за фазите, изграждащи целия слой или 
за оптичните и електрооптичните качества на вълноводния слой. Установено е, че ич отражателни спектри 
на протонно-обменените слоеве съдържат нови ивици в областта 850–1050 cm–1 и всяка фаза има свой спе-
цифичен отражателен спектър. по този начин по ич отражателни спектри в нискочестотната област може 
да се определи повърхнинната фаза. тъй като изследваните проби са получени при различни технологични 
условия, проведеният анализ допринася за натрупване на знания по технологичен контрол на фазовия състав 
на протонно-обменени слоеве в LN и LT.

M. Kuneva: Surface phase detection of proton-exchanged layers in LiNbO3 and LiTaO3 by IR reflection spectroscopy
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We are presenting a simple and inexpensive, in-home made high-temperature (HT) device, suitable for high-tem-
perature in situ investigations of phase transitions, crystallite growth and other thermal features of solid-state materials 
by X-ray diffraction (XRD). The attachment can be easily mounted on conventional laboratory X-ray diffractometer. 
The HT-device consists of sample holder and heating element combined together. The unit is made from fused quartz, 
which temperature resistance is above 1000 °C. The sample holder (the front part of the body) can be shaped to match 
the conventional front packing powder holder for the equipment that is used. The heating element consists of a khantal 
tape that is mounted on the backside of the body. Different ways of mounting the heating tape can be used to optimize 
the desired uniform heat distribution within the volume of the packed powder. The length of the heating tape can be 
adjusted, for tuning its total resistance and accordingly – its heating power. Both the sample holder and the heating 
element are made “small” to ensure a good thermal exchange and to save energy required for heating. Due to its small 
size, limited contact with the diffractometer and the good thermal stability of quartz in air, the HT-device does not 
require water-cooling and can be used for multiple routine in situ measurements up to 950 °C. Its functionality was 
studied on standard reference material (KNO3) and on natural minerals: a mixture of clinoptilolite/opal-cristobalite 
and Zn-exchanged clinoptilolite. The advantages and limitations of the proposed design are discussed.

Key words: high-temperature XRD holder, XRD, in situ heating.

INTRODUCTION

X-ray powder diffraction (XRPD) is one of the 
most recognized analytical tools for compositional 
and structural analysis of solid-state materials in-
cluding various natural and synthetic technological 
products. The ongoing investigations on many of 
these materials required more complex and detailed 
information for their features, including thermal 
behavior. The HT-X-ray diffraction analysis, espe-
cially when carried out in situ, is capable to display 
instantly physical, chemical and structural changes 
that occur at certain temperature, but remain “hid-
den” at ambient conditions [1]. A variety of attach-
ments (chambers, furnaces, cameras etc.) are com-
mercially available for conducting such in situ ex-
periments [2, 3].

DESIGN AND DISCUSSION

The holder is made of fused quartz as a replica 
of the original plastic/metallic sample holders used 
for our conventional Bragg-Brentano diffractom-
eter, Dron 3.0 M (Fig. 1). The heating element is 
mounted on the opposite side of the sample holder. 
Some advantages of fused quartz include:

Its thermal expansion is negligible (coefficient • 
of 5.5×10−7/°C (20–320 °C),
It is stable up to ~1100 °C (softening point is • 
1600 °C, annealing point is 1120 °C and strain 
point is 1025 °C),
Multiple heating-cooling cycles can be carried • 
out with temperature range up to 950 °C, 
It is inert (non-reactive) against very broad • 
range of materials,
When irradiated by X-rays fused quartz does • 
not provide scattering or diffraction, 
Fused quartz is an insulator and cannot dam-• 
age goniometer’s base during the heating.
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The body of the holder is made of cylindrical 
shaped piece of fused quartz with ø 25 mm, length 
10 mm and consists of two parts: 

1. Sample compartment (1 mm deep circle cav-
ity with polished flat edges for precise alignment);

2. Heating element: in our case a kanthal tape, 
1.5 mm width, 0.12 mm thickness; 

The kanthal heating tape was inserted in thin-
drilled channels on the backside of the sample com-
partment. Two modes of mounting the heating tape 
are possible: (1) – wire coiling and (2) – spiral coil-
ing (Fig. 2). Wire coiling mounting of the heating 
tape has the advantage of allowing adjustments of 
its loops and distance between loops, which changes 
the total resistance of the tape and thus, its heating 
power. For fixed resistance parameters of the heat-
ing element, spiral coiling is the preferable option. 

Two thin and flexible thermocouples (K-type) 
(~0.2 mm) are placed in different positions: (i) – in-
side the sample and near the diffracting surface and 
(ii) – closer to the heating element. Both of them are 
located on the border of the holder. They are used for 
control and adjustment of the temperature on the dif-

fraction surface of the sample. The use of two thermal 
elements helps for monitoring the thermal gradient and 
heat distribution in the volume of the sample holder. 

The temperature is controlled by adjusting the 
current/voltage provided to the heating element as 
a function of the output of the two thermocouples. 
Optionally, a third thermocouple may be placed in-
side the capping of the heating element. 

The holder is mounted directly on the diffrac-
tometer. A self-adjustment (“in plane”) of the dif-
fracting surface is ensured by three contact points 
(stoppers) mounted on the goniometer. As it was 
stated above, due to insignificant thermal transfer 
of fused quartz, the heat exchange with the contact 
stoppers and other goniometer’s parts is limited. 

SIMULATION OF THE XRD HOLDER

In order to understand the heat transfer in the en-
tire holder, it was modeled and numerically simu-
lated by finite element method (FEM) analysis us-
ing RadTherm 8. For the solid phases (fused quartz) 
heat conduction, surface-to-surface (in the sample 
holder) and surface to ambient radiation (outside) 
was applied. For the gas phase, the heat transmis-
sion and free convection were taken into considera-
tion. Due to the presence of a heating element with-
out clear symmetry, the holder was simulated in a 
three dimensional model (x-, y- and z-axes). For 
simplicity, a constant value for the heat conductiv-
ity of 3.8 W m−1 K−1 was assumed for the sample in 
all simulations. The simulation of the temperature 
distribution in the cell in ambient atmosphere and a 
heating power of P = 85 W is shown in Fig. 3. The 
temperature of the cooling air has been set to 20 °C. 
Ideally, the sample temperature should be homoge-
neous over the entire sample volume. As the sample 
is heated from the inside and cooled from the surface, 
we expect a temperature gradient within the sample, 
especially for samples with very low heat conductiv-
ity. The highest temperature gradient is in the middle 
of the sample along the z-direction (Fig. 3). Due to 
the axial symmetry (along z) the contribution to the 
total sample volume is higher at the border than in 
the middle. Thus, the diffraction contribution from 
the sample volume near the “border” is going to be 
higher than that one from the center. This justifies the 
location of the thermocouples near the border. 

THERMAL BEHAVIOR AND CALIBRATION 
OF THE HOLDER

Experimentally the overall cooling effect of the 
air was determined by measuring the heating power, 
necessary to reach a certain temperature of the sam-

Fig. 1. Schematics of the high temperature holder

Fig. 2. Heating element placement: a) wire-coiling and  
b) spiral-coiling. The distance d between the channels 
could be adjusted by adding or subtracting turns, in order 
to obtain optimal total resistance and heating power

L. Dimowa et al.: Design and application of a cost effective high temperature holder for in-situ powder X-ray diffraction...
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ple holder. Figure 4 shows the applied “input power” 
as a function of the temperatures, measured by the 
two thermocouples: T1 and T2. The measurements 

Fig. 3. Results from “finite element method” (FEM) simulation of the heat distribution in the sample holder in ambient 
atmosphere, heating power P = 85 W and temperature of the cooling air set at 20 °C

Fig. 4. Input power as a function of measured tempera-
tures in the sample holder from the two thermocouples: 
T1 and T2

were carried out after reaching and maintaining for 
10 min the temperatures 50–100, 200, 300, 400, 
500, 600 and 700 °C. The heating power as a func-
tion of sample holder temperature was found almost 
linear. The experimental temperature variation, T1 
vs. T2, that corresponds to the thermal gradient 
within the volume of the sample was found smallest 
in the range of 250–400 °C and more pronounced at 
lower and higher temperatures. The simulated heat-
ing power values required for the holder to reach 
the requested temperature and the experimentally 
measured ones correlate well up to ~300 °C; be-
yond that temperature the real power input becomes 
significantly higher than the calculated one. This is 
probably due to the different heat capacity of the 
sample and the thermocouple as already observed 
by Kerestedjian & Sergeeva [4].

EXAMPLES OF APPLICATIONS  
OF HT-SAMPLE HOLDER

The holder was designed and mounted on 
a DRON 3M diffractometer (CoKα, 1.789 Å) 
equipped with position scintillation detector. The 

L. Dimowa et al.: Design and application of a cost effective high temperature holder for in-situ powder X-ray diffraction...
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Fig. 5. View of: a) the heating element and its cover;  
b) the o-ring shaped sample compartment and c) the 
HT-holder mounted on a DRON 3M diffractometer and 
heated at 800 °C.

Fig. 6. In situ X-ray diffraction of reference material KNO3: 
It shows a phase transition from orthorhombic (at room tem-
perature) to rhomboherdal structure at 135 (±1) °C.

system was interfaced with a personal computer. 
Data collection was carried out using a routine step 
scan mode with 0.02 or 0.04°.s–1. Figure 5 shows 
the HT-sample holder as mounted on the goniom-
eter and heated at 800 °C.

The holder has been tested against standard ref-
erence materials and used in our Lab for routine 
measurements on different materials [5, 6]. 

Here we are presenting the results from three HT 
in situ experiments carried out on different materi-
als and at different temperature ranges.

 HT in situ experiment on reference  
material KNO3

KNO3 is known for having various polymor-
phous under certain thermodynamic conditions. 
Three of the polymorphs are stable at ambient pres-
sure (7–10). At room temperature (RT) KNO3 is or-
thorhombic, Pnma, with aragonite-type of structure 
(11). At temperatures above 129 °C it converts to 
calcite-type of structure R–3m, (8).

We used this material as a reference for test-
ing the accuracy of our HT-sample holder. The 
observed structural transition of KNO3 occurred at 
the same temperature as pointed out in the litera-
ture. This is illustrated on Figure 6, which displays 
the results from our in situ experiment carried out 
in routine step scan mode and elevating the tem-
perature according to thermo couples showings 
with power control.

HT in situ experiment on natural mixture  
of clinoptilolite and opal-cristobalite

The natural zeolite mineral clinoptilolite from 
Beli Plast deposit, Bulgaria is commonly mixed 
with fine inter-grown sub-crystals of opal-cristo-
balite, having a visible peak on the diffraction 
pattern (d = 4.04 Å). It is well known that clinop-
tilolite undergoes lattice changes during heating, 
while opal-cristobalite has a stable structure that 
doesn’t show lattice changes up to 1000 °C. A HT 
in situ experiment was done on this mixture in 
order to test and verify the overall alignment and 
possible positional displacements of the sample 
holder when heated. The heating was carried out 
up to 350 °C and the results are shown on Figure 
7 – left plot. The position of the opal-cristobalite 
peak at 2θ = 25° is marked with black arrow. It 
does not move during the heating. In contrast, the 
strongest peak of clinoptilolite next to it (marked 
with red arrow) moves due to its well established 
lattice changes when heated.

HT in situ experiment Zn-exchanged  
clinoptilolite

Our previous investigation on the thermal sta-
bility of natural clinoptilolite with various cations 
incorporated in its framework shows their differ-
ent thermal stability. Here we demonstrate the col-
lapse of the structure at temperature above 700 °C 
(Figure 7 – right plot). The experiment was carried 

L. Dimowa et al.: Design and application of a cost effective high temperature holder for in-situ powder X-ray diffraction...
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out with our HT-sample holder and illustrates well 
its capabilities to be used for high-temperatures (up 
to 900–950 °C).

CONCLUSIONS

The design and construction of our “in home” 
HT-device, including sample holder and heating el-
ement are presented and explained in details. The 
design and setup were simulated and optimized by 
FEM analysis. The temperature can be properly 
controlled by two separate thermocouples and ad-
justed by power supply on the heating element. Due 
to the good thermal stability and negligible thermal 
expansion coefficient of fused quartz, the device can 
be used for multiple cycles of in situ heating/cool-
ing in the temperature range from RT up to 900 °C. 
The accuracy of the alignment and its reliability has 
been tested and demonstrated here on three exam-
ples of HT in situ measurements on: reference ma-
terial (KNO3), natural mixture of clinoptilolite and 
opal-cristobalite and Zn-exchanged clinoptilolite.

The device is non-expensive, easy to be made 
and can be adapted and used on most of the conven-
tional Bragg-Brenatano diffractometers.
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(резюме)

представена е схема на високо температурна приставка (втп) подходяща за монтиране на прахов рентге-
нов дифрактометър и провеждане на in situ изследвания на свързани с фазови преходи, кристален растеж и 
други температурно зависими характеристики на твърдотелни материали. приставката е сравнително лесна 
за направа и може да бъде монтирана на стандартен лабораторен рентгенов дифрактометър. втп се състои 
от два основни елемента: поставка за образеца и нагряващ елемент. поставката е изработена от кварц с тем-
пература на топене над 1000 °с. предната (фронталната част) на поставката трябва да е оформена така че 
да съответства на стандартния отражателен модел на съответния дифрактометър. нагряващите елементи са 
от кантал (ленти) които са прикрепени към задната част на поставката. за оптимизиране на равномерното 
разпределяне на температурата в обема на поставения прахов материал могат да се използват различни на-
чини за монтиране на нагряващите елементи. дължината на нагряващия елемент (съответно неговото съпро-
тивление) може също да варира, което позволява по-точно нагласяне на мощността на нагряване. размерите 
на приставката са минимизирани с оглед осигуряване на минимален температурен обмен с околната среда и 
консервиране на енергията. поради малкия размер, ограничения контакт с дифрактометъра, добрата термична 
стабилност на кварца на въздух (до 950 °с при атмосферни условия) втп не изисква водно охлаждане и може 
да се използва многократно при рутинни in situ измервания. функционалността на приставката е изпробвана 
върху стандартен еталонен материал (KNO3) както и при in situ нагряване на природен клиноптилолит приме-
сен с опал-кристобалит и клиноптилолит обменен с цинк. представено е кратко разглеждане на предимствата 
и ограниченията на предложения дизайн и модел на втп.

L. Dimowa et al.: Design and application of a cost effective high temperature holder for in-situ powder X-ray diffraction...
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The present study is focused on the possibility for obtaining TeO2 containing powders in the TeO2–TiO2 system 
applying a low temperature wet chemistry method. Telluric (VI) acid (H6TeO6) and titanium butoxide were used as 
a new combination of precursors. Two compositions with high TeO2 content (80, 90 mol%) were selected. Yellow 
coloured powders were obtained and they were characterized by XRD, IR and UV-Vis analysis. The crystallization 
tendency of the powders in the temperature range 300–600 °C was studied as well. The crystallization process started 
at heat treatment above 300 °C. Composite powders containing α-TeO2 (paratellurite) and TiTe3O8 were obtained as 
final products.

Key words: telluric (VI) acid, TeO2, TiTe3O8.

INTRODUCTION

Tellurium oxide – based materials have attracted 
considerable research interest in recent years due to 
their high refractive index, good non-linear optical 
properties and electrical semiconductivity appeal-
ing for various applications [1–4]. Up to now dif-
ferent methods for synthesis of Te-based materials 
were applied such as: melt quenching technique, 
chemical or physical vapour deposition, pulveriza-
tion, molecular beam epitaxy or laser ablation [5]. 
It is known that most tellurium-based oxide materi-
als can be synthesized at temperatures below 900 
°C. Recently, much attention has been paid on ap-
plying the low temperature sol-gel method, which 
is an attractive alternative to the high temperature 
melt quenching route. The main disadvantage of 
this method is using of tellurium alkoxides, which 
possess high sensitivity to the moisture in air. Up 
to now, there are a few papers, which reported on 
sol-gel processing of TeO2 powders and films using 
H6TeO6 as a precursor for obtaining Te (VI) alkox-
ide [4, 6]. Beaudry et al. [7] reported on synthesis of 
high purity TeO2 powders applying a wet chemistry 

method, starting from elementary Te and HNO3 as 
precursors. Several authors successfully prepared 
tellurium dioxide nanoparticles using different 
methods [8, 9].

On the other hand the binary TeO2–TiO2 system 
is very interesting one due to the existence of ther-
modynamically stable compound TiTe3O8, which 
possesses microwave-dielectric properties [10–12]. 
Up to now it has been synthesized mainly via sol-
id-state reaction method in the temperature range 
650–700 °C [12, 13]. However, it is difficult to ob-
tain pure TiTe3O8 by solid state reaction of TiO2 and 
TeO2 because the volatilization of TeO2 occurs rap-
idly at high temperatures [11]. 

The aim of this study was to verify the possibil-
ity for obtaining TeO2 – based powders and TiTe3O8 
compound in the TeO2–TiO2 system using telluric 
(VI) acid (H6TeO6) and titanium butoxide as a new 
combination of precursors. This investigation is an 
attempt to prepare such powders more readily and 
less expensively aiming to overcome the problems 
when using of tellurium alkoxides.

EXPERIMENTAL

Samples preparation

Two samples with high TeO2 content and nomi-
nal compositions 90TeO2.10TiO2 (sample 1, mol%) 
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and 80TeO2.20TiO2 (sample 2, mol%) were select-
ed. It is well known that there are problems concern-
ing the high hydrolysis rate of the tellurium alkox-
ides [4, 14]. In order to overcome this problem we 
used Te(VI) acid (Aldrich) in combination with Ti 
butoxide (Fluka AG) and ethylene glycol (C2H6O2) 
(99% Aldrich). The scheme for synthesis is present-
ed in Figure 1. Solutions (A and B) were prepared 
via dissolving of the precursors in ethylene glycol by 
means of vigorous magnetic stirring. Thus, white pre-
cipitates were obtained and subsequently they were 
subjected to evaporation at ~60 °C and heating on a 
hot plate at ~100–150 °C. A stepwise heating of the 
samples from 400 to 600 °C for 2 hours exposure 
time in air was performed, until obtaining powders 
(samples 1 and 2). The calcination temperature was 
selected on the basis of our previous investigations 
[15]. As we found earlier, there is no presence of 
organic constituents above 400 °C. The pH during 
the experiments was measured to be about 7.

Samples characterization

Powder X-ray diffraction (XRD) patterns of the 
samples were registered at room temperature with 
a Bruker D8 Advance diffractometer using Cu-Kα 
radiation. The main short range orders of the pow-
ders were determined by IR spectroscopy (Nicolet 
320 FTIR spectrometer). The infrared spectra were 

registered in the range 1600–400 cm–1 using the 
KBr pellet technique on a Nicolet-320 FTIR spec-
trometer with 64 scans and a resolution of ±1 cm–1. 
The optical absorption of the obtained powders was 
measured by UV-Vis analysis (Spectrophotometer 
Evolution 300). 

RESULTS AND DISCUSSION

The XRD patterns of the yellow coloured TeO2/
TiO2 powders (samples 1 and 2) are shown in Figure 
2. As is seen, the metallic tellurium (ICDD, PDF 78-
2312) is found predominantly in the samples up to 
400 °C. It is possible this phase to be completely re-
moved by oxidation at temperatures above 450 °C 
[16]. At this temperature separation of paratellurite 
(α-TeO2, ICDD, PDF 42-1365) is also registered. 
With increasing the temperature (up to 500 °C) the 
paratellurite became a dominant phase and forma-
tion of the crystalline TiTe3O8 (ICDD, PDF 50-0250) 
phase occurred. With further increasing of the heat-
ing temperature (600 °C), all above pointed out 
crystalline phases were found to be present. In the 
XRD pattern of sample 1 (90 mol% TeO2), α-TeO2 re-
mains as a main phase, while in the other sample 2  
(80 mol% TeO2), TiTe3O8 is the predominant one 
(Fig. 2). Probably, this phase (TiTe3O8) has wide 
primary crystallization field. Thus, our XRD data 

Fig. 1. Scheme for the low temperature synthesis of TeO2/TiO2 powders

R. Iordanova et al.: Synthesis and characterization of TeO2/TiO2 powders obtained through Te (VI) acid
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are in good accordance with those obtained by other 
authors [2, 3, 17], who established formation of these 
phases using other precursors but at similar heat-
ing temperatures. By the way, for comparison XRD 
patterns of elementary tellurium, TeO2 and H6TeO6 
(JCPDS 70-1524) are shown as well (Fig. 3). 

The phase transformations during the heat treat-
ment were monitored also by IR spectroscopy. All 
IR spectra of the calcinated at different temperatures 
samples 1 and 2 are shown in Fig. 4a, b. At low tem-
peratures (200 °C) characteristic bands in the range 
1500–800 cm–1 were observed. Generally, they may 

be attributed to the C-OH stretching vibrations of 
C2H6O2 and Ti butoxide [18]. The residual organic 
groups disappeared above 200 °C. At 400 °C the IR 
spectra of both samples are characterized by wide 
absorption bands in the range 770–460 cm–1, which 
could be assigned to the vibrations of Me–O (Me = 
Ti, Te) complexes [19–21]. The IR spectra at 500 °C 
of both samples are very similar and vibrations at 
770, 670-650, 630, 480-460 cm–1 were observed. 
The increase in the temperature (up to 600 °C) led 
to some changes in the IR spectra. The IR spectrum 
of sample 1 is typical for the crystalline TeO2 [19]. 

Fig. 2. XRD patterns of samples: a) 90TeO2.10TiO2 (sample 1) and b) 80TeO2.20TiO2 (sample 2)

R. Iordanova et al.: Synthesis and characterization of TeO2/TiO2 powders obtained through Te (VI) acid
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Intensive bands at 770 cm–1 (νs) and 670 cm–1 (νas) 
with a shoulder at 630 cm–1 (νs) were registered, 
which may be related to the stretching vibrations 
of TeO4 groups (Fig. 4a). The IR spectrum of the 
other sample 2 is more close to that of the crystal-

line TiTe3O8 phase (Fig. 4b) [19]. The data obtained 
by IR spectroscopy are in good accordance with the 
XRD data. 

The optical absorption spectra of the investigated 
samples are presented in Figure 5. As is seen from 

Fig. 4. IR spectra of samples 1 (a) and 2 (b)

Fig. 3. XRD patterns of commercial Te, TeO2 
and H6TeO6 products

R. Iordanova et al.: Synthesis and characterization of TeO2/TiO2 powders obtained through Te (VI) acid
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Fig. 5. IR spectra of: a) TeO2 and H6TeO6; b) TiO2

Fig. 6. UV-Vis absorption spectra of the investigated powder samples heated at 600 °C

the figure the sample containing lower TeO2 content 
(80 mol%) exhibited more intensive absorbance in the 
UV spectra than those containing 90 mol% TeO2. The 
absorption spectra were used to determine the opti-
cal band gap (Eopt) of both samples. For sample 1 
Eopt is 3.45 eV, while for sample 2 it is 3.43 eV. 

According to Weng and Hodgson [3] similar pow-
der compositions (containing 80, 90 mol% TeO2) 
exhibited optical band gap value about 3.3 eV. Our 
values are higher than these obtained for the TeO2/
TiO2 thin films (~3.29 eV) [14] but lower than the 
value of melted bulk tellurite glass (~3.79 eV). 

R. Iordanova et al.: Synthesis and characterization of TeO2/TiO2 powders obtained through Te (VI) acid
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CONCLUSIONS

Yellow coloured powders were obtained us-
ing a low temperature wet chemistry method. The 
crystallization tendency of the powders in the range 
300–600 °C was studied. The crystallization proc-
ess started at heat treatment above 300 °C and 
mixtures containing α-TeO2 and TiTe3O8 were ob-
tained depending on composition and heating tem-
perature. The observed crystalline phases are in dif-
ferent quantity depending on the TeO2/TiO2 ratio. 
According to the IR results, the organic constituents 
existed below 400 °C and characteristic bands for 
α-TeO2 and TiTe3O8 were observed at 600 °C. The 
obtained powders would be promising candidates 
for optical applications. 
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синтез и характеризиране на TeO2/TiO2 прахОве, пОлУчени  
От Te (VI) киселина

р. с. йорданова1, а. д. Бъчварова-неделчева1*, р. д. гегова1, я. Б. димитриев2
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постъпила февруари, 2013 г.; приета май, 2013 г.

(резюме)

настоящото изследване е фокусирано върху възможността за получаване на TeO2 прахове в системата 
TiO2–TeO2 прилагайки един ниско температурен метод. телурова (VI) киселина и титанов бутоксид са из-
ползвани като една нова комбинация от прекурсори. като обекти на изследване бяха подбрани два състава с 
високо съдържание на TeO2 (80, 90 mol%). получени са жълти прахове, които са характеризирани с рфа, ич 
и Ув-вис спектроскопия. изследвана е кристализационната тенденция на праховете в интервала 300–600 °C. 
Установено бе, че кристализационния процес започва при нагряване над 300 °C. композитни прахове съдър-
жащи α-TeO2 (парателурит) и TiTe3O8 са получени като крайни продукти. 
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491

* To whom all correspondence should be sent:
E-mail: louiza.dimova@gmail.com

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

Bulgarian Chemical Communications, Volume 45, Number 4 (pp. 491–496) 2013

Synthesis, structural and optical characterization  
of TeO2–GeO2–Nd2O3 glasses
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Synthesis and optical properties of novel TeO2–GeO2–Nd2O3 glasses suitable for multiband calibration or mul-
ticolor filters in the 350–1000 nm wavelength region are reported. Differential thermal analysis (DTA), X-ray 
diffraction (XRD), Infrared FT-IR, UV/VIS spectroscopy, scanning and transmission electron microscopy (SEM, 
TEM) were complementarily applied to study the structural, thermal and optical properties of this ternary system. 
The UV-VIS spectrum shows outstanding absorption at specific wavelength suggesting that the glasses can be em-
ployed as multi-color-type filter.

Key words: tellurite glasses, multiband filter, XRD, FTIR.

INTRODUCTION

Tellurium oxide (TeO2)-based glasses are of 
scientific and technical interest due to their optical 
properties: excellent transmission in the visible and 
near IR (up to 4.5 µm), low phonon energy, large 
third-order nonlinear susceptibility [1, 2]. In addi-
tion to their suitable optical properties tellurite glass-
es show other favorable properties, such as good 
mechanical strength and chemical durability, low 
processing temperature and large rare-earth solubil-
ity [3]. The combination of these properties makes 
tellurite glasses good candidates for the develop-
ment of optical, nonlinear optical devices (e.g. opti-
cal amplifiers) [4]. Multi-band filters are relatively 
new to the commercial market and are significantly 
more expensive than traditional colored, dichroic, 
sequential or polarized filter/glasses [5]. Traditional 
optics for multiband applications covering regions 
of the SWIR, MWIR and LWIR include Zinc Sulfide 
(ZnS), Zinc Selenide (ZnSe) and Germanium (Ge) 
[6]. These materials have low strength, exhibit very 
low resistance to water, rain and dust erosion and 

ZnS and ZnSe are very soft and easily scratched or 
damaged. Ge, on the other hand, does not transmit 
in SWIR and becomes opaque in MWIR and LWIR 
at temperatures above 100 °C. Current multiband 
imaging systems with wide field of view use sepa-
rate cameras and optics for each band region [6]. 
Achromats can be designed using materials having 
different dispersion profiles to minimize the focal 
shift between light from different wavebands when 
imaged through the lens system [7]. These achro-
mats are currently available only in a narrow wave-
length range due to the limited availability of suit-
able commercial materials. 

The aim of this study was to obtain new tellurite 
glasses possessing suitable mechanical and optical 
properties for optical application [8]. As a result we 
report the synthesis, structural and optical proper-
ties of TeO2–GeO2–Nd2O3 glasses that exhibit suit-
able properties for multiband filter application.

MATERIALS AND METHODS

Synthesis

The tellurite glasses presented in our work were 
prepared by the melt-quenching technique in plati-
num crucible in an electrically-heated furnace under 
ambient atmosphere. High purity chemicals TeO2 
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(99%), GeO2 (99%), Nd2O3 (99%) were used for the 
batch melting. The raw material batches with com-
position (1–x)TeO2–xGeO2–xNd2O3 mol% (x = 5, 10 
and 20) were carefully mixed (grounded) and then 
the batches were melted at 955 °C for 1 h. The glass 
melts were cast onto a preheated stainless steel mold 
at 120 °C and annealed at 150 °C (below the glass 
transition temperature) for 12 h in a separate electric 
oven to remove thermal strains. Then cooling down 
to room temperature was performed by switching 
off the oven. After the annealing the samples were 
sliced and polished into sizes of 3×3×1 mm3 for the 
spectroscopic (UV-Vis) measurements. 

Differential thermal analysis (DTA)

The DTA curves in the 20–750 °C temperature 
range were obtained from grounded samples (sam-
ple weight 14 ± 0.2 mg) of the as-quenched pieces 
under a constant heating rate of 10 °C/min in an air 
flow of 40 ml/min on a Stanton Redcroft thermo-
analyzer. The glass transition (Tg) and crystalliza-
tion (Tc) temperatures derived from these studies 
were employed in fixing the annealing-treatment 
temperatures for the various glass compositions. 

X-ray diffraction (XRD)

X-ray powder diffraction analyses (Bruker, 
D2 Phaser diffractometer, Cu Kα, 0.02°.s–1) were 
performed on the crushed powders of the annealed 
and heat-treated samples to verify the amorphous 
state of the sample and obtain information for the 
crystalline phases.

Infrared FT-IR

Infrared transmission properties of samples (KBr 
pellets) were measured with a Bruker Tensor 37 
Fourier transform infrared (FTIR) spectrometer at a 
resolution of 4 cm–1 and accumulating 64 scans.

UV/VIS spectroscopy

The absorption spectra were measured on a 
Cary100, Varian spectrophotometer over the spec-
tral range of 190–900 nm.

Scanning and transmission electron  
microscopy (SEM, TEM)

SEM analyses were performed on a JSM 6390 
electron microscope (Japan) in conjunction with en-
ergy dispersive X-ray spectroscopy (EDS, Oxford 
INCA Energy 350) equipped with ultrahigh reso-
lution scanning system (ASID-3D) in regimes of 
secondary electron image (SEI) and back scattered 

electrons (BEC) image. Before attempting SEM 
characterization, the sample must be clean and com-
pletely dry. Surface oils or dirt must be removed 
with solvents such as methanol or acetone. The 
sample is mounted on a double coated conductive 
carbon tape that holds the sample firmly to the stage 
surface and can be used as a ground strap from the 
sample surface to sample holder. The samples were 
Carbon coated (time of coating ~20 sec). Carbon at 
that thickness will have little or no effect on elemen-
tal analysis. The accelerating voltage was 20 kV,  
I ~65 mA. The pressure was of the order of 10−4 Pa.

TEM work was performed on a JEOL JEM 100B 
(100 kV). The accelerating voltage was 100 kV 
and the pressure was of the order of 10−6 Pa. The 
preparation of TEM specimens involves mechanical 
grinding, then dispersion in ethanol and finally de-
positing a drop of the dispersion on a Cu grid. The 
grid is dried on a filter paper and is ready for TEM 
observation. 

RESULTS AND DISCUSSION

The XRD patterns of the annealed glasses sam-
ples corresponding to the TGN compositions x = 5, 
10, and 20 mol% are shown on Fig. 1. The XRD 
patterns show the amorphous nature of the sam-
ples, with some broadening around 2θ = 28° are 
observed. In order to check for the presence/appear-
ance of metastable phases TEM investigations were 
also performed to further complement XRD struc-
tural characterization. Low magnification TEM 
images of show the general morphology while the 

Fig. 1. XRD patterns of TGN-5, TGN-10 and TGN-20 
samples after 12 h annealing at 150 °C

I. Piroeva et al.: Synthesis, structural and optical characterization of TeO2-GeO2-Nd2O3 glasses
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SAED micro diffraction (Fig. 2) shows that samples 
are amorphous and are not subject to crystallization 
resulting from the interaction (heating) with the 
electron beam [9, 10]. The observed halo around the 
bright spot in the center indicates that the electrons 
are diffracted randomly by a material of amorphous 
structure. Indeed DTA data (Fig. 3) shows a good 
thermal stability of the glasses as the transition tem-
perature (Tg) for all sample is around 320 °C and 
the first crystallization occurs around 420 °C (for 
TGN-5). The XRD patterns of the annealed TGN-5 
at 300 and 610 °C (Fig. 4) confirm the suggested 
good thermal stability of the glasses [11]. The an-
nealed at 300 °C (~12h) TGN-5 remains amorphous 

while the result of the annealing at 610 °C is the 
formation of the halite type (NaCl) cubic (SG 225) 
Nd0.25Te0.75O1.875 crystal phase [12].

The compositions of the tellurite glasses and their 
surface morphology were assessed by SEM/EDS.  
As one can see the untreated surfaces of the samples 
exhibit very few visible defects (Fig. 5) and thus are 
very well suited for optical application (after cutting 
and polishing). Their chemical compositions were 
also close to the ones of the starting batches the ma-
jor difference being for Nd2O3 in TGN-20.

The amorphous natures of the synthesized glass-
es can also be assessed from FTIR analysis [13]. The 
peaks of the FTIR spectra are very few and large 

Fig. 2. Selected TEM images and SAED pattern demonstrating the amorphous nature of the samples; a) TGN-5,  
b) TGN-10 and c) TGN-20

Fig. 3. Differential thermal analysis data of TGN-5, TGN-
10 and TGN-20 glass samples

Fig. 4. XRD pattern of TGN-5 after annealing at 300 and 
610 °C for 12 hours; JCPDS 04-007-8469 [12]

I. Piroeva et al.: Synthesis, structural and optical characterization of TeO2-GeO2-Nd2O3 glasses
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(broad) and thus they reveal only the presence of 
short order of Te, Ge and Nd oxides (a broad band 
around 670 cm–1 with a shoulder around 770 cm–1 
Fig. 6a). This range is usually associated with 
stretching vibrations of the Te–O bond: [TeO4] trig-
onal bipyramids and [TeO3] trigonal pyramids units 
[14]. The performed deconvolution of these bands 
yield the same results for sample TGN-5 and 10 
(90/05/05 and 80/10/10): four peaks with very close 
values for the peaks maxima. The deconvolution of 
the FTIR broad band of TGN-20 sample produced 
seven peaks. Four of those (2, 4, 5 and 6) having ap-
proximately the same maxima as the ones in TGN-5 
and 10 samples (Fig. 6 b-d). The new peaks are not 
very intensive and appear on both sides of the broad 
band at 670–770 cm–1: 471 cm–1, 613 cm–1 and at 
900 cm–1. In our case, the absorption band at ~769, 
781, 720 cm–1 correlates with [TeO3] and the one 

at ~658, 672, 655 cm–1 with [TeO4] units [14, 15]. 
The band located around ~580 cm–1 (584, 587 and 
578) can be associated with Te–O–M (M = Nd or 
Ge) while the band at 828, 845 and 829 cm–1 in the 
different composition may linked to M–O–M (M = 
Nd or Ge). The increased amounts of and Nd2O3 and 
GeO2 lead to additional separation of the M–O–M 
linkages as Te–O–Ge ones are characterized by 
the 471 cm–1 band while the 613 cm–1 and 900 cm–1 
ones can be attributed to Te–O–Nd and Nd–O–Nd. 
Those additional bands are could be obtained only 
in the deconvolution of the TGN-20 spectrum and 
attempts to introduce them in TGN-5 and TGN-10 
processing failed.

The UV-Vis absorbance spectra of the TGN-x 
samples are shown on Fig. 7. The observed mini-
ma of the absorbance are located approximately at 
885, 845, 780, 710 (700–725 range), 653 (667–647 

Fig. 5. SEM images of (a) TGN-5, (b) TGN-10 and c) TGN-20 surfaces. The top row shows images obtained by sec-
ondary electron imaging (SEI) while the bottom row are by Backscattered Electron contrast (BEC) imaging

Table 1. Starting chemical composition for TGN – x (x = 5, 10 and 20) mol% samples and subsequent EDS data  
for obtained samples TGN – x

Starting batch composition
(mol%)

EDS data for obtained samples
(mol%) Resulting formula

90/05/05 88.92 / 6.52 / 4.54 88.92 TeO2–6.52GeO2–4.54Nd2O3

80/10/10 81.54 / 9.77 / 8.67 81.54 TeO2–9.77GeO2–8.67 Nd2O3

60/20/20 63.51 / 19.61 / 16.88 63.51 TeO2–19.61GeO2–16.88 Nd2O3

I. Piroeva et al.: Synthesis, structural and optical characterization of TeO2-GeO2-Nd2O3 glasses
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4F3/2 (876 nm), 4F5/2 (804 nm), 4F7/2 (747 nm), 4F9/2 
(682 nm), 2H11/2 (628 nm), 4G5/2 (583 nm), 4G7/2 
(525 nm), 4G9/2 (511 nm), 4G11/2 (465 nm) and 2P1/2 
(431 nm) respectively. The most interesting feature 
of the obtained glasses is probably their UV-Vis op-
tical characteristics showing that they can be used 
as multiband filters. 

CONCLUSIONS

In summary we have were prepared TeO2–GeO2–
Nd2O3 glasses by conventional melt-quenching 
technique. The glasses show good thermal stability, 
with respect to other tellurite glasses, which makes 
them suitable for usage up to ~250 °C. The optical 
absorbance/transmission properties of the glasses 
are comparable to those of the multiband filters and 
make them ready for this type of application. 

Acknowledgments: The authors would like to thank 
the Bulgarian National Science Fund (bulfund.com) 
support through grant DRNF 02/1.

Fig. 6. FTIR spectra of TeO2–GeO2–Nd2O3 glass: a) Overview of the FTIR of the three TGN – x (x = 5, 10 and 20) sam-
ples and deconvolution of the band around 760 cm–1 for each sample b) TGN – 5, c) TGN – 10 and d) TGN – 20

Fig. 7. UV-Visible transmittance spectra of polished 1 mm 
thick TeO2–GeO2–Nd2O3 glasses

range), 547, 491 and 447 nm [16]. The maxima 
of the absorption correspond to Nd3+ transitions 
from ground state of 4I9/2 to the excited state of 

I. Piroeva et al.: Synthesis, structural and optical characterization of TeO2-GeO2-Nd2O3 glasses
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синтез, стрУктУрна и Оптична характеристика  
на TeO2-GeO2-Nd2O3 стъкла

и. пироева2, л. димова1, с. атанасова-владимирова2,  
н. петрова1, Б. Шивачев1

1 Институт по минералогия и кристалография, БАН, ул. „Акад. Георги Бончев“,  
бл. 107, София 1113, България 

2 Институт по физикохимия „Акад. Ростислав Каишев“, БАН, ул. „Акад. Георги Бончев“,  
бл. 11, София 1113, България

постъпила февруари, 2013 г.; приета май, 2013 г.

(резюме)

в настоящата работа са представени синтезът, структурните, термичните и оптичните особености на нови 
стъкла от системата TeO2–GeO2–Nd2O3. получените стъкла могат да намерят приложение като цветни филтри 
при калибриране, изискващо наличие на няколко дължини на вълните в диапазона 350–1000 nm и т.н. при 
охарактеризирането на стъклата са използвани диференциално термичен анализ (дта), прахова рентгенова 
дифракция (прд), инфрачервена спектроскопия (ир), ултравиолетова и видима абсорбция (Ув-вис) и елек-
тронна микроскопия (сканираща и трансмисионна). Ув-вис спектърът на поглъщане на изследваните образци 
показа специфично поглъщане на определени дължини на вълната.
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In the present work we report synthesis of pure and iron doped TiO2 by nonhydrolytic sol-gel method using tita-
nium tetrachloride, benzyl alcohol and iron(III) nitrate.

The structure of the resulting particles was characterized by XRD, IR and UV-Vis spectroscopy. The average 
particles size of Fe-doped TiO2 was 12–15 nm.

The photocatalytic activity of the as-prepared TiO2 powders was tested by photodegradation of the organic dye 
Reactive Black 5 under UV and visible irradiation in an aqueous suspension.

Antibacterial action of pure and Fe-modified titanium dioxide samples was tested using Escherichia coli ATCC 
25922. The bacterial growth was examined in the presence of a synthesized preparations – in dark and with UV light. 
The photodisinfection activity was assessed by plotting of survival curves and calculation of removal efficiency. In 
order to estimate the post-irradiation effect, the behavior of the bacterial suspension in presence of each photocatalyst 
after 24 h dark period was tested.

The optimal iron content was found to be 0.5 mol% for the photocatalytic decomposition of Reactive Black 5 dye 
under ultra violet (UV) and visible (Vis) irradiation, and also for antibacterial activity in the presence of UV light. At 
higher iron contents (1–2 mol%) the photocatalytic performance under both UV and Vis irradiation was worse relative 
to the undoped TiO2.

Key words: Fe-doped titanium dioxide, sol-gel, photocatalytic, antibacterial activity.

INTRODUCTION

Titanium dioxide is a wide-band-gap semicon-
ductor and a well-known photocatalytic material. 
Nanosized titanium dioxide is used in a variety of 
applications, such as fine ceramics, cosmetics, gas 
sensors, inorganic membranes, electronic devices 
and solar cells [1, 2]. Other photochemical and pho-
tophysical applications include photolysis of water 
and light-induced superhydrophylicity [2]. Because 
of its favorable physico-chemical properties it is 
now under intensive investigations for practical 
application to environmental and antimicrobial pu-
rification [2–4]. Many organic compounds can be 
decomposed in aqueous solution in the presence of 
TiO2 powders or coatings illuminated with near UV 
or sunlight [5–7].

Most investigations on semiconductor catalysis 
focus on anatase type TiO2, because of its high pho-
tocatalytic activity under UV irradiation (λ≥388 nm) 
[8–10]. Photocatalytic reactions occur on the surface 
of TiO2 particles. When TiO2 is irradiated by UV 
rays, pairs of positively charged holes are created in 
the valency band and electrons in the conductivity 
band. The holes react with water molecules or with 
the hydroxyl ions and as a result hydroxyl radicals 
are formed, which are strong oxidants of the organic 
molecules [2]. Hydroxyl radicals and other photo-
generated reactive oxygen species can cause oxida-
tive attack of the bacterial cell membrane and some 
internal cellular components that finally leads to 
cell death [11, 12].

However, there are still problems needed to be 
solved concerning its application in photocatalysis. 
Its shortcomings include a large band gap energy 
(3.2 eV) which causes most of the solar spectrum 
unutilized. In a number of cases, the photocatalytic 
reactions on TiO2 nanoparticles can usually be in-
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duced only by ultraviolet light, which limits the 
application of TiO2 as a photocatalyst with visible 
light [2, 13]. In addition, the holes may recombine 
rapidly with conduction band electrons, thus de-
creasing the photocatalytic oxidation efficiency. 
Therefore, prolongation of the holes lifetime is fa-
vourable for the photocatalytic efficiency. In order 
to accomplish solar-driven photocatalysis and at the 
same time retard possible electron-hole recombina-
tion, doping of TiO2 with various transition metals 
is one of the most successful strategies. Multivalent 
metal ions act as electron scavengers at the surface 
of the titanium dioxide, thus preventing electron-
hole recombination and improving the oxidation 
performance [14, 15].

Among various metal ions, doping with iron(III) 
has been widely investigated because of its unique 
electronic structure and its size that closely match 
those of titanium(IV). The favorable electronic 
states of iron ions in titania contribute to formation 
of efficient trapping sites for electrons and holes 
[16, 17]. Enhanced photocatalytic activity was re-
ported for iron-doped TiO2 under UV and also for 
visible light irradiation in several publications [16–
20]. On the contrary, some authors observed no or 
even negative effect of iron on the photocatalytic 
performance [21–24].

The effect of metal ion doping strongly depends 
on many factors such as synthetic procedure, dop-
ing method and the dopant concentration [14, 16]. 
Iron-doped titania samples have been prepared by 
various methods, including hydrothermal, con-
trolled hydrolysis, co-precipitation, impregnation, 
solvothermal, etc. [20]. Among the most popular 
synthetic methods is sol-gel technology induced by 
traces of water. However, in most cases the reac-
tion rates in aqueous sol-gel chemistry are very fast, 
especially with transition metal precursors, making 
it uneasy to control the processes. A simple way to 
circumvent this problem is applying of so called 
nonaqueous or nonhydrolytic procedures – synthe-
ses performed in organic solvents under exclusion 
of water [25, 26]. The slower reaction rate of non-
hydrolytic processes allow for better control over 
particle size and crystallinity [27].

In view of increasing the photocatalytic activity 
of TiO2, we prepared pure and iron doped TiO2 by 
nonhydrolytic sol-gel method and further evaluated 
their photocatalytic and antibacterial activity.

EXPERIMENTAL

Materials

Titanium(IV) chloride (purity ≥99.0%) was 
purchased from Fluka, benzyl alcohol (≥99.5%) 

from Merck, iron(III) nitrate, Reactive Black 5 dye 
(C26H21N5Na4O19S6, dye content, 55%), absolute 
ethanol and diethyl ether were supplied by Sigma-
Aldrich. All the chemicals were used without fur-
ther purification.

Preparation and characterization  
of titania catalysts

The synthesis of pure and Fe-doped titanium ox-
ide nanoparticles was carried out following the non-
hydrolytic procedure described by Niederberger et 
al. [27]. For the synthesis of undoped TiO2 titanium 
tetrachloride was slowly added to a beaker contain-
ing benzyl alcohol under vigorous stirring and the 
resulting sols were heated at 150 °C for 1 h, at contin-
ued stirring [28]. For the preparation of Fe-modified 
TiO2, initially, proper amount of iron(III) nitrate 
was dissolved in ethanol and fed to benzyl alcohol 
according to Figure 1. The reaction mixtures were 
left for aging at room temperature for 10–14 days. 
The resulting white thick suspensions were centri-
fuged at 4500 rpm for 15 min and the supernatant 
was discarded by decantation. The precipitates were 
then washed two times with absolute ethanol and 
three times with diethyl ether. After every washing 

Fig. 1. Scheme of nonhydrolytic synthesis of Fe-doped 
TiO2
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step, the solvent was separated by centrifugation. 
The collected material was dried in air overnight 
and then ground into a fine powder. The obtained 
powders were calcinated at 500 °C for 2 hours. The 
as–prepared samples are denoted as TiO2 for pure 
and xFe/TiO2 for doped titania, where x represents 
the Fe/Ti mol ratio. In this way three modified 
TiO2 samples were obtained: 0.5Fe/TiO2, 1Fe/TiO2,  
and 2Fe/TiO2.

The structure and morphology of the resulting 
particles were characterized by X-ray diffraction 
(XRD, Bruker D8 Advance X-ray apparatus), in-
frared (IR, using the KBr pellets method (Nicolet-
320, FTIR spectrometer with a resolution of ±1cm–1, 
by collecting 64 scans in the range 4000–400 cm–1) 
and UV-Vis spectroscopy (Spectrophotometer 
Evolution 300).

Photocatalytic activity experiments

The photocatalytic activities of the synthesized 
powders were evaluated by degradation of a model 
aqueous solution of the azo dye Reactive Black 5 
(RB5) under UV-Vis illumination. The molecular 
structure of this commercially used dye is given in 
Figure 2.

The initial concentration of RB5 aqueous solu-
tion was 20 mg/l. Titanium sample (100 mg) was 
added to 150 ml dye solution to form suspension. 
After sonicated for 10 min, the suspension was 
magnetically stirred in dark for 30 min to ensure the 
establishment of an adsorption-desorption equilib-
rium. The UV-irradiation source was a black light 
blue lamp (Sylvania BLB 50 Hz 8W T5) with the 
major fraction of irradiation occurring at 365 nm. 
The lamp was fixed 10 cm above the solution sur-
face. The intensity of UV-light reaching the surface 
of the suspension was measured with a numeric 
Luxmeter (LM 37, Dostmann electronic). The mean 
value of the radiation power impinging on the react-
ing suspension was estimated to be 150 Lx.

The visible light source was a 500W halogen lamp 
(Sylvania) fixed at 40 cm above the treated solution. 
The mean value of the radiation power reaching on 
the suspension was estimated to be 14000 Lx.

All photocatalytic tests were performed at con-
stant stirring rate (450 rpm) and room temperature 

of 25 °C. At regular time intervals of illumination, 
aliquot samples of the mixture (3 mL) were col-
lected and centrifuged in order to remove the solid 
particles. The absorbances of clear aliquots were 
measured by a Jenway 6505 UV-Vis spectropho-
tometer at 597 nm, the maximum absorption wave-
length of RB5.

Antibacterial activity experiments

Bacterial strain and preparation  
of bacterial suspension

Escherichia coli ATCC 25922 was used as a 
model microorganism. To prepare bacterial suspen-
sion, one colony from a fresh culture of the tested 
strain was introduced into Tryptic Soy Broth (Difco) 
and then grown under aerobic conditions at 37 °C. 
After 15 hours incubation, the broth culture was 
centrifuged at 1000xg for 10 min. The bacterial 
cells were washed two times and finally resuspend-
ed with a sterile phosphate buffered saline (PBS) – 
pH 7.2. The obtained suspension was standardized 
using densitometer (Densimat, bioMerieux) to 0.5 Mc 
Farland and then diluted 1:1000 to the required cell 
density of approximately 105 colony forming units 
per milliliter (CFU/ml). The exact initial cell count 
was determined by spread plate method.

Experimental procedure

The antibacterial activity of pure and Fe-modified 
titanium dioxide substrates were tested as a part of 
the experimental setup, previously described [28]. 
The disinfection process was carried out at a vol-
ume of 100 ml bacterial suspension with an initial 
cell density of 105 CFU/ml and a catalyst concentra-
tion of 1 mg/ml. Each sample was poured in a sterile 
glass flask of 200 ml. Three flasks were used in the 
photodisinfection experiment: first flask served as a 
control of bacteria growth – no catalytic powder or 
radiation was applied and it was kept in dark; to the 
second and third flask, 100 mg of synthesized pow-
der was added. The second flask was kept in dark, 
while the third flask was irradiated with UV light. 
All samples were conducted in continuous stirring 
with magnetic stirrers to ensure maximum mixing 

Fig. 2. Molecular structure of Reactive Black 5
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of the powder particles. The experiment continued 
up to 1 hour at room temperature (25 °C).

At regular intervals of time (5 or 10 min) during 
the experimental period, and after 24 hours in dark, 
the definite amounts of samples were withdrawn and 
serial dilutions were prepared. 100 µl of the undilut-
ed samples, and 10–1 and 10–2 dilutions were plated 
on Mueller-Hinton agar, BD Microbiology Systems 
(Cockeysville, Md). To reduce the detection limit, 
each undiluted and diluted sample was streaked on 
3 agar plates. The number of viable cells in all sam-
ples was determined by spread plate method.

Antibacterial effect was evaluated by the de-
crease in the colony forming units on agar plates 
and presented as survival curves. The survival 
curves were constructed by plotting mean survival 
rate versus time. The removal efficiency, E, was 
calculated as:

where Ci and Cf are the initial and final CFU/ml, 
respectively.

RESULTS AND DISCUSSION

Characterization of titania samples

XRD measurements were performed to identify 
the crystalline phases synthesized by the nonhydro-
lytic sol–gel process at 500 °C calcination tempera-
ture. The XRD patterns of the as obtained powders, 
undoped and iron doped TiO2 (0.5, 1 and 2 mol% Fe), 
are shown in Figure 3 a and b, respectively. As is 
seen in both figures, the three strongest interplanar 

distances of anatase (TiO2) appear at 3.51; 1.89 and 
1.66 Å (JCPDS 78-2486). The anatase structure is 
preferred over other polymorphs for photocatalytic 
applications because of its higher electron mobility, 
low dielectric constant and lower density. All com-
monly known polymorphs of titania consist of TiO6 
octahedra, which share edges and corners in dif-
ferent manners. The TiO6 octahedron of anatase is 
slightly distorted [29]. It has to be noticed that iron 
was not found in the XRD patterns of the investigat-
ed samples due to its very low concentrations. The 
average crystallite size of as prepared undoped TiO2 
and iron doped TiO2 (0.5, 1 and 2 mol% Fe) cal-
culated from the broadening of the diffraction line 
using Sherrer’s equation is about 20 and 12–15 nm, 
respectively. As is seen from the obtained values, 
the crystallite size of undoped TiO2 is larger than 
those of Fe-doped TiO2. Obviously, the Fe-doping 
leads to decrease of the crystallite sizes. Our results 
are in good accordance to the results obtained by 
Yang et al. [30]. However, there are previous stud-
ies which reported controversial results concerning 
the Fe3+ doping effect on the crystallite sizes. For 
example, Wang et al. [31] claimed that Fe3+ increase 
the crystallite sizes. Figure 4 presents the infrared 
spectra of investigated powder samples in the range  
1200–400 cm–1. As a more sensitive method, the 
IR spectroscopy was used to verify the main short 
range orders of the obtained submicron powders. As 
is seen from the figure, vibrations of the inorganic 
building units were recognized only. In the spec-
trum of all samples (Figure 4) bands in the range 
470–420 cm–1 are observed. It is well known and it 
was also proved in our previous studies, that bands 
in the absorption range 700–400 cm–1 could be relat-
ed to the vibrations of TiO6 units [32, 33]. Despite 

Fig. 3. XRD patterns of undoped (a) and doped with Fe (b) TiO2
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the fact that iron was not detected in the XRD pat-
terns, its presence was registered by IR spectros-
copy (bands in the range 680–470 cm–1). The dop-
ing of even small amount of iron (0.5 mol%) led to 
changes in the IR spectra. The absorption intensity 
of the new bands changes with the iron content. The 
observed bands in the range 590–510 cm–1 could be 
assigned to the vibrations of FeO6 structural units, 
while those above 600 cm–1 may be related to the 
vibrations of FeO4 polyhedra [34].

The ultraviolet-visible (UV-Vis) absorption 
spectra of different TiO2 powders are illustrated in 
Figure 5. As is seen from the figure, the increase 
in Fe3+ content increased the absorbance in the UV 
spectra. The UV-Vis spectra were used to determine 
the optical band gap (Eopt) of investigated samples. 
For undoped TiO2 Eopt was 2.92 eV, while for the 
other two samples (0.5 and 2 mol%) it was about 
2.95 eV. It is known that the band gap value of 
Degussa P25 is 3.03 eV [35], while for pure ana-
tase is 3.2 eV [36]. Obviously, the band gap energy 
values of the synthesized undoped and Fe3+ doped 

TiO2 samples are lower than those pointed out in 
the literature [35, 36]. According to Wu et al. [36] 
the narrowing of the band gap can improve the pho-
tocatalytic activity under visible light. This could 
explain our results for the photocatalytic activity of 
investigated samples. However, more experiments 
are needed in order to elucidate this fact.

Photocatalytic activity

The water soluble dye RB5 was selected as a 
model pollutant because it has been extensively 
used for dyeing cotton fabrics. Reactive Black 5 dye 
has two reactive vinylsulfonil groups and two azo 
groups (Figure 2). The dye is not degradable by di-
rect photolysis and by TiO2 in dark. Decoloration 
by TiO2 adsorption under dark conditions did not 
exceeded 10% for all treatments (data not shown), 
determining that decoloration was conducted pri-
marily by the photocatalytic process.

The changes in RB5 dye concentration C/Co (Co 
initial concentration and C reaction concentration of 
the dye) by the synthesized samples with the time of 
UV and visible radiation are shown in Figures 6 and 
7. As can be seen, the iron content is an essential fac-
tor to define the photocatalytic activities of the sam-
ples. The preparations containing 0.5% Fe showed 
higher photocatalytic activities than pure TiO2 either 
under UV or visible light irradiation. On the other 
hand, doping with higher concentrations of Fe3+ ions 
led to marked decrease in photocatalytic activity.

It is believed that Fe3+ ions can act as shallow 
traps in the titania lattice although their role dur-
ing photooxidation processes remains controversial 
[37]. Introducing of small amounth of dopant ion 

Fig. 4. IR of the investigated samples

Fig. 5. UV-Vis spectra of undoped and doped with 0.5 and 
2 mol% Fe–TiO2
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can retard possible electron-hole recombination 
thus leading to enhanced photoactivity. However, 
on increasing the dopant content the probability of 
charge carrier recombination is increased, explained 
by surplus Fe3+ ions which can cover the active sites 
on the surface of TiO2 particles and as a result the 
photocatalytic activity decreases [38]. Sources of 
this controversy could also be due to differences 
in the preparation methods and doping procedure 
which can lead to different structural and electronic 
characteristics of the samples [39, 40]. For a par-
ticular synthesis method, optimum dopant concen-
tration directly affect the photocatalytic activity [17, 
37]. Such photocatalytic behavior of Fe-doped TiO2 
was observed by us and other researchers. In our 
study, maximum photoactivity toward RB5 dye 
was exhibited for the 0.5% Fe sample. The activ-
ity of this sample was higher than that of pure 
TiO2 (Figures 6 and 7) under both – UV and vis-
ible light irradiation.

Antibacterial activity 

The results from all experiments show that the 
inactivation of bacteria strongly depends on the 
presence of UVA light and concentration of the do-
pant. In the absence of radiation and after 60 min 
treatment, the number of cells slightly decreased, as 
follows: from an initial cell count 2.16×105 CFU/ml 
to 1.67×105 CFU/ml in contact with pure TiO2, and 
from 2.24×105 CFU/ml to 7.40×104 CFU/ml with 
0.5% Fe-doped TiO2. Despite the fact that during 
dark conditions 0.5% Fe sample had showed better 
activity and reduced 66.8% of bacterial cells in the 
first 60 min, in the next 60 min the number of viable 
cells reached 1.65×105 CFU/ml. After 24 hours sub-
sequent dark period, the bacterial growth was the 
same as at the beginning of the experiment in both 

studied powders – pure and 0.5% Fe-doped TiO2. 
It can be concluded, that disinfection with TiO2 na-
nosized materials under dark conditions does not 
proceed. This corresponds to the principle of pho-
tocatalytic disinfection activity [11] and is in agree-
ment with other reports [12]. Antibacterial action 
of the synthesized preparations in the presence of 
UVA light is illustrated as survival curves in Figure 
8. As can be seen, pure TiO2 exhibited significant 
photoinduced activity against E. coli ATCC 25922: 
For the initial cell concentration 2.16×105 CFU/ml, 
the removal efficiency in the first 5 and 10 minutes 
was 49.3% and 98.4%, respectively, and 100% re-
duction was achieved in 15 min.

Fe-modified titanium dioxide substrates have 
shown different activities against the tested strain 
at illumination conditions. It is obvious, that in the 
presence of UVA light 0.5% Fe-doped TiO2 ex-

Fig. 6. Photocatalytic activity of TiO2 samples under UV 
irradiation

Fig. 7. Photocatalytic activity of TiO2 samples under visible 
light irradiation

Fig. 8. Survival curves of Escherichia coli ATCC 25922 
in presence of different substances and UVA radiation
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hibited strongest antibacterial action – removal 
efficiency in the first 5 min was 95.7% and com-
plete killing of bacteria was observed in 10 min. 
Concerning other preparations with higher iron 
content, the sample 1Fe/TiO2 showed better anti-
bacterial activity than those of 2Fe/TiO2 (Figure 8). 
After 20 min UVA light treatment by 1% Fe-doped 
TiO2, almost all cells were destroyed (99.9%), 
whereas by using 2% Fe-doped TiO2 for the same 
period only half of them were destructed (56.7%) 
and subsequent 95.3% reduction was achieved af-
ter 60 min.

In most studies, TiO2 photo-inactivation of bac-
teria has been examined as levels of inactivation 
without taking into account the levels of repair 
that may follow [12]. That is why we estimated the 
post-irradiation effect of all synthesized prepara-
tions after 24 h dark period. The subcultures from 
UVA illuminated TiO2, 0.5Fe/TiO2 and 1Fe/TiO2 
samples did not show any bacterial growth after 
overnight in the dark. This suggests that photoac-
tivated treatment by these agents induced strong 
and lethal bacterial damages. In contrast to them, 
2% Fe-doped TiO2 did not show bactericidal ef-
fect – E.coli re-growth of more than 105 CFU/ml 
was observed after 24 h dark period. Finally, we 
may assume that some nanosized materials, such 
as pure TiO2, 0.5% and 1% Fe-doped TiO2 in the 
presence of UVA light possess bactericidal activ-
ity, whereas 2% Fe-doped TiO2 only inhibits bac-
terial cells and probably has bacteriostatic effect. 
Antibacterial activity of Fe-modified titanium di-
oxide preparations initiated by visible light will be 
object of further investigations.

CONCLUSIONS

Iron-doped titanium dioxide was prepared by a • 
nonhydrolytic sol-gel method using titanium tetra-
chloride, benzyl alcohol and iron(III) nitrate.

The optimal iron content for the photocatalytic • 
decomposition of Reactive Black 5 dye under UV-
Vis irradiation was found to be 0.5 mol%.

At higher iron contents (1–2 mol%) the pho-• 
tocatalytic performance under both UV and visible 
irradiation was worse relative to the undoped TiO2.

In the presence of UV light, both 0.5% and • 
1% Fe-doped TiO2 had strong bactericidal activity 
against E. coli, similar to that of the pure TiO2. In 
comparison to them, 2% Fe-doped TiO2 exhibited 
only weak bacteriostatic effect.

The best antibacterial properties under UV • 
illumination were presented by 0.5 mol% Fe-
doped TiO2, that correlates with highest photocat-
alytic action of this sample under UVA and Vis 
irradiation.
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в настоящата работа е представен синтез на дотиран с желязо TiO2 синтезиран по нехидролитичен зол-гел 
метод от титанов тетрахлорид, бензилов алкохол и железен(III) нитрат.

получените образци са охарактеризирани с помощта на рфа, ич и Ув-вис спектроскопия. Относителният 
размер на получените Fe-дотирани тiO2 частици е 12–15 nm.

фотокаталитичната активност на синтезираните прахове от TiO2 е изследвана чрез фотодеградацията на 
органичното багрило Reactive Black 5 при осветяване с Ув и видима светлина.

антибактериалната активност на чист и Fe-модифициран TiO2 е изследвана спрямо щам Escherichia coli 
ATCC 25922. Бактериалният растеж беше изпитван в присъствие на съответния синтезиран препарат на тъмно 
и в присъствие на Ув светлина. фотодезинфекционната активност е оценена чрез конструиране на „криви на 
преживяемост“ и определяне на ефективността на отстраняване на бактериалните клетки. за оценка на пост-
ирадиационния ефект бактериалната суспензия е тествана отново след 24 ч престой на тъмно. Установено е, 
че с най-добра фотокаталитична и антибактериална активност е препаратът, съдържащ 0,5 mol% желязо. при 
по-високо съдържание на желязо (1–2 mol%) фотокаталитичните тестове показаха по-лоши резултати спрямо 
чистия TiO2 както в Ув, така и във видимата област.

A. Stoyanova et al.: Photocatalytic and antibacterial activity of Fe-doped TiO2 nanoparticles prepared by nonhydrolytic...
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Synthesis and crystal structure of oxonium 2,4,8,10-tetra- 
hydroxy-1,3,5,7,9,11-hexa oxa-2,4,6,8,10-penta- 

boraspiro[5.5]undecan-6-uide hydrate 
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Oxonium 2,4,8,10-tetrahydroxy-1,3,5,7,9,11-hexaoxa-2,4,6,8,10-pentaboraspiro[5.5]undecan-6-uide hydrate, was 
synthesized and its structure was investigated by single crystal X-ray diffraction and 11B NMR analyses. The title 
compound, B5H9O12, crystallizes in the orthorhombic crystal system, space group Aba2 with cell parameters a = 
11.3286(5) Å, b = 11.0118(4) Å, c = 9.2314(4) Å, Z = 4 and V = 1151.60(8) Å3. The crystal structure is stabilized 
through hydrogen-bonding interactions, involving all possible donors and acceptors. 

Key words: boroxine, single crystal, 11B NMR.

INTRODUCTION

Borate materials are very attractive due to their 
use in various applications, ranging from agricul-
ture, nuclear containment shields, in the production 
of glasses and ceramics, in chemistry synthesis, 
wood treatment, optical materials, treatments for 
cancer etc. Amongst the multitude of borate com-
pounds (crystals, ceramics, glasses) employed in 
the optical field one should pay special attention 
to borate crystal phases that exhibit non-linear op-
tical activity (barium borates, β-BBO, cesium bo-
rate, cesium lithium borate etc.). Aforementioned 
crystal phases are nowadays used routinely in la-
ser setups for second- and third- harmonic gen-
eration (SHG and THG), phase-matching etc. A 
large number of inorganic (potassium, cesium), or-
ganic (alkylammonium, heterocyclic) or coordina-
tion (tris(ethylenediamine-N,N’)-cobalt(II)) [1, 2] 
salts of the unknown in free state pentaboric acid 
H+[B5O6(OH)4]− have been described. They have 
been obtained mainly within attempts to optimize 
the optical, thermal and structural properties of 

known borate phases. Attempts to introduce organ-
ic molecular fragments to enhance the polarization 
or charge transfer while maintaining the boron sur-
rounding have been also made. Amongst the factors 
contributing to the large diversity of borate crystal 
phases are the performed variations of the molar 
ratio of the reactants, the temperature, the solvent 
media and the presence of impurities (hampering 
or initiating the crystallization). Continuing our 
investigation on boronic acids crystallization and 
co-crystallization [3–5] here we present the crys-
tal structure of oxonium 2,4,8,10-tetrahydroxy-1, 
3,5,7,9,11-hexaoxa-2,4,6,8,10-pentaboraspiro[5.5]
undecan-6-uide hydrate (I), B5H9O12.

EXPERIMENTAL 

Synthesis and characterization

The title compound (1) was obtained according 
to the reaction scheme 1. 

Boric acid (165 mg, 2.67 mmol) and triethyl-
benzylammonium chloride (TEBA.Cl) (600 mg, 
2.64 mmol), were dissolved in 50 ml distilled wa-
ter. Colorless (transparent) crystals of 1, suitable for 
single crystal X-ray diffraction analyses have been 
obtained after slow evaporation of water at room 
temperature.



506

Scheme 1. Reaction scheme and chemical diagram of the title compound (1)

Table 1. Crystal data and most important structure refinement indicators for 1

B5H9O12 (PBA) Dx = 1.581 Mg m−3

Mr = 255.11 Melting point: 314 K
Orthorhombic, Aba2 Mo Kα radiation, λ = 0.7107 Å
a = 11.3286 (5) Å Cell parameters from 3322 reflections
b = 11.0118 (4) Å θ = 2.9–32.7°
c = 9.2314 (4) Å µ = 0.16 mm−1

V = 1151.60 (8) Å3 T = 290 K
Z = 4 Prism, colorless 
F(000) = 564 0.22 × 0.20 × 0.16 mm
Supernova Dual, Atlas CCD diffractometer 1704 independent reflections
Radiation source: Mova (Mo) X-ray Source 1671 reflections with I > 2σ(I)
mirror Rint = 0.025
Detector resolution: 10.3974 pixels mm–1 θmax = 32.7°, θmin = 2.9°
ω scans h = −14→16
Absorption correction: multi-scan  
CrysAlis PRO, Oxford Diffraction Ltd., Version 1.171.34.40 k = −15→15

Tmin = 0.837, Tmax = 1.000 l = −13→12

4244 measured reflections Primary atom site location: structure-invariant 
direct methods

Refinement on F2 Hydrogen site location: from difference Fourier 
map and inferred from neighboring sites

Least-squares matrix: full H-atom parameters constrained

R[F2 > 2σ(F2)] = 0.050 w = 1/[σ2(Fo
2) + (0.1086P)2 + 0.2796P]  

where P = (Fo
2 + 2Fc

2)/3
wR(F2) = 0.150 (Δ/σ)max < 0.001
S = 1.10 Secondary atom site location: difference Fourier map
1702 reflections Δρmax = 0.32 e Å−3

85 parameters Δρmin = −0.30 e Å−3

1 restraint Extinction correction: none

X-ray – single crystal analyses 

A crystal of the title compound having ap-
proximate dimension 0.22×0.20×0.16 mm3 was 
placed on a glass fiber and mounted on an Agilent, 
SuperNovaDual four-circle diffractometer equipped 
with Atlas CCD detector and using mirror-mono-

chromatized MoKα (λ = 0.7107 Å) radiation from 
micro-focus source. Diffraction data were collected 
at room temperature by the ω-scan technique. The 
determination of cell parameters, data integration, 
scaling and absorption correction were carried 
out using the CrysAlisPro program package [6]. 
The structure was solved by direct methods using 

L. Dimowa et al.: Synthesis and crystal structure of oxonium 2,4,8,10-tetrahydroxy-1,3,5,7,9,11-hexaoxa...



507

ShelxS [7] and refined by full-matrix least-square 
procedures on F2 with ShelxL-97 [7]. The boroxin 
and oxonium (Ow2) hydrogen atoms were located 
from difference Fourier map and refined as riding 
on their parent atoms, with Uiso(H) = 1.2Ueq(O). 
Ow1 hydrogen atoms were placed on calculated po-
sition fulfilling hydrogen bonding criteria with ac-
ceptor atoms and refined as riding on their parent 
atoms, with Uiso(H) = 1.2Ueq(O).  

NMR

The 11B NMR data were obtained on a Bruker 
AMX 500MHz at 300K. The data were referenced to 

a H3BO3 solution D2O (35 ppm). 11B NMR (THF-D8, 
160.4 MHz): δ = –4.8 (O4B–), 16.9 (BO3).

RESULTS AND DISCUSSION

The chemical diagram of the studied compound 
(1) is illustrated in Scheme 1 and experimental con-
ditions are summarized in Table 1. Selected bond 
distances and bond angles are listed in Table 2. 
Hydrogen bonding geometry is presented in Table 3. 
A diagram of the molecular structure with 50% prob-
ability and the atom numbering scheme is shown in 
Fig. 1. The data for publication were prepared with 

Table 2. Selected geometrical parameters for 1 (Å, °)

Bond distance
B1 — O2 1.372 (2) B2 — O1i 1.4659 (19)
B3 — O5 1.353 (2) B2 — O3 1.475 (2)
B1 — O3 1.3557 (19) B2 — O3i 1.475 (2)
B1 — O4 1.353 (2) B3 — O1 1.351 (2)
B2 — O1 1.4660 (19) B3 — O2 1.379 (2)
Bond angle
O3 —B1 — O2 121.74 (13) O3i— B2 — O3 108.1 (2)
O4 —B1 — O2 118.38 (14) O1 — B3 — O2 121.77 (14)
O4 —B1 — O3 119.88 (14) O1 — B3 — O5 124.23 (14)
O1i—B2 — O1 108.7 (2) O5 — B3 — O2 113.98 (15)
O1 —B2 — O3 111.39 (6) B3 — O1 — B2 123.16 (11)
O1i—B2 — O3 108.62 (8) B1 — O2 — B3 119.01 (13)
O1i—B2 — O3i 111.39 (6) B1 — O3 — B2 122.91 (11)
O1 —B2 — O3i 108.62 (8)
Torsion angle
O1i— B2 — O1 — B3 120.73 (19) O3i— B2 — O1 — B3 −117.91 (17)
O1i— B2 — O3 — B1 −120.07 (14) O3— B2 — O1 — B3 1.1 (3)
O1 — B2 — O3 — B1 −0.4 (2) O3i— B2 — O3 — B1 118.91 (16)
O1 — B3 — O2 — B1 0.3 (3) O4 — B1 — O2 — B3 179.93 (19)
O2 — B1 — O3 — B2 −0.3 (3) O4 — B1 — O3 — B2 −179.86 (17)
O2 — B3 — O1 — B2 −1.1 (3) O5 —B3 — O1 — B2 −179.6 (2)
O3 — B1 — O2 — B3 0.4 (3) O5 —B3 — O2 — B1 178.95 (19)

Symmetry code: (i) −x+1, −y+1, z

Table 3. Hydrogen bond for I (Å, °)

D—H···A D—H d(H···A) d(D···A) <(DHA)

OW2—HW2B···O1 0.954 1.912 2.857(5) 170.2
O4—H4···OW2i 0.949 1.741 2.687(4) 174.5
O5—H5···O4ii 0.820 1.907 2.664(4) 152.9
OW1—HW1A···O5iii 1.152 1.844 2.962(5) 161.9
OW1—HW1B···O2iv 1.068 1.888 2.935(5) 166.1
OW1—HW1B···O5iv 1.068 2.332 2.962(5) 116.2
OW2—HW2A···O3v 0.783 2.116 2.881(4) 164.9
OW2—HW2C···OW1vi 0.748 2.342 2.992(5) 146.0

Symmetry codes : (i) x+1/2, -y+1, z+1/2; (ii) x, y-1/2, z-1/2; (iii) x-1/2, -y+1, z+1/2;  
(iv) -x+3/2, y, z+1/2; (v) x, y-1/2, z-1/2; (vi) x, y, z-1.

L. Dimowa et al.: Synthesis and crystal structure of oxonium 2,4,8,10-tetrahydroxy-1,3,5,7,9,11-hexaoxa...



508

WinGX [8], ORTEP [9], and Mercury [10] program 
packages. The location of the disordered H atoms of 
the solvent water (Ow1) has been performed using 
DHA program. [11] 

The title compound crystallizes in the noncen-
trosymmetric space group Aba2 (No 41) and thus 

possesses the prerequisites for potential (non-lin-
ear) optical application. Unfortunately we could 
not grow sufficiently large crystals for perform-
ing such investigations. The structural parameters 
(bond lengths and angles) of the title compound are 
comparable with those reported earlier [12, 13]. The 
boroxin ring systems (B1/O1/B2/O2B3/O3) is essen-
tially planar with r.m.s. deviation of 0.0038(4) Å. The 
two hydroxy groups (O4 and O5) are also situated in 
the plane of the boroxin ring (OH groups are strong 
π-donor). In the three-dimensional arrangement of 
the molecules of 1 all possible donors and accep-
tors are involved in hydrogen bonding interactions 
(Fig. 2, 3 and Table 3). A closer inspection of the 
short distances and contacts present in crystal struc-
ture of 1 could not locate π… π or other weak inter-
actions. The 11B NMR shifts are consistent with O4B–  
and O3B arrangement [14] 11B NMR (THF-D8,  
160.4 MHz): δ = –4.8 (O4B–), 16.9 (BO3). 

The observed formation of the title compound 
(pentaboric acid) in the presence of triethylben-
zylammonium chloride can be explained with the 
assumption that the alkylammonium salt enhanc-
es the solubility of orthoboric acid and prevents 
crystallization of orthoboric acid. In addition, the 
bulky and less polar cation locally decreases the 
medium polarity and favors the equilibrium shift 
to pentaboric acid. 

SUPPLEMENTARY MATERIALS

ICSD 425613 contains the supplementary crys-
tallographic data for this paper. Further details of 
the crystal structure investigation(s) may be ob-
tained from Fachinformationszentrum Karlsruhe, 
76344 Eggenstein-Leopoldshafen, Germany (fax: 
(+49)7247-808-666; e-mail: crysdata(at)fiz-karl-
sruhe.de, http://www.fiz-karlsruhe.de/request_for_ 

Fig. 1. View of molecule with an atom-numbering 
scheme. Displacement ellipsoids for the non-H atoms are 
drawn at the 50% probability level. The H atoms are pre-
sented with spheres with arbitrary radii

Fig. 2. The PBA, water, and oxonium ion hydrogen bond-
ing interactions (see Table 3) are shown as dotted lines

Fig. 3. Three-dimensional packing of the molecules in 
the crystal structure; hydrogen bonds are shown as dot-
ted lines

L. Dimowa et al.: Synthesis and crystal structure of oxonium 2,4,8,10-tetrahydroxy-1,3,5,7,9,11-hexaoxa...
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deposited_data.html) on quoting the appropriate 
ICSD number. 
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синтез и кристална стрУктУра на ОксОниев  
2,4,8,10-тетрахидрОкси-1,3,5,7,9,11-хексаОкса-2,4,6,8,10-пента- 

БиспирО[5.5]Ундекан-6-Оид хидрат

л. димова, к. косев, х. и. сбиркова, р. п. николова, Б. л. Шивачев

Институт по минералогия и кристалография „Акад. Иван Костов“,  
Българска академия на науките, ул. „Акад. Георги Бончев“,  

блок 107, София 1113, България

постъпила февруари, 2013 г.; приета май, 2013 г.

(резюме)

синтезираният оксониев 2,4,8,10-тетрахидрокси-1,3,5,7,9,11-хексаокса-2,4,6,8,10-пентабиспиро[5.5]унде-
кан-6-оид хидрат бе охарактеризиран посредством монокристална рентгенова дифракция и 11н ямр анализи. 
така наименуваното вещество, B5H9O12, кристализира в орторомбична кристална система и Aba2 простран-
ствена група, с параметри на елементарната клетка a = 11.3286(5) Å, b = 11.0118(4) Å, c = 9.2314(4) Å, Z = 4 
and V = 1151.60(8) Å3. тримерната кристална структура е стабилизирана от мрежа от водородни връзки, като 
всички потенциални донори и акцептори участват в стабилизиращи взаимодействия.

L. Dimowa et al.: Synthesis and crystal structure of oxonium 2,4,8,10-tetrahydroxy-1,3,5,7,9,11-hexaoxa...
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This protocol details a rapid preparative procedure enabling the visualization of biological samples like DNA and 
bacteria by scanning electron microscopy (SEM). This involves the fixation of the samples, followed by subsequent 
dehydration and the processing for electron microscopy observation. The fixation step is performed by allowing the 
samples to embed into an agar matrix. The dehydration of the samples ensures that they will not disrupt when process-
ing for SEM observation or in the SEM vacuum camera. The whole process may be achieved for 6–24 hours and has 
been optimized for the visualization of bacteria, DNA. Samples once processed for SEM can be stored mild vacuum 
for weeks, allowing sufficient time for image acquisition. 

Key words: scanning electron microscopy, SEM, Esherichia Coli, Thermobispora bispora.

INTRODUCTION

Biological samples e.g. bacteria, DNA, proteins, 
contain significant amounts of water and exhibit low 
conductivity. In their natural state, these samples 
cannot be observed directly by conventional scan-
ning electron microscope (SEM) because the surface 
and subsurface water quickly evaporates under the 
high vacuum conditions necessary for electron mi-
croscopy observation [1, 2]. As a result usually the 
sample distorts collapses or destructs. In addition, 
water vapor from the specimen chamber decreases 
the vacuum and contaminates the detectors and col-
umn. The low conductivity of the biological sam-
ples also results in electrical charging that interferes 
with the electron beam and the secondary electron 
(SE) emission from the sample. Therefore, biologi-
cal samples must be fixed, dehydrated, critical-point 
dried and coated before they can be observed in a 
conventional high-vacuum SEM [3]. Currently used 

protocols enabling electron microscopy observation 
are focused for obtaining high-quality data and in-
volve successive series of procedures. While high 
quality data is achieved the protocols often include 
hazardous materials (OsO4 or glutaraldehyde), are 
long-lasted and in some cases may extend for more 
than 7–8 days [4]. Our aim has been to adapt a pro-
tocol that will reduce significantly the processing 
time of such samples without significant loss of data 
collection quality. The protocol described hereafter 
provides a fast alternative for biological samples 
preparation [5, 6]. It can be used for rapid assess-
ment of samples shapes, structural morphology etc. 

MATERIALS AND METHODS

Although that there are many conditions to be 
met for “ideal” sample preparation for electron mi-
croscopy (EM) observation the most important and 
necessary condition is to maintain the integrity of 
the biological sample during sample preparation 
and subsequent work in the electron microscope [7]. 
Thus for biological samples the first difficulty lies in 
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the stable fixation of the samples onto a suitable sur-
face as not to violate their integrity. The second dif-
ficulty is related to the high water content present in 
such samples. Unfortunately EM requires relatively 
high vacuum (10–6 to 10–7 torr) and if the samples 
are subject to such harsh conditions the water dehy-
dration process of the samples is accompanied by 
the distortion, collapse or destruction. Fortunately, 
this drawback of EM can be circumvent by dehy-
dration of the biological samples [8]. The last but 
not always the least difficulty is related to the low 
contrast provided by the samples build up predom-
inantly by amino acids or nucleic acids e.g. C, N 
and O atoms [9]. Fortunately negative and positive 
staining may be used for enhancing the contrast – 
having in mind that DNA backbone is negatively 
charged [10]. 

Specific safety measures

Because of the toxicity of the reagents and be-• 
cause possible biological contamination cannot be 
entirely excluded it is highly recommended to wear 
gloves during this procedure. 

NB! Staining with osmium should be done • 
wearing gloves and under a fume hood.

All waste materials generated during this pro-• 
cedure, such as the sheets of Whatman filter paper 
should be appropriately disposed (e.g. autoclavable 
waste container).

Materials

Distilled water, sterile (dH• 2O); 
Agar, biology grade;• 
Optional: contrast enhancement (OsO• 4, 
UO2(CH3COO)2, WO3).

Small laboratory material

Small (60 mm diameter) or large (120 mm di-• 
ameter) polyethylene petri dishes;

Sterile centrifuge tubes (1.5 or 2 ml);• 
sterile filter (<0.44 µm);• 
Microbiology laboratory slides (18×18) – suit-• 

able for EM holder;
Beaker glass, 50 ml,• 
Filter paper (Whatman, 54 hardened);• 
Forceps to manipulate laboratory slides; • 
Permanent, waterproof marker (Staedler Lu-• 

mocolor);
Ball point to indicate references on filter paper.• 

Equipment

Scanning electron microscope (Jeol, JSM 6390);• 
Ultraviolet lamp;• 

Laboratory oven;• 
Centrifuge (~5000 rpm);• 
Pipettes.• 

Sample processing preparation

Growth of bacteria and genomic DNA isolation

Two bacterial strains were employed: Escherichia 
coli (E. coli) DH5α strain and Thermobispora bis-
pora (DSMZ 43038) [11]. DH5α is nowadays the 
most frequently used E. coli strain for routine clon-
ing applications. It grows easily at 37 °C and its 
exponential growth can be controlled by spectro-
photometric technique. Thermobispora bispora is a 
thermophilic strain that grows at 55 °C and in addi-
tion slowly than E. coli. 

For the DNA investigation we isolated genom-
ic E. coli DNA by standard procedure (PureLink, 
Invitrogen). The successful isolation was monitored 
electrophoretically (1% agarose gel, stained with  
5 µl ethidium bromide, 10 mg ml–1). 

Harvesting of the samples

DNA elution was performed with 20 µl PCR 
water in order to avoid the presence of additional 
parasite salts from buffers. 

The E. coli and Thermobispora bispora samples 
were collected by centrifugation at 3500 rpm for  
5 min from the growth cultures (from 2 ml or more). 
The supernatant was discarded and the procedure 
was repeated two times with the addition of distilled 
water. The two additional steps are required in order 
to dissolves the salts and remains from the growth 
media. Finally 5–20 µl of dH2O are added and the 
pellet is carefully homogenized thus ready for fixa-
tion for EM observation

Preparation for fixation and embedding  
of biological samples

1. 0.8% wt Agar-water solution: 400 mg agar 
were dissolved in 50 ml of distilled water by heat-
ing in a microwave oven without allowing the so-
lution to boil. 

2. Clean cover slips 18×18 mm2 are sterilized by 
UV irradiation 10 for minutes. After what the slides 
are dipped in the agar solution (the 0.8% wt Agar 
solution is kept at ~ 50–60 °C in order to remain liq-
uid) and left horizontally allowing a thin agar film 
to materialize. NB!!! Agar polymerization starts 
with temperature drop however it takes more than 
30 min to obtain a sufficient degree of cross linking 
of the matrix. 

3. The biological sample (bacteria, DNA) is care-
fully placed (pipetted) on the agar film and spread if 
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necessary. The fixation/embedding of the samples 
is achieved with agar cross-linking after approxi-
mately 30–45 min. 

4. The agar is dehydrated in an oven at 37 °C for 
12 hours (if necessary a low vacuum 0.8 atm may be 
additionally employed).

5. Dehydration of the samples: we choose to uti-
lize a classical dehydration processing of the fixed 
samples by successive immersion in ethanol solu-
tions starting from low to high concentration: 10, 
25, 50, 75, 96 and absolute 99.99%). The samples 
were maintained in each ethanol solution for at least 
30 minutes. Finally a drying at 37 °C for about 1 
hour is performed.

6. The prepared samples are coated with a thin 
gold film (<10 nm).

Contrast enhancement by negative or posi-
tive staining can be optionally performed (OsO4, 
UO2(CH3COO)2, WO3 etc.) of the samples before 
the first ethanol dehydration steps or immediately 
after the dehydration process depending on the 
samples.

RESULTS

SEM analyses were performed on a JSM 6390 
electron microscope (JEOL, Japan) in conjunction 
with energy dispersive X-ray spectroscopy (EDS, 
Oxford INCA Energy 350) equipped with ultrahigh 
resolution scanning system (ASID-3D) in regimes of 
secondary electron image (SEI). The sample (cover 
slip) is mounted on a double coated conductive car-
bon tape that holds the sample firmly to the stage 
surface and can be used as a ground strap from the 
sample surface to sample holder. The samples were 

gold coated (time of coating ~30 s). This thickness 
of gold layer resulted in decent image quality with-
out causing any electric charging. With thinner gold 
films (decrease of coating time below 30 s) electric 
charging was observed [12, 13]. When the coating 
time was longer (more than 40 s), the gold layer was 
thicker but no improvement of image quality was 
observed. The accelerating voltage was adjusted to 
15 kV, I ~ 65 mA. Lower voltages (e.g. 10 kV) re-
sulted in loss of contrast while higher voltages lead 
to rapid degradation of the imaging [14–16]. The 
pressure was of the order of 10−4 Pa [17].

The production of cover slips and embedding 
of the samples into the “agar” layer was achieved 
without difficulty. One should adjust carefully the 
required amounts of sample (not as on Fig. 1 were 
we intentionally overestimates the amounts for bet-
ter visualization) as to have a “horizontal” (flat) sur-
face allowing facile focusing of EM observation. 

Figure 2 shows the observation of E. coli cells. 
As one can see the centrifugation and subsequent 
spreading of the water-cell solution over the cover 
slip allows better separation of individual cells. If 
a single colony of the same cells is directly embed-
ded onto the cover slip the surface roughness can 
be observed. Interestingly, the average size of the 
cells is different (single colony shows that the cells 
are smaller). This is probably due to the centrifu-
gation as the process collects more easily bigger 
ones. Thus an adjustment of centrifugation speed 
will be necessary in function of the size and con-
sistency of the sample. 

The results from the Thermobispora bispora ob-
servation are shown on Fig. 3. As one can see the 
quality of the visualization is reasonable. The con-
centration of the sample (Fig. 3a) leads to a some-

Fig. 1. Covers slips 18 mm2 with embedded samples that were subject to dehydration and covering with gold layer 
a) Single E. coli colony from agar plate b) E. coli collected by centrifugation and spread over and c) Thermobispora 
bispora collected by centrifugation from media contaminated with TiO2 (nano)particles. The amounts of samples here 
were intentionally overestimated
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what higher contrast of the images – probably due 
to the fact that the “denser” surface allows a more 
uniform coverage of the gold layer and thus better 
conductance. The lower concentration of the sam-
ple, as for E. coli, gives better individual resolution 
and is able to discern bigger aggregates. 

In order to estimate the use of the protocol in 
relatively unfriendly conditions Thermobispora bis-
pora was grown in the presence of TiO2 nanoparti-
cles (Fig. 4). The TiO2 particle cannot dissolve in 

Fig. 2. SEM images of E. coli a) spreading after centrifugation b) single colony taken 
directly from plate (solid media)

the used water and thus bigger aggregates of them 
will be present after the centrifugation. Figure 4a 
shows that the TiO2 particles are positioned “on top” 
of the bacteria. Of course this observation can be an 
artifact due to the employed centrifugation or to the 
pipetting or spreading of the samples. Nevertheless 
the bacterial network is clearly visible (Fig. 4b). 

Finally the protocol has been used for DNA ob-
servation (Fig. 5). The DNA backbone features a 
negative charge and thus cations (Na, K, Zn, Cu etc.) 

Fig. 3. SEM images of Thermobispora bispora with different concentration a) and  
b) centrifugation of 3×1.5 ml and c) and d) centrifugation of 1.5 ml
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are needed to balance its charge. Thus the elimi-
nation of salts is more difficult than in the case of 
uncharged samples. Although the elution of DNA 
yields sufficient quantities for molecular biology 
work its concentration is typically ng/mL to µg/
mL and thus very limited. More over DNA tends to 
compact tightly and thus its primary aggregate size 
is smaller – usually below 1 µm. Thus the routine 
SEM observations of DNA are more difficult than 
bacterial ones. As one can see from Fig. 5 the pres-
ence of salt is easily observable while the imaging 
of the DNA and its contrast are not as good as for 
the bigger biological samples. 

CONCLUSIONS

We have adapted a rapid preparative procedure 
for preparing biological samples for SEM visualiza-
tion. The processing is relatively rapid and may be 
performed for one day. The SEM visualization and 
data quality allows sufficient detail for samples that 
are bigger than 1 µm while for smaller size a contrast 

enhancement is suited. Compared to classical proce-
dures the developed one is cost and time effective with 
minimal loss of data quality (mainly contrast lost).
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(резюме)

настоящият протокол описва бърза препаративна методика за биологични проби, като днк и бакте-
рии, позволяваща последваща визуализация чрез сканираща електронна микроскопия (сEM). това включва 
закреп ването на пробите върху агарозна подложка, последвано от дехидратация на биологичните образци 
и нанасяне на тънко проводимо покритие за наблюдение чрез електронна микроскопия. Обезводняване на 
пробите гарантира, че те няма да деструктират във вакуумната камера на сEM. нанасянето на тънък слой 
допълнително фиксира пробите и подобрява контраста. процесът на пробоподготовка се извършва от 6 до 
24 часа и е оптимизиран за визуализация на бактерии и днк. пробите могат да се съхраняват във вакуум в 
продължение на седмица, което дава достатъчно време за получаване на сем изображения. протоколът не 
включва токсични, канцерогенни или други вредни химикали и реактиви. 
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In the recent years many types of biosensors have been developed and used in a wide variety of analytical settings 
with applications in biomedicine, health care, drug design, environmental monitoring, and detection of biological, 
chemical and toxic agents. 

Tailored surface properties such as tunable reactivity, biocompatibility or wettability could be obtained by differ-
ent approaches of surface modification, so that the design of biofunctional surface is of great interest in bioanalysis 
research.

A good combination of support material and immobilization methods is of fundamental importance to achieve the 
desired performances from the sensing system.

The aim of this research is immobilization of tyrosinase onto silica hybrid membranes based on ethyltrimethoxy 
silane (ETMS) and methylthrietoxy silane MTES and cellulose derivatives. Tyrosinase was covalently immobilized 
by acrylamide/acrylonitrile copolymer included on hybrid membranes. pH and temperature optimum were determined 
for immobilized tyrosinase preparations as well as for the free enzyme.

Key words: hybrid membranes, enzymes, optical biosensors.

INTRODUCTION

Organic/inorganic hybrid materials prepared by 
the sol–gel approach have rapidly become a fasci-
nating new field of research in materials science.

Organic molecules other than the solvent can be 
added to the sol and become physically entrapped 
in the cavities of the formed network upon gelation 
where the molecules have to endure the pH of the 
environment [1]. Most sol–gel bioencapsulates re-
ported to date have used inorganic materials or car-
bon composite derived from either ethyltrimethoxy 
silane (ETMS) or methylthrietoxy silane (MTES) 
[2, 3]. The use of some organic molecules in the 
gel formation process that may influence the di-
mensions of the forming pores represents another 
way to increase the immobilized enzyme activity. 
Within such meso-or macroporous silica gels, sub-
strate molecules diffusion is easier, explaining the 
increase of the enzymatic activity [4].

Porosity is a feature that allows analyte mole-
cules to diffuse into the matrix and react with the 

enzymes or another biomolecules. As it was men-
tioned, many different molecules can be incorporat-
ed into the sol–gel matrix. Surface characteristics as 
well as uniformity in monoliths/thin films are one of 
the desirable criteria for sensing applications [5–6].

During the drying phase, some of the larger 
pores are emptied while smaller pores remained wet 
by the solvent, creating large internal pressure gra-
dients. This stress causes cracks in large monoliths 
and is responsible for fractures in dry monolithic 
sensors upon immersion in water. Further addition 
of polymers as poly dimethil siloxane, polyamides, 
polyacrilates and polyethylene glycol (PEG) pro-
vide regulation of inorganic condensation-polymer-
ization process and is also under investigation for 
improving sol-gel material. Polyethers were also 
used in sol-gel processing mixtures to control pore 
size distribution [7].

Phenols due to their toxicity, persistence and 
common occurrence in the biosphere are one of the 
most important groups of ecotoxins. These com-
pounds are in a common use such as ingredients 
(components) and precursors of other chemicals 
including organic polymers, solvents, dyes (ami-
nophenols), explosives (nitrophenols), surfactants 
(alkylphenols) or drugs [8].
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Photometric analyses by standard methods are 
commonly used for determination of phenols, and 
these analyses usually require sample pretreatment 
by filtration and distillation. Recently, tyrosinase 
based biosensors have been shown to be useful for 
this purpose. Easy fabrication, fast analysis, and 
low-cost are the main advantages of the biosensor 
method [9, 10].

The optical sensing techniques, in comparison 
with electrical methods, have some advantages, 
such as selectivity. They are also sensitive, inexpen-
sive, non-destructive, and have wide capabilities. 
The idea behind these sensors is based on chang-
es of optical parameters of sensing molecules en-
trapped usually in thin films. Optical fibers used in 
optical sensors to transmit the light in and out of the 
detection area assure such advantages as flexibil-
ity, directionality, low signal losses, low costs, etc. 
Since then, this technology is widely applied among 
others for immobilization of active molecules onto 
the tip of an optical fiber to fabricate a point sen-
sor [11]. The most popular chemical immobilization 
utilized for the preparation of enzyme-based optical 
fiber sensors is the covalent coupling of enzymes to 
polymeric support [12].

This technique offers the most stable immobi-
lized enzyme preparation by which the immobili-
zation process is not easily reversed by pH, ionic 
strength, temperature, or solvent variations [13]. 
The main advantages of the biosensors over other 
kinds of sensors are their specificity of response and 
in some cases, their ability to work in very dirty en-
vironments [14].

Tyrosinase (EC 1.14.18.1, monophenol mo-
nooxygenase) is an enzyme which catalyzes the 
incorporation of molecular oxygen into phenolic 
compounds. Tyrosinase active site contains a cou-
pled binuclear copper complex (type 3 copper). 
Recently, the mechanism of catalytic function of 
tyrosinase has been proposed and actively investi-
gated. [15–17]. 

One of the key issues to develop biosensing plat-
forms concerns the processes involved in enzyme 
immobilization on surfaces. The understanding of 
their fundamentals is crucial to obtain stable and 
catalytically active protein layers for developing 
successful biosensing devices [18, 19]. 

EXPERIMENTS AND EQUIPMENT

Reagents

Tyrosinase isolated from mushrooms, (E.C.1.14. 
18.1) was supplied by Sigma-Aldrich; L-DOPA 
(L-3,4-dihydroxyphenylalanine) by Fluka; ethyl-
trimethoxy silane (ETMS) and methylthrietoxy 

silane (MTES) by Merck; cellulose acetate propi-
onate with high and low molecule weight (CAP/H 
(~25 000 m.w.) (CAP/L (~15 000 m.w., respec-
tively) by Sigma-Aldrich, copolymer from acry-
lamide and acrylonitrile (AA) were provided by 
the Biotechnology Department of UCTM, Sofia,  
Bulgaria [20], dimethyl formamide (DMF) by Merck.

Synthesis of hybrid membranes by the sol-gel 
method and visualization of the sufraces

Groups of hybrid materials were synthesised by 
the sol-gel method with the participation of silica 
precursors ETMS and MTES. Cellulose acetate 
propionate with high molecule weight CAP/H and 
CAP/L were used as an organic component of the 
system. A third component was included in the sys-
tem as a carrier of active groups for covalent im-
mobilization, namely copolymer of acrylamide/
acrylonitrile (AA). The precursors were hydrolysed 
in methyl alcohol for ETMS and ethyl alcohol for 
and MTES. Dimethylformamide was used as a sol-
vent of the organic component. Hybrid membranes 
contained 5 ml ETMS (MTES), 3 g cellulose ac-
etate propionate with high (low) molecular weight 
and 100 mg copolymer from poly-acrylamide and 
poly-acrylonitrile. The quantities and components 
for the synthesis and the conditions are described in 
a previous paper [21].

For visualization of membranes surfaces a mi-
croscope “Carlzeiss”, Jena, Jenatech Inspection, 
monochromatic light source “Infinity 22” with CCD 
camera – “Lumenera”, Canada was used. 

Oxidation method for tyrosinase  
and covalent immobilization

Oxidation of the carbohydrate residues of ty-
rosinase was done with periodic acid according 
to Zaborsky and Ogletree’s method (0.04 mM in 
0.05 mM acetate buffer, pH 5.0, in the dark) [28]. 
The oxidized enzyme was dialysed in a dialysis 
membrane from Serva, Germany by submerging in 
a 50 mM phosphate buffer with pH = 6.0 for 24 h. 
The immobilization of tyrosinase was carried out in 
the following sequence: 1.0 g of the hybrid mem-
branes was added to 20 mL of the oxidized dialysed 
solution of tyrosinase. Immobilization was done un-
der continuous stirring for 24 h at 4 °C.

Spectrophotometrically measurement  
of enzymatic activity and determination  

content of protein

Diphenolase activity was determined spectro-
photometrically with 10 mM substrate L-DOPA as 
a substrate, at 25 °C, using spectrophotometer with 
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optical fibers (AvaSpec, Avantes, USA). The diphe-
nolase activity does not show any lag period. The 
dopachrome assay was performed. The increase 
in absorption at 475 nm, due to the formation of 
dopachrome (ε 475 = 3 600 M–1cm–1), was moni-
tored as a function of time. The activity is expressed 
as mole of L-DOPA oxidized per minute. 

The total content of protein in the immobilized 
enzyme was determined by the Lowry [23] modified 
method using bovine serum albumin as a standard.

pH and temperature optimum 

For determination of the pH optimum for tyrosi-
nase, the residual activities of free and immobilized 
enzymes were determined in the sodium phosphate 
buffer with pH range from 5.0 to 8.0. To determine 
the temperature optimum for tyrosinase, the residu-
al activities of free and immobilized enzyme were 
determined in the range from 20 °C to 50 °C. 

RESULTS AND DISCUSSION

Groups of hybrid membranes were synthesised 
using different silica precursors. All membranes 
are mechanically resistant plastic and transparent, 

which is a necessary condition for the experiment. 
In such hybrid materials is possible to expect very 
interesting characteristics that are not found in or-
ganic polymer or inorganic material independently. 
For example, they can have features such as plastics 
flexibility and have excellent mechanical strength 
and thermal stability in the same time [24]. On the 
surface of the membranes different size aggregates 
(from 20 to 100 μm) are observed. For visualiza-
tion of the surface series of images were made by 
microscope at different magnification. On Figure 1 
images of the membranes surfaces are presented.

A comparison of the catalytic properties of im-
mobilized enzymes on hybrid membranes contain-
ing етмS and MTES CAP/L or CAP/H was made. 
In the table below catalytic properties of free tyrosi-
nase and tyrosinase immobilized onto matrices are 
presented (Table 1).

The covalent binding of the enzyme to copoly-
mer of acrylamide/acrylonitrile is effected between 
the amide groups of the copolymer and the oxidized 
carbohydrate residues of the enzyme. This method 
was applied in previous research as well. The ad-
vantage of the method is that immobilization does 
not change the conformation of the enzyme mol-
ecule and binding always takes place outside the ac-
tive centres [20]. 

Fig. 1. Optical microscopy image of the surface on ETMS – left and MTES – right side at 
magnification ×50, light field

Table 1. Catalytic properties of free and immobilized tyrosinase

Membrane
Amount of bound 

protein
[mg/g]

Specific activity
[U/mg]

Relative activity
[%] pH optimum

Temperature 
optimum

[°C]

Free tyrosinase – 421 – 6.0 30
ETMS/CAP/H/AA 1.82 322 76.48 6.5 35
MTES/CAP/H/AA 2.34 312 74.10 5.5 35
ETMS/ CAP/L/AA 1.91 317 75.29 7.5 35
MTES/CAP/ L/AA 2.06 306 72.68 7.0 30
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The results for specific activity of immobilized 
membranes are identical with results described in 
our previous work with substrate L-tyrosine [25]. 
For L-DOPA substrate tyrosinase immobilized 
onto hybrid membranes shows higher parameters 
of relative activity. Researchers have demonstrat-
ed that the silica sol-gel materials can retain the 
catalytic activities of enzymes to a large extent. 
The inorganic silica sol-gel material is biocom-
patible, has high thermal stability, chemical in-
ertness and negligible swelling in non-aqueous 
solutions [26].

One of the most important parameters to be con-
sidered in enzyme immobilization is storage stabil-
ity. The stabilities of the free and immobilized ty-
rosinase were determined after stored in phosphate 
buffer solution (50 mM, pH 6.5) at 4 °C for a pre-
determined period. Under the same storage condi-
tions, the activities of the immobilized tyrosinase 
preparations decreased slower than that of the free 
tyrosinase. The free enzyme lost all of its activity 
within 4 weeks. The immobilized tyrosinase pre-
served its initial activity during several months stor-
age period [27], which corresponds with the data 
reported by other authors [28]. On the figure below 
stored stability of immobilized tyrosinase activity 
are presented (Fig. 2).

The enzyme activities were seriously affected by 
the buffer solution pH value [29], so the effect of 
the pH value of buffer solution was investigated in 
the range from 5.0 to 8.0.

On the figure below pH profile of free tyrosi-
nase and immobilized onto hybrid matrices are pre-
sented (Fig. 3). 

The change in optimum pH depends on the charge 
of the enzyme and/or of the matrix. This change is 

useful in understanding the structure-function re-
lationship of the enzyme and helps the activity of 
free and immobilized enzyme as a function of pH. 
As seen in Fig. 2, the optimum pH for free enzyme 
was found to be 6.5. In the case of MTES/CAP/H/
AA immobilized tyrosinase the optimum pH shifted 
by 1.0 unit toward the acidic region. The results are 
the same that reported from Yahsi and co-authors. 
These shifts could be attributed to secondary inter-
action such as ionic and polar interactions, hydro-
gen bonding, etc. between the enzyme and the hy-
brid membrane [30]. 

On the figure below temperature profile of free 
tyrosinase and immobilized onto hybrid matrices 
are presented (Fig. 4).

Fig. 2. Stored stability of immobilized tyrosinase activity

Fig. 3. Residual activity of free and immobilized tyrosi-
nase as a function of pH

Fig. 4. Residual activity of free and immobilized tyrosi-
nase as a function of temperature
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Maximum enzymatic activity was obtained at 
35 °C for immobilized enzymes. The optimal reac-
tion temperature was higher than that of the com-
mercial enzymes in its free form or when immobi-
lized on other supports [31, 32], which illustrates 
a substantial degree of enzyme stabilization [33]. 
The stability of the obtained preparation demon-
strates the advantages of immobilization onto hy-
brid membranes.

CONCLUSION

In order to construct an optical biosensor, mem-
branes were synthesised with participation of dif-
ferent silica precursors and covalent immobilization 
was performed. The analysis of the enzymes immo-
bilized on the different membranes showed change 
in pH optimums for ETMS/CAP/H/AA pH=6.5 
and MTES/CAP/H/AA, pH=5.5 and the tempera-
ture optimums t = 35 °C for the same membranes 
compared to the characteristics of the free enzymes. 
The present research showed that the best mem-
branes with the highest relative activity is (ETMS/
CAP/H/AA – 76.48%) for L-DOPA substrate. The 
efficiency of immobilization depends on the type 
of the silica precursors and cellulose derivatives, 
when the other conditions are identical. The con-
structed optical biosensor based on covalent immo-
bilized enzyme demonstrated excellent operational 
parameters.This membranes can be potentially ap-
plied for biosensors design for analyses in organic 
solvents, analysis of food and in monitoring of the 
environment.
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хиБридни материали на ОснОвата на силициев диОксид  
катО БиОсъвместими пОкрития при БиОсензОри  

за ксенОБиОтици

л. йотова*, с. янева

Катедра Биотехнология, Химикотехнологичен и Металургичен Университет,  
бул. „Кл. Охридски“ 8, 1756 София, България

постъпила февруари, 2013 г.; приета май, 2013 г.

(резюме)

през последните години са разработени много видове биосензори с приложения в медицината, контрол 
на здравето, при създаването на нови лекарства, за екологичен мониторинг, за регистриране на биологични, 
химични и токсични агенти и други.

адаптирането на повърхността на носителя, за да се подобри неговата реакционна способност, биосъвмес-
тимост и омокряемост, може да се постигне чрез различни методи за модифициране. така се създава биофунк-
ционална повърхност, което е обект на изследователски интерес. изборът на носител и метод за имобилиза-
ция са от основно значение за постигане на желаната ефективност на сензорната система.

целта на това изследване е имобилизация на тирозиназа върху хибридни мембрани на основата на етил-
триметокси силан (ETMS) и метилтриметокси силан (MTES) и целулозни производни. тирозиназата бе кова-
лентно имобилизирана с помощта на съполимер на акриламид/акрилонитрил, включен в хибридния материал. 
Бяха определени рн и температурният оптимум на свободния и имобилизиран ензим.

L. Yotova, S. Yaneva: Silica-based hybrid materials as biocompatible coatings for xenobiotics sensors
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Crystal structures of Cs+, Mg2+, Ba2+ ion exchanged ETS-4 at RT and 150 K
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Ion exchanged ETS-4 samples by Cs+, Mg2+, and Ba2+ cations were analyzed by single crystal X-ray diffraction at 
150 K. Structural data obtained from low temperature (LT) experiment are compared with the room temperature (RT) 
ones obtained from the same samples. The study shows that the low temperature conditions ensure precise determina-
tion of atomic positions and minimize the effects of atomic thermal vibration and positional disorder. 

Key words: ETS-4, LT experiment, single crystal X-ray diffraction.

INTRODUCTION

ETS-4 (Engelhard titanium silicate – 4) is a 
mixed tetrahedral-octahedral molecular sieve relat-
ed to the mineral zorite [1–4]. Due to its highly dis-
ordered structure various studies aiming at elucida-
tion of ETS-4 framework have been reported [5–7]. 
The first structural data providing evidence for the 
framework similarity between Na-ETS-4 and zorite 
have been published in 1996 [5]. Later reports de-
scribed ETS-4 as an intergrowth of four hypothetical 
polymorphs which differ in the arrangement of part 
of the titano-silicate units [6]. The ETS-4 framework 
exhibits orthorhombic Cmmm symmetry and each 
of the Ti and Si atoms has two symmetrically inde-
pendent positions. The Ti1 atom is six coordinated 
and takes part in –O–Ti–O– chains running parallel 
to [010]. In the [001] direction the chains are inter-
connected by Si1 tetrahedra to build layers parallel 
to (100). The layers are identical for all of the hypo-
thetical polymorphs. The latter differ in the arrange-
ment of the titano-silicate bridging units formed by 
Ti2 and Si2 polyhedra. The position of the Ti2 atom 
with respect to the mirror plane perpendicular to c 
axis is supposed to predetermine its coordination 
environment and has been of significant interest 
for most of the authors. In earlier structural studies 
based on powder diffraction data six-coordination 
environment was suggested for this atom as it was 
positioned exactly on the mirror plane. The coor-

dination octahedron is built of four oxygen atoms 
from four Si2O4 tetrahedra and two oxygens (usually 
marked as O7) symmetrically related to each other 
with respect to the mirror plane where the Ti2 atom 
is positioned. [5–6]. Single crystal X-ray diffraction 
analysis of Na-ETS-4 and Sr-exchanged ETS-4 in-
dicated that the Ti2 atom in the studied samples is 
situated close to but not on the mirror plane and as 
a consequence the Ti2 octahedron suffers some dis-
tortion expressed in terms of the Ti2–O7 distances 
(1.70 vs. 2.23 Å). The performed refinement of the 
Ti2 and O7 atoms occupancy gave evidence that 
Ti2 atom in the studied samples is five-coordinated 
[7]. However, interpretation of the Ti2 coordination 
is rather controversial because the low occupancy 
of the O7 ligand position in it can be due to vari-
ous reasons e.g. structural defects etc. Recently the 
crystal structures of Cs+, Mg2+, and Ba2+ exchanged 
forms of as-synthesized Na-K-ETS-4 have been 
reported [8]. The performed single crystal analy-
ses confirmed that Ti2 in the initial Na-K-ETS-4 is 
situated outside the mirror plane. It was also found 
that the incorporation of Cs+ and Mg2+ ions do not 
provoke significant distortion of the ETS-4 frame-
work, but the Ti2 atom is shifted closer to the mirror 
plane. In contrast, Ba2+ inclusion in the pore system 
of ETS-4 causes substantial framework contraction, 
splitting of some of the positions of the framework 
atoms and shifting of the Ti2 atom to a position ly-
ing exactly on the mirror plane perpendicular to the 
c axis. It has been suggested that the coordination of 
the Ti2 atom remains the same in the Na-K-ETS-4 
and its exchanged forms. This puts the question to 
what extent the position of the Ti2 atom with re-
spect to the mirror plane, defines its coordination. 
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The present study aims at structural investiga-
tion of the same Cs+, Mg2+, Ba2+ exchanged ETS-4 
samples performed at low temperature in order to 
minimize the effects of atomic thermal vibration 
and positional disorder. The elastic behavior of the 
unit cell and the positions of the framework and 
extra-framework cations from room temperature 
(RT) and low temperature (LT) experiments are 
compared. The framework distortion, position and 
coordination of the Ti2 atom are also discussed.

EXPERIMENTAL

Single-crystal X-ray diffraction data have been 
collected at low temperature conditions using the 
same single crystal samples of Cs+, Mg2+ , Ba2+ ex-
changed ETS-4 for which RT experimental data 
have been published in [8]. LT (150 K) data col-
lection was performed by ω-scan technique, on an 
Agilent Diffraction SuperNova Dual four-circle dif-
fractometer equipped with Atlas CCD detector us-
ing mirror-monochromatized MoKα radiation from 
micro-focus source (λ = 0.7107 Å). During the low 
temperature data collection the samples were kept 

at 150 K with an Oxford Instruments Cobra control-
ler device and a nitrogen atmosphere. The determi-
nation of cell parameters, data integration, scaling 
and absorption corrections were carried out using 
the CrysAlis Pro program package [9]. The struc-
tures were solved by direct methods (SHELXS-97) 
[10] and refined by full-matrix least-square pro-
cedures on F2 (SHELXL-97) [10]. Further details 
of the crystal structure investigation may be ob-
tained from Fachinformationszentrum Karlsruhe, 
76344 Eggenstein-Leopoldshafen, Germany (fax: 
(+49)7247 808 666; e-mail: crysdata@fiz-karlsruhe.
de, http://www.fizkarlsruhe.de/ request_for_depos-
ited_data.html on quoting the CSD-425730, 425731. 
The crystal data obtined by the low temperature ex-
periment and the structure refinement indicators for 
the studied compounds are presented in Table 1. 

RESULTS AND DISCUSSION

Chemical composition of the studied Cs- Mg- 
Ba-ETS-4 samples obtained after the data refine-
ment for RT and LT experiments are presented in 
Table 2. The discrepancies in the calculated chemi-

Table 1. LT crystal data and structure refinement indicators for Cs- Mg- Ba-ETS-4

Sample Cs-ETS-4 Mg-ETS-4 Ba-ETS-4

Space group Cmmm Cmmm Cmmm
a (Å) 23.123(2) 23.198(4) 22.939(3)
b (Å) 7.213(4) 7.177(2) 7.169(3)
c (Å) 6.930(3) 6.948(2) 6.721(2)
V (Å3) 1156.9(2) 1157.0(1) 1105.5(5)
Z 1 1 1
Dx[Mg m−3] 273.5 2.123 2.824
µ [mm−]1 4.42 1.54 5.16
Tmin–Tmax 0.261 – 1 0.916–1 none
measured reflections 2196 2212 2067
independent reflections 723 728 695
parameters 85 75 83
reflections with  I > 2σ(I) 381 479 490
θmin–θmax 2.9°–28.3° 2.9°–28.3° 3.0°–28.2°
F000 648 728 874
T (K) 150(2) 150(2) 150(2)
R[F2 > 2σ(F2)] 0.113 0.077 0.083
wR(F2) 0.332 0.212 0.222
Rint 0.186 0.088 0.086
S 1.105 1.08 1.04

Table 2. Chemical composition of Cs-, Mg-, Ba-ETS-4 calculated after the structure refinement

Compound RT – structural data LT – structural data

Cs-ETS-4 K1.18Na1.20Cs4.01H2.61Si12Ti5O38(OH) × 7.12 H2O K0.86Na1.12Cs3.96H3.06Si12Ti5O38(OH) × 7.36 H2O
Mg-ETS-4 K2.63Mg1.44H3.49Si12Ti5O38(OH) × 7.92 H2O K2.81 Mg1.52 H3.15Si12Ti5O38(OH) × 8.24 H2O 
Ba-ETS-4 Ba4.31H0.39Si12Ti5O38(OH) × 4.52 H2O Ba4.41H0.18Si12Ti5O38(OH) × 4.6 H2O

L. Tsvetanova et al.: Crystal structures of Cs+, Mg2+, Ba2+ ion exchanged ETS-4 at RT and 150K
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cal compositions for the RT and LT data are most 
probably due to statistical reasons of the experimen-
tal conditions used. It is also notable that there is no 
partial dehydration of the samples with N2 gas flow 
– an effect observed by other authors performed LT 
experiments of water containing porous materials 
[11, 12].

A model obtained by superposition of the four hy-
pothetical polymorphs models of the ETS-4 frame-
work (see Introduction) is presented in Figure 1.  
The complex pore system of the presented frame-
work includes three different kinds of channels. The 
six-membered-ring channel, where smaller ions as 
Na+ and Mg2+ reside, is marked with A1. This chan-
nel is formed within the titano-silicate layer formed 
by Ti1O6 and Si1O4 polyhedra. The A2 channel is 
the one formed between the layer and the titanosili-
cate bridging units built by Ti2O5 and Si2O4 poly-
hedra. The channel consists of seven-membered 
rings and is occupied by bigger cations. In the stud-
ied samples K+, Ba2+ or Cs+ ions are situated there. 
The eight-membered ring made by four Si1O4 and 
four Si2O4 tetrahedra is marked as A3. It has been 
found that water molecules and Cs+ ions reside in 
the channels formed by the eight-membered rings 
and running parallel to [010]. It should be noted that 
the accessibility of A2 and A3 channels depends on 

the orientation of the titano-silicate bridging units 
formed by the Ti2O5 and Si2O4 polyhedra. 

Unit cell behavior at LT conditions

The unit cell parameters variation of the studied 
samples as a function of the cation exchange and 
low temperature conditions are shown in Figure 2. 
The elastic behavior of ETS-4 structure is studied 
by comparing the unit cell parameters in the fol-
lowing order: Na-K-ETS-4 → ETS-4 exchanged 
samples at RT → ETS-4 exchanged samples at LT. 
The ion exchange by Cs+ and Mg2+ do not cause 
significant changes of the ETS-4 unit cell volume. 
The unit cell parameters of the initial Na-K-ETS-4 
and the exchanged samples at RT are almost the 
same. Interestingly the unit cell volume of ETS-4 
decrease by 60 A3 after the ion exchange of Na-K-
ETS-4 by Ba2+. This notable contraction observed 
at RT measurements is most probably due to the 
higher ionic potential of barium ion. The low tem-
perature conditions affect differently the structural 
parameters of the ion exchanged samples. In the 
Ba-ETS-4 the compression capability of the ETS-4 
structure is realized after the ion exchange and no 
additional contraction is possible with temperature 
lowering (Fig. 2). However a structural adjustment 

Fig. 1. Superposition model of the ETS-4 
framework. The six, seven and eight – 
membered-ring channels are marked by 
letters as A1, A2 and A3 respectively. The 
Ti1O6 and Si1O4 polyhedra, building the 
layers are dark grey colored. The Ti2O5 
and Si2O4 bridging units are marked by 
light grey color

L. Tsvetanova et al.: Crystal structures of Cs+, Mg2+, Ba2+ ion exchanged ETS-4 at RT and 150K
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to the LT conditions is realized by altering of the 
deformation directions. This process is expressed 
by slight increase of the c parameter compensated 
by decreasing of a and b parameters thus the cell 
volume remains the same. Although a lowering of 
the Cs- and Mg-ETS-4 volumes at LT conditions is 
observed these structures remain less compressed 
than that one of the Ba- ETS-4 one (Fig. 2). 

Framework atoms position at LT conditions

The framework topology of the studied com-
pounds remains stable but some of the fractional 
coordinates of the framework atoms shift from 
their positions found for RT experiments in order 
to adapt the structure to the low temperature con-
ditions (Table 3). Thus the structures contraction 
accompanied by atom positions shifts influence the 
bond distances (Table 4) and angles in all the stud-
ied compounds. 

In the Cs-ETS-4 sample all framework positions 
remain almost unchanged most probably because all 
of the channels are occupied by cations (A1 – Na+, 
A2 – K+ and Cs+ and A3 – Cs+) and the coordination 

Fig. 2. Unit cell parameters of K-Na-ETS-4 and exchanged forms at RT and LT

bonding between the framework oxygens and the 
extra-framework cations stabilize the structure. The 
Mg-ETS-4 sample behaves similarly and the frame-
work atoms remain at the same positions except the 
Ti2 one which shifts along the c axis to a position 
lying exactly on the mirror plane perpendicular to it 
(Table 3.). Such a shift of the Ti2 atom from general 
to a special position was reported for Ba-ETS-4 after 
the ion exchange and a possible change of the Ti2 
coordination from five to six was previously sug-
gested [8]. In the case of Mg-ETS-4 the shift of the 
Ti2 position is most probably due to readjustment 
of the framework occurring upon the LT conditions 
of the experiment. In the most distorted Ba-ETS-4 
framework the atomic positions of Si1, Ti2 and most 
of the framework oxygen atoms remain unchanged. 
In this case the framework responses to the temper-
ature lowering by a cooperative rotation of Si2O4 
and Ti1O6 polyhedra. This is expressed by shift of 
the Si2 and Ti1 atoms from the special positions in 
[001] direction and split of the O1 and O2 atomic 
positions. In order to preserve the framework topol-
ogy and chemical stoichiometry these new positions 
have been refined as half occupied. 

L. Tsvetanova et al.: Crystal structures of Cs+, Mg2+, Ba2+ ion exchanged ETS-4 at RT and 150K
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Extra-framework cations and water molecules 
positions at LT conditions

The extra-framework atoms positions remain 
almost unchanged at LT conditions for all of the 
studied samples. The LT structure refinements 
confirm a significant reduction of the thermal vi-
bration effects of the extra-framework population, 
as shown by the magnitude of the thermal displace-
ment ellipsoids at RT (290 K) and LT (150 K) in 
Table 3. Only in Cs-ETS-4 the Cs1 position splits 
into two ones – Cs1 and Cs3 thus allowing more 
isometric displacement ellipsoids to be obtained 
(Table 3).

CONCLUSIONS

The LT conditions enhance the structure con-
traction of Mg- and Cs-ETS-4, as the contraction 
potential of these structures is not fully realized 
during the ion exchange process. In Ba-ETS-4 the 
compression ability of the structure is manifested 
already upon the ion exchange procedure and the 
structure response to the LT conditions acts mainly 
through changing of the deformation direction. At 
150 K the Cs- and Mg-ETS-4 structures remain less 
compressed than that one of the Ba-ETS-4.

The LT structure refinements confirm a signifi-
cant reduction of the thermal vibration effects of the 
extra-framework population. 

The flexibility of the ETS-4 framework is most 
pronounced for the titano-silicate bridging unit in-

cluding the T2O5 and Si2O4 polyhedra. Both ion ex-
change and temperature lowering shift the Ti2 atom 
to a position closer to or placed on the mirror plane, 
giving evidence that the position of the Ti2 atom 
with respect to the mirror plane does not define ex-
plicitly its coordination. 
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Table 4. Framework interatomic distances (Å) for structure refinements at RT and LT

Bond length Cs ETS-4 RT Cs ETS-4 LT Mg ETS-4 RT Mg ETS-4 LT Ba ETS – 4 RT Ba ETS – 4 LT

Si1-O1 1.609(4) 1.605(6) 1.607(3) 1.605(3) O11   1.761(19)
O12   1.632(15)
O13   1.63(2)

O11  1.725(16)
O12  1.617(12)

Si1-O2 (x2) 1.605(8) 1.588(10) 1.603(5) 1.605(5) 1.555(10) O21 1.669(15)
O22 1.539(13)

Si1-O3 1.644(12) 1.648(16) 1.636(7) 1.626(7) 1.589(15) 1.603(14)
Si2-O3 (x2) 1.673(11) 1.652(15) 1.638(7) 1.648(7) 1.625(19) 1.84(2) 
Si2-O4 1.640(9) 1.631(12) 1.620(5) 1.620(5) 1.660(11) 1.728(12)
Si2-O5 1.59(3) 1.54(3) 1.619(16) 1.598(15) 1.60(4) 1.63(3) 
mean Si-O 1.63(1) 1.61(1) 1.62(1) 1.617 1.62(4) 1.66(8)
Ti1-O2 (x4) 1.952(8) 1.951(11) 1.961(5) 1.962(4) 1.949(12) O21 1.651(14)(x2)

O22 1.925(15)(x2)
Ti1-O6 (x2) 1.953(6) 1.932(7) 1.925(3) 1.924(3) 1.955(6) 1.930(5)
Ti2-O5 (x4) 1.94(3) 1.97(4) 1.927(15) 1.917(15) 1.93(4) 1.91(3)
Ti2-O7 (x2) 1.87(13) 1.9(2)

2.4(2)
1.74(4) 1.97(4) O71    1.91(7)

O23    1.97(4)
1.89(2)

mean Ti-O 1.93(1) 2.03(1)? 1.88(9) 1.94(3) 1.94(6) 1.86(1)
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кристални стрУктУри на Cs+, Mg2+, Ba2+ йОннО ОБменени  
ОБразци на ETS-4 при стайна (290 K)  

и ниска температУра (150 K)

л. цветанова1*, л. димова1, с. фердов2, р. николова1

1 Институт по минералогия и кристалография, Българска академия на науките,  
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2 Department of Physics, University of Minho, 4800-058 Guimarães, Portugal

постъпила февруари, 2013 г.; приета май, 2013 г.

(резюме)

Обменени с Cs+ , Mg2+, and Ba2+ катиони образци от титано-силиката ETS-4 са изследвани чрез монокриста-
лен рентгеноструктурен анализ при температура от 150 K. получените структурни данни са сравнени с тези 
от рентгеноструктурния анализ на същите образци при стайна температура 290 K. получените резултати по-
твърждават, че нискотемпературните изследвания позволяват прецизно уточняване на атомните параметри и 
минимизиране на ефекта на температурните трептения и позиционната неподреденост на атомите. 

L. Tsvetanova et al.: Crystal structures of Cs+, Mg2+, Ba2+ ion exchanged ETS-4 at RT and 150K
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The biodegradation of aniline is of a great concern and has attracted many researchers’ attention. Because of its 
toxic and recalcitrant nature as well as the wide application of aniline containing chemicals, aniline is considered to 
be an increasing threat both to the environment and to human health. 

Microbial transformation and degradation are major mechanisms to eliminate aniline from the environment. Most 
of the microorganisms found in the nature, industrial and clinical environments are attached to a surface. 

The aim of this study is to synthesize new hybrid biocompatible materials, to investigate the obtained matrices for 
their ability to hold biofilm formation. 

It was report about comparison of the formation of biofilms from model gram-negative bacteria Pseudomonas 
species 1625 onto different, newly synthesized hybrid carriers. Some kinetic investigations on aniline biodegradation 
applying obtained biofilms are also discussed. 

Key words: biodegradation, aniline, biofilms, carrier.

INTRODUCTION

Aniline is a widely distributed environmental 
pollutant resulting from the manufacture of dye ma-
terials [1] and agricultural chemicals such as herbi-
cides [2]. Because of its toxic and recalcitrant na-
ture and the wide application of aniline containing 
chemicals, aniline is considered to be an increasing 
threat both to the environment and to human health. 
Thus, the fate of aniline in the environments is a 
great concern. Microbial transformation and degra-
dation are major mechanisms to eliminate aniline 
from the environment. 

Most of the microorganisms found in the na-
ture, industrial and clinical environments are at-
tached to a surface. Separated cells attached to the 
same surface can “communicate”, and thus form a 
complex structure known as biofilm. Biofilms are 
complex communities of microorganisms attached 
to any surface or associated with interfaces. They 

could be successfully used in a process of bioreme-
diation. This is an innovation technology, which 
controls the pollutants using biological systems for 
degradation or biotransformation of different toxic 
compounds. Taking in consideration the efficiency 
of the bioremediation by means of different micro-
bial strains the aim of this study is to investigate the 
creation and application of biofilms for wastewater 
treatment.

The biodegradation of aniline is of a great con-
cern and has been attracted many researchers’ atten-
tion. Up to date, it is well recognized that aniline can 
be efficiently removed by aerobic biological treat-
ment [3–5], and many aniline-biodegradation bac-
teria such as Pseudomonas sp. [6]. Microbial trans-
formation and degradation are major mechanisms 
to eliminate aniline from the environment. Bacterial 
species of Pseudomonas [7–9], Rhodococcus [10], 
Frateuria [11], Moraxella [12] and Nocardia [13] 
have been shown to be able of aniline and its deriva-
tives degradation.

Some recent investigations show that the isolat-
ed strain, PN1001, a member of the Pseudomonas 
species is capable to do degradation of 93% and 
89% of pentylamine and aniline, respectively. 
Additionally, authors revealed that aniline being 
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more toxic demonstrates a more complex degrada-
tion pathway [14]. 

The aim of this study is to synthesize new hy-
brid biocompatible materials, to investigate the ob-
tained matrices for their ability to hold biofilm for-
mation as well as to synthesize and characterize new 
three-dimensional co-networks based on pure organic 
N–acryloylglycine. Additionally herein, we report 
about comparison of the formation of biofilms from 
model gram-negative bacteria Pseudomonas species 
1625 onto different, newly synthesized hybrid carriers. 
Some kinetic investigations on aniline biodegrada-
tion applying obtained biofilms are also discussed. 

EXPERIMENTS AND EQUIPMENT

Reagents

2,2’-azobis(2-methyl proponitrile) (AIBN) and 
glycine were provided by Acros Organics. Poly 
(ethylene glycol) dimethacrylate (PEGDM 550, 
Mw = 550 g/mol) N,N’-methylenebisacrylamide 
(BIS), N, N-dimethylacetamide (DMAc) and acry-
loylchloride were purchased by Sigma-Aldrich. All 
products were used without any further purification. 
Pseudomonas species 1625 microbial strain was pur-
chased by the National collection for industrial and 
cell cultures (NBIMCC) of Bulgaria. Salts for nutri-
ent medium were obtained from Merck (Germany). 
Glucose and bovine serum albumin were obtained 
from Fluka (Switzerland). All other chemicals were 
of reagent grade or better.

Cell culture

Pseudomonas species 1625 were growth on solid 
agar medium for 24 hours at 28 °C. Further colonies 
were picked up and suspended in liquid nutrient me-
dium at pH 7.0 (14 g/L yeast extract; 15 g/L potassium 
aspartate; 8 g/L KNO3; 0.025 g/L MnSO4; 0.060 g/L 
FeCl3.6H2O; 0.025 g/L (NH4)6MoO24.4H2O) sup-
plemented with 10% glucose. After incubation for 
24 h in bath shaker at 28 °C, pH 7.0, the cells were 
suspended in the same nutrient medium containing 
different concentration of aniline under the same 
conditions.

Carriers for biofilm formation

The following three different polymeric ma-
trices were used for biofilm formation during the 
experiments:

Ti based matrices were synthesized by incor-
poration of organic polymer (cellulose acetate bu-
tyrate (CAB)) and copolymer of polyacrylonitril 
and acrylamide (Poly (AN-co-AA)) to inorganic 

network according to [15]. The other two types of 
polymer membranes are based on N–acryloylglycine 
(NAGly) – poly (N-acryloylglycine) (PNAGly). 

Preparation of NAGly

NAGly was prepared by adapted method of 
Bentolila et al. [16]. It was synthesized by a 
Schotten-Baumann reaction in aqueous phase as 
following: 4.50 g of glycine (60 mmol) were dis-
solved in 60 mL of 2M solution of potassium hy-
droxide. The mixture was cooled at 0ºC with a wa-
ter ice bath for about 10 minutes. 6 mL of acryloyl 
chloride (73.6 mmol) were added to the mixture 
drop wise using a dropping funnel. At the end of the 
reaction (TLC monitoring) the solution was washed 
with 2×40 ml of diethyl ether and the separated aque-
ous phase was acidified to pH = 2. The aim product 
was extracted with 3×40ml ethyl acetate. After dry-
ing the organic phase over MgSO4, the residue was 
concentrated with a rotary evaporator. 

Preparation of membrane based on PNAGly

Two different types of membranes were syn-
thesized according to the methodology described 
above. The overall composition of the networks 
was varied from 90 to 10 w% of each compound. 
All investigated co-networks were reported as 
PNAGly/PEGDM (x/y) or PNAGly/BIS (x/y). The 
numbers between brackets (x/y) correspond to the 
PNAGly and cross linker weight proportions, re-
spectively. For example, a co-network obtained 
from a mixture of 450 mg of NAGly and 50 mg 
PEGDM was noted PNAGly/PEGDM (90/10). 
The mixture was stirred and degassed to remove 
all traces of oxygen (radical inhibitor). Finally, 
25 mg of AIBN were added at the last moment 
to avoid the rapid decomposition of the initiator. 
The contents of the flask was taken with a pipette 
and placed between two glass plates separated by 
a Teflon film and held together by a clamp system 
to ensure the sealing of the experimental device. The 
device was placed in an oven and treated according 
to the following thermal program: 2.5 h at 60 °C to 
complete polymerization and then one hour at 120 °C 
to achieve a post-curing. After polymerization, the 
crosslinked polymer was detached from the device 
and vacuum dried at 60 °C.

Formation of biofilm

The obtained matrices were placed in the cell 
suspension with nutrient medium and the biofilms 
were formed by cell adhesion. The binding of cells 
was carried out at pH 7 and temperature 28 °C un-
der continuous stirring in bath shaker (220rpm). 

D. Marinkova et al.: Investigation of newly synthesized biocompatible materials as biofilm carriers
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Biofilm formation was studied at 24, 48, 72, 96 and 
120 h. Every 24 h the matrixes were washed up by 
physiological solution and suspended in the fresh 
nutrient medium.

Methods

Biochemical analyses

The absorbance of the biomass of free cells and 
this produced by biofilms was measured at 590 nm 
with a Perkin-Elmer Lambda 2 spectrophotom-
eter (Germany). The renovation of the biofilm was 
monitored microscopically as well as by means of 
the turbidity (OD-590) of the effluent. Cell growth 
of suspended and immobilized cells was also deter-
mined as dry cell weight, according to the method 
described by Mallette [17]. All samples were dried 
till they reached a constant weight at 105 °C.

The extracellular protein content attach to the 
matrixes was measured using a modified Lowry 
method, [18] as described by Raunkjaer et al [19]. 
The exopolysaccharide content was measured using 
the anthrone method modified by Raunkjaer et al. 
[18] to eliminate the effect of a non anthrone-spe-
cific color development.

Gas chromatography analysis

In order to detect the biodegradation of aniline by 
free cells and biofilms from Pseudomonas species 
1625, samples of 1 ml were taken at a specified hour 
and were submitted for testing at the Department of 
Biotechnology, UCTM, Bulgaria using a Shimadzu 
gas chromatograph GC-2010 with flame ionization 
detector (FID) and Rtx-5 column. The following 
temperature gradient was used. Starting with iso-
cratic temperature of 120 °C for 8 min and then in-
creasing to 220 °C with 10/min step. The tempera-
tures of the injector and detector were 305 °C. The 
carrier gas was helium at 1.7 mL/min. 

RESULTS AND DISCUSSION

Initially, we started with investigation of bio-
chemical properties of formed biofilms onto newly 
synthesized hybrid membranes. The dynamic of 
proteins and extracellular polysaccharides produc-
tion by biofilms were studied. 

Dynamics of extracellular proteins production 
from biofilms of Pseudomonas species 1625 

formed onto different polymer matrices

After the culture was developed and a biomass 
was accumulated, polymer carriers were added to 

the cell suspension for biofilms formation. The ki-
netic of proteins and polysaccharides produced by 
biofilms formed on two different types of polymer 
carriers for 120 hours was tracked and the 24th hour 
was assumed as initial period for the incubation. 
The quantity of proteins synthesized from biofilms 
of Pseudomonas species 1625 on different types of 
matrices is shown on Figure 1. 

The figure shows that a larger quantity of pro-
teins is produced from biofilms formed on PNAGly/
PEGDM matrix. A gradient increase of the quan-
tity of the produced proteins was observed until the 
72nd hour of incubation onto two types of biofilms. 
Further the protein concentration followed by a sig-
nificant rise to the 96th hour into biofilm formed 
onto PNAGly/PEGDM matrix. The production 
again became gradient, reaching 106.87 mg.g–1 at 
the 120th hour.

The concentration of proteins from biofilm 
formed on a matrix PNAGly/BIS increased propor-
tionally to the incubation time of maturing. 

The figure also reveals that considering the 
produced proteins, the polymer matrix based on 
PNAGly/PEGDM is a better carrier for biofilm 
formation. 

Dynamics of extracellular polysaccharides 
production from biofilms of Pseudomonas species 

1625 formed onto different polymer matrices

Kinetics of polysaccharide production from 
the formed biofilms is presented on Figure 2. The 
figure shows that the quantity of polysaccharides 
produced from biofilms formed on a matrix of 

Fig. 1. Kinetic of proteins production from biofilms 
formed on PNAGly/BIS and PNAGly/PEGDM matrices
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PNAGly/PEGDM is larger. It can be clearly observe 
that until 48 h of incubation time polysaccharides 
production of biofilm formed onto PNAGly/BIS 
membrane is keeping proportional to the incuba-
tion time, after that slightly increasing. After 48 h 
increasing of polysaccharides producing occurring 
to both biofilms but it is more expressive to bio-
film formed onto matrix of PNAGly/PEGDM. The 
peak about 40 mg.g–1 is at 120th hour. 

Comparing the proteins and polysaccharides 
production from biofilms on the two types of car-
riers we could conclude that the most appropriate 
matrix for biofilm formation is PNAGly/PEGDM. 

Dynamics of the model wastewater purification 
process of biodegradation of aniline from biofilms 

formed onto three different types of matrices 

In the present study the dynamics of aniline deg-
radation from biofilms formed onto different types 
of carriers was also investigated. Our study starts 
with tracking of aniline degradation by free cells of 
Pseudomonas species 1625. Single nutrient source 
aniline in different concentrations: 0.1 mg.ml–1,  
0.5 mg.ml–1 and 1 mg.ml–1 were used. Samples were 
taken at every 6 h and they were monitored by gas 
chromatography. 

The results for dynamics of degradation are 
shown on Figure 3. 

Figure 3 shows that decreasing of the concen-
tration of substrate is the best using as an initial 
concentration 0.5 mg.ml–1 and 1 mg.ml–1 of aniline. 
Degradation is proportional to incubation time and 
after 72 h the aniline is completely biotransformed. 

Concerning the lowest initial concentration of ani-
line it is observed a detention and slightly decreas-
ing after 60 h. 

On the ground of experimental results men-
tioned above in this study it was followed biodeg-
radation of aniline by biofilms formed onto three 
different types of carriers in the initial concentra-
tion of 1 mg.ml–1. 

On Figure 4 is presented dinamics of aniline 
degradation by biofilms formed from Pseudomonas 
species 1625. 

Fig. 2. Kinetics of the polysaccharides production from 
biofilms formed on PNAGly/BIS matrix and PNAGly/
PEGDM matrix

Fig. 3. Dynamics of the aniline degradation by free cells 
of Pseudomonas species 1625

Fig. 4. Dynamics of the aniline degradation in initial con-
centration of 1 mg.ml–1 by biofilms of Pseudomonas spe-
cies 1625 formed onto different types of carriers
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Fig. 5. SEM images of the surfaces of PNAGly/PEGDM sample without (a) and with (b) cells of Pseudomonas 
species 1625

Figure 4 reveals that the application of biofilms 
is preferable to free cells as it is clearly observed that 
they are more capable of substrate degradation at 
initial concentration of 1 mg.ml–1. In addition, it was 
showed that all three biofilms do completely degra-
dation of aniline after 96 h of incubation time. 

In the biofilm formed onto polymer carrier based 
on (AN+AA)+CAB+TBOT the depletion of aniline 
is characetrisized with a slightly detention between 
24 and 60 h. For biofilms formed onto new hy-
brid polymer matricies based on PNAGly/BIS and 
PNAGly/PEGDM is observed that aniline degrada-
tion is proportional of the incubation time. From the 
experimental results is shown that the aniline degra-
dation of biofilm formed onto matrix of PNAGLy/
PEGDM is the best expressed. 

Structure and stability of biofilms

The structure of obtained biofilms was visual-
ized by electronic microscopy. Some of the results 
are shown in Figure 5 and 6.

SEM images show that Pseudomonas species 
1625 cells are formed a biofilm onto both matri-
ces. But the microscopic analysis clearly presents 
that the biofilm is thicker onto matrix based on 
PNAGly/PEGDM. 

CONCLUSION

Our study reveals that it is possible to pre-
serve the biological integrity of a living organism 
(Pseudomonas species) in newly obtained matri-
ces. Additionally, the obtained results show that the 
most appropriate carrier for biofilm formation from 
the cells of Pseudomonas species 1625 is the matrix 
based on NAGly/PEGDM. Finally our results re-
veal that the matrix obtained by PNAGly/PEGDM 
is the best according to biofilm formation and ani-
line biodegradation.
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(резюме)

Биоразграждането на анилина е проблем от голямo значение и привлича вниманието на много изследова-
тели. съдържанието на анилин в околната среда е заплаха за човешкото здраве, което налага разкриване на 
нови методи за пречистване. изследователи докладват за редица случаи на микробна трансформация за раз-
граждане на това токсично съединение. повечето от микроорганизмите в природата в промишлени и клинич-
ни среди са прикрепени към дадена повърхност. целта на това изследване е да се синтезират нови хибридни 
биосъвместими материали и да се проучи възможността на получените матрици като носители за формиране 
на биофилми. в настоящото проучване е разгледано сравнението на биофилми, формирани върху различни 
матрици от клетки на грам положителните бактерии Pseudomonas species 1625, както и възможността на био-
филмите да бъдат приложени в процесите на биоразграждане на анилин. 
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Synthesis and characterisation studies of samarium and manganese doped ZnO-rich borophosphate material of 
composition 0.5M – 71.8ZnO – yP2O5 – (27.7 – y)B2O3 where: M = Sm2O3 or MnO, y = 9.7, 13.85, 18 mol% were 
presented. The compositions were prepared by a typical high-temperature ceramic syntheses where ZnO, NH4H2PO4, 
H3BO3 and Sm2O3 (or MnO) of pre-determined ratios were powdered, mixed and placed in alumina crucibles. The 
synthesis was performed at 950 °с for 3 hours in a muffle furnace. Samples were quenched out of the melt to room 
temperatures and after that annealed at 250 °с for 2 hours. 

Samarium and manganese doped ZnO-rich zinc borophosphate compositions were investigated by powder X-ray 
diffraction, differential scanning calorimetry, temperature – modulated differential scanning calorimetry, Raman 
spectra analysis and photoluminescence spectroscopy. The results obtained show that the samples are predominantly 
amorphous, with the presence of crystalline structure in some of them. The main crystalline phases are zinc borate 
phosphate Zn3(BO3)(PO4) and zinc borate α-Zn5B4O11. While samarium doped samples exhibit strong visible (orange 
to red) immediate photoluminescence (scintillation) signal under UV light, manganese doped samples do not exhibit 
visible scintillation signal.

Key words: doped zinc borophosphates, samarium, manganese, crystal structure.

INTRODUCTION

Compositions based on ZnO and P2O5 are both 
scientifically and technologically important ma-
terials because of their interesting characteristics. 
Having in view that the addition of rare earth and 
transition metal ions to such materials usually in-
duces significant changes in their optical, electrical 
and magnetic behaviour, opening thus opportunities 
in the finding of new applications, careful structural 
investigations of compositions containing rare earth 
and transition metal ions become necessary [1–5].

In this work we present synthesis and characteri-
sation studies of samarium and manganese doped 
ZnO-rich borophosphate material of composition 
0.5M – 71.8ZnO – yP2O5 – (27.7 – y)B2O3 where: 
M = Sm2O3 or MnO, y = 9.7 mol%, 13.85 mol%, 
18 mol%. 

Samarium and manganese doped ZnO-rich 
borophosphate compositions were investigated by 
powder X-ray diffraction, differential scanning ca-
lorimetry (DSC), temperature – modulated DSC 
(TMDSC), Raman spectra analysis and photolumi-
nescence spectroscopy. 

EXPERIMENTAL 

Sample preparation

All samples were prepared by high-temperature 
ceramic methods using ZnO, NH4H2PO4, н3вО3 and 
Sm2O3 (or MnO) as starting materials. The reagents 
were thoroughly mixed, placed in alumina crucibles 
and heated at 950 °C for 3 hours in a muffle furnace. 
The obtained homogeneous melts were then poured 
onto a graphite plate and by manual pressing have 
reached a suitable thickness (1–2 mm). Then the 
samples were annealed at 250 °C for two hours. 
Synthesized compositions are homogeneous, not 
hygroscopic and transparent glass. They are eas-
ily reproducible. List of the samples is presented 
in Table 1.
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Density measurements

Density measurements were carried out accord-
ing to the Archimedes method using deionised wa-
ter of density 1 gm cm–3 as an immersion liquid. 

Powder X-ray diffraction analysis

Powder X-ray diffraction data were collected on 
Bruker diffractometer operating with a Cu –Kα ra-
diation source (λ = 1.5406 nm), in steps of 0.02° over 
the range of 10–80° 2θ, with a time per step of 2.8 s. 
The crystalline phases were identified using the pow-
der diffraction files PDF 19-1455 and PDF 86-2017 
from database JCPDS – International Centre for 
Diffraction Data PCPDFWIN v.2.2 (2001) [6–8].

Raman spectroscopy analysis

The Raman studies were conducted using the 
1064 nm Nd:YAG laser line at a power of 700 mW 
and a RAM II spectrometer (Bruker Optics) having 
a resolution of 2 cm–1.

Differential Scanning Calorimetric and 
Temperature Modulated DSC analysis

DSC and TMDSC measurements were performed 
using TA Instruments DSC Q100 and DSC 2910 
with attached Fast Air Cooling System (FACS) and 

Refrigerating Cooling System (RCS). The samples 
(20–22 mg) were placed in aluminium hermetic 
pans. A heating rate of 10 K/min was used.

Photoluminescence measurements

The photoluminescence spectra were measured 
by optical CCD Avantes spectrometer Avaspec 
2048, operating at 25 MW in the range 250–1100 nm 
at room temperature. As a light source was used 
450 nm wavelength laser diode.

RESULTS AND DISCUSSION

Density measurements

The data obtained from density measurements 
of the samples are presented in Table 2. There are 
some variations in the density as a function of the 
B2O3 content. Addition of B2O3 in zinc phosphate 
glasses causes an increase in oxygen-packing densi-
ty that may squeeze the structure of the sample. This 
may be due to the replacement of an equal amount 
of low bond strength glass former P2O5 with B2O3, 
which has high bond strength [9]. Moreover, the 
doped agents (Sm2O3 or MnO) act as a glass modi-
fier, which increases the fraction of non-bridging 
oxygen atoms and leads to increased porosity and 
reduced density of the glass. 

Table 1. List of the non-doped and Sm or Mn doped zinc borophosphate samples

Sample, № 
Composition

ZnO, mol% B2O3, mol% P2O5, mol% Sm2O3, mol% MnO, mol%

1 72.31 9.69 18.00 – –
2 72.31 13.84 13.85 – –
3 72.31 18.00 9.69 – –
4 71.81 9.69 18.00 0.50 –
5 71.81 13.84 13.85 0.50 –
6 71.81 18.00 9.69 0.50 –
7 71.81 9.69 18.00 – 0.50
8 71.81 13.84 13.85 – 0.50
9 71.81 18.00 9.69 – 0.50

Table 2. Density of the non-doped and Sm or Mn doped zinc borophosphate samples

Undoped samples Samples doped with Sm Samples doped with Mn

Sample, 
№

B2O3,
mol%

Density 
(ρ), gm cm–3

Sample,
№

B2O3,
mol%

Density 
(ρ), gm cm–3

Sample,
№

B2O3,
mol%

Density
(ρ), gm cm–3

1 9.69 2.035 4 9.69 1.861 7 9.69 1.842
2 13.84 2.157 5 13.84 1.887 8 13.84 1.916
3 18.00 2.023 6 18.00 1.888 9 18.00 1.961

G. Patronov et al.: Study of zinc borophosphate compositions doped with samarium and manganese
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Powder X-ray diffraction data

The results obtained show that the samples are 
predominantly amorphous, with the presence of 
crystalline structure in some of them (Fig. 1). The 
main crystalline phases are zinc borate phosphate 
Zn3(BO3)(PO4) and zinc borate α-Zn5B4O11 (Fig. 2). 
The appearance of borate and phosphate in the crys-
tallization products shows the important role of PO4 
and BO4 structural units in the structural network 

of borophosphate glasses. It is possible to suggest 
based on other authors’ studies that these borophos-
phate glasses contain B–O–P linkages within their 
structural network [2, 10]. 

Raman spectroscopy data

Raman spectra of the glass samples are presented 
in Fig. 3. They contain a vibrational band at 968 cm–1 
ascribed to the vibrations of isolated PO4 units in the 

Fig. 1. Powder X-ray diffraction patterns for synthesized samples

G. Patronov et al.: Study of zinc borophosphate compositions doped with samarium and manganese
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structural network of borophosphate glasses at the 
B2O3 – rich side [2].

Differential Scanning Calorimetric and 
Temperature Modulated DSC data

Figure 4 reveals typical examples of scanning 
with DSC and TMDSC. Figure 5 presents the de-
pendence of the glass transition temperature ob-
tained by DSC and TMDSC versus the content of 
B2O3. Increasing the content of B2O3 is associated 
with increased glass transition point, indicating a 
higher stability of the glass.

Values of the glass transition temperature for 
the same composition as measured by the heat flow 
(DSC) and the specific heat (TMDSC) differ mini-

Fig. 3. Raman spectra of the glass samples

Fig. 2. Powder X-ray diffraction pattern for sample № 5

mally as shown in Fig. 5. The difference due to the 
fact that these values characterize the different areas 
of the same viscosity curve at Tg for the glassy ma-
terial according to previous studies [11].

Photoluminescence measurements

Representative emission spectra for synthesized 
samples are illustrated in Figure 6. All of Sm-doped 
samples display photoluminescence in contrast to un-
doped samples and those with manganese. Typical 
photoluminescence of Sm3+ ions is observed with 
three emission bands corresponding to transitions:

564 nm – 4G5/2 → 6H5/2
600 nm – 4G5/2 → 6H7/2
645 nm – 4G5/2 → 6H9/2

G. Patronov et al.: Study of zinc borophosphate compositions doped with samarium and manganese



540

Fig. 4. DSC and TMDSC data of the glass sample № 4

Fig. 5. Dependence of the glass transition temperature obtained by DSC 
and TMDSC versus the content of B2O3

G. Patronov et al.: Study of zinc borophosphate compositions doped with samarium and manganese
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The band at 600 nm, which corresponds to or-
ange emission, is the most intense [12, 13].

CONCLUSIONS

Samarium and manganese doped ZnO-rich 
borophosphate compositions were investigated by 
powder X-ray diffraction, differential scanning ca-
lorimetry (DSC), temperature – modulated DSC, 
Raman spectra analysis and photoluminescence 
spectroscopy. 

The results obtained show that the samples are 
predominantly amorphous, with the presence of 
crystalline structure in some of them. The main 
crystallization phases are zinc borate phosphate 
Zn3(BO3)(PO4) and zinc borate α-Zn5B4O11. 

When samarium doped samples exhibit strong 
visible (orange to red) immediate photolumines-
cence (scintillation) signal under UV light, manga-
nese doped samples do not exhibit visible scintil-
lation signal in glass-ceramics materials we have 
prepared (Mn doped materials need extra work to 
reveal their potential). 

Fig. 6. Photoluminescence spectra of samples №1, 4–6, 9 at excitation wavelength 450 nm

Synthesized glassy and glass-ceramic mate-
rials are all transparent, stable, and strong to me-
chanical damage. In addition, these materials are 
not hygroscopic what made them a good candi-
date for a number of sensing, optical security etc. 
applications.
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(резюме)

настоящото изследване представя синтез и характеристика на богати на ZnO борфасфатни материали, 
дотирани със Sm и Mn, със състав 0.5M – 71.8ZnO – yP2O5 – (27.7-y)B2O3, където M = Sm2O3 или MnO, 
y = 9.7, 13.85, 18 mol%. композициите са получени чрез високотемпературен синтез от ZnO, NH4H2PO4, 
H3BO3 и Sm2O3 (или MnO) в определено съотношение, които са стрити, смесени и поставени в керамичен 
тигел. синтезът е извършен при температура от 950 °с за 3 часа в муфелна пещ. пробите са охладени до 
стайна температура и след това темперирани при 250 °с за 2 часа. 

Богатите на ZnO борфасфатни композиции, дотирани със Sm и Mn, са изследвани чрез рентгеноструктурен 
анализ, диференциална сканираща калориметрия, температурно – модулирана диференциална сканираща ка-
лориметрия, раман спектрален анализ и фотолуминесцентна спектроскопия. получените резултати показват 
преимуществено аморфния характер на пробите, с наличие на кристална структура в някои от тях. Основните 
кристални фази са Zn3(BO3)(PO4) и α-Zn5B4O11. докато дотираните със Sm проби показват силен видим (оран-
жев до червен) фотолуминесцентен (сцинтилационен) сигнал под ултравиолетова светлина, дотираните с Mn 
проби не показват видим сцинтилационен сигнал.

G. Patronov et al.: Study of zinc borophosphate compositions doped with samarium and manganese
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Synthesis and crystal structure of magnesium chlorate dihydrate  
and magnesium chlorate hexahydrate 
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Two magnesium chlorate hydrates, Mg(ClO3)2×6(H2O) (1) and Mg(ClO3)2×2(H2O) (2), have been synthesized by 
slow evaporation from water and ethanol, respectively. The structures were determined by single-crystal X-ray diffrac-
tion at 150 K due to the dehydration-rehydration at room temperature leading to multiple phase transitions. Both com-
pounds crystallized in the monoclinic space group P21/c (SG 14) with respective unit cell parameters of a = 6.3899(3),  
b = 6.5139(3), c = 13.8963(6)Å, β = 100.319(5)°, V = 569.05(5) Å3, Z = 2, R= 0.0210 and a = 6.3707(5), b = 5.4092(3), 
c = 9.8208(6) Å, β = 97.338(6)°, V = 335.66(4) Å3, Z = 2, R = 0.0201. The structure solution shows an octahedral coor-
dination of the Mg2+ for both compounds 1 and 2. In the case of Mg(ClO3)2×6(H2O) the coordination is achieved by the 
water molecules, while for Mg(ClO3)2×2(H2O) the coordination involves two water molecules and is complemented by 
four oxygen atoms from the chlorate moiety.

Key words: magnesium chlorate, hydrates, single crystal.

INTRODUCTION

The coordination chemistry of magnesium is 
well studied because of its role and participation 
in a multitude of reactions in the living organisms. 
Magnesium is an essential component of many 
enzymes [1]. It binds and thus activates ATP and 
participates in the process of energy transfer and 
construction of nucleic acids [2]. The preferred co-
ordination number of magnesium is six [3]. In the 
majority of known crystal phases involving the 
participation of magnesium it favors the octahedral 
coordination. 

With the discovery of perchlorates ClO4
– on Mars 

by NASA Phoenix Lander [4] the interest in study-
ing and modeling the oxidized forms of chlorine in-
creased. Between the chloride (oxidation state –1) 
and perchlorate (oxidation state +7) there are three 
other ions – hypochlorite ClO– (oxidation state +1), 
chlorite ClO2

– (oxidation state +3) and chlorate ClO3
– 

(oxidation state +5). Chlorates are of peculiar inter-
est due to their stability [5], though, their structural 
and crystallographic characteristics are similar to 
those of perchlorates. Alkali or alkaline earth metal 

chlorates are intensively studied, mostly sodium 
and magnesium chlorates, which is reasoned by 
the distribution of those elements in nature and the 
low eutectic temperatures of the aqueous solutions 
of Mg(ClO3)2. Magnesium chlorates have different 
industrial applications: in paper production; in agro 
chemistry as herbicide and defoliant; in pyrotech-
nics; and as antiseptic agent [6]. 

The first communication about magnesium chlo-
rate hexahydrate was made by Wachter [7], who ob-
tained it in 1841 from the reaction of barium chlorate 
and magnesium sulfate. Later, Meusser [8] deter-
mined the temperature at which (Mg(ClO3)2).6H2O 
melts in its crystallization water to be 35 °с. In 
addition to the hexahydrate, magnesium chlorate 
forms two other crystal hydrates with two (com-
pound 2) and four water molecules. The phase di-
agram of the system magnesium chlorate – water 
was reported by Linke in 1965 [9]. The tetrahydrate 
form (Mg(ClO3)2).4H2O is stable in the temperature 
range 35–65 °с, while above that temperature the 
stable form is (Mg(ClO3)2).2H2O. 

While the chemical and physicochemical prop-
erties of the anhydrous magnesium chlorate, as 
well as its hydrate forms have been well studied, 
the crystal structure(s) of none the salts were de-
termined. In this study we report the crystal struc-
tures of two of the three magnesium hydrates 
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namely Mg(ClO3)2×6(H2O), (compound 1) and 
Mg(ClO3)2×2(H2O) (compound 2).

MATERIALS AND METHODS

Synthesis

Magnesium chlorates were obtained via the re-
action of barium chlorate monohydrate and mag-
nesium sulfate heptahydrate [7] in equimolar ratio, 
followed by recrystallization in ethanol solution. 

Synthesis of compound 1

Barium chlorate monohydrate (0.322 g, 1.0 mmol) 
was dissolved in 20 ml distilled water. Magnesium 
sulfate heptahydrate (0.246 g, 1.0 mmol) was dis-
solved in 20 ml distilled water. The water solution 
of magnesium sulfate heptahydrate was slowly add-
ed to the barium one under constant stirring. After 
three hours the mixture is centrifuged for 30 min at 
5000 rpm. The barium sulfate pellet was discard-
ed while the supernatant is transferred to a rotary 
evaporator. The obtained magnesium chlorate was 
recrystallized in 5 ml ethanol.

Colorless single crystals of magnesium chlorate 
hexahydrate, Mg(ClO3)2.6H2O (compound 1), were 
grown by slow evaporation from an aqueous solu-
tion at room temperature. 

Synthesis of compound 2

The synthesis of compound 2 followed the same 
steps as described for compound 1. Colorless sin-
gle crystals of magnesium chlorate dehydrate, 
Mg(ClO3)2.2H2O (compound 2), were grown by 
slow evaporation from absolute ethanol at room 
temperature.

Single crystal X-ray diffraction study

Crystals of compounds 1 and 2 suitable for sin-
gle crystal XRD analysis were placed on a glass 

fiber and mounted on an Agilent, SuperNovaDual 
four-circle diffractometer equipped with Atlas CCD 
detector and using mirror-monochromatized MoKα 
(λ = 0.7107 Å) radiation from a micro-focus source. 
The crystals were flash frozen at 150 K in an N2 gas 
stream (Cobra, Oxford cryosystems) and diffraction 
data were collected at this temperature by ω-scan 
technique. The determination of cell parameters, 
data integration, scaling and absorption correction 
were carried out using the CrysAlisPro program 
package [10]. The structures were solved by direct 
methods using ShelxS [11] and refined by full-ma-
trix least-square procedures on F2 with ShelxL-97 
[11]. The hydrogen atoms were located from dif-
ference Fourier map and refined as riding on their 
parent atoms, with Uiso(H) = 1.2Ueq(O). 

RESULTS AND DISCUSSION

The crystal structures of the magnesium chlorate 
hydrates (di-, tetra- and hexa- hydrates) have not 
been reported although the synthesis of these three 
magnesium chlorates has been published [12]. The 
performed check (ICDD-PDF and ICSD) revealed 
that similar magnesium chlorates (where the water 
is replaced by another small highly polar molecule 
e.g. urea) have been characterized. 

The structures of some magnesium oxychlorides 
have also been reported (Mg(ClO4)2.6H2O) [13] and 
(Mg(ClO2)2.6H2O) [14]). The problem with the crys-
tal structure determination of magnesium chlorates 
is associated with their relative instability at ambient 
temperature. Actually, the performed room temper-
ature data collection resulted in good diffraction of 
the crystals for 10–15 minutes after what diffraction 
disappeared almost instantly. The attempted X-ray 
powder data collection was also unsuccessful. Thus 
we performed single crystal data collection by flash 
freezing the crystals in N2 at 150 K.

An ORTEP view with 50% probability of the 
molecular structures of compounds 1 and 2 and the 
atom numbering scheme is shown in Figure 1. The 
experimental conditions are summarized in Table 1. 

Fig. 1. View of the molecular 
structures of compounds 1 
and 2 with atomic num bering 
scheme. Displacement ellip-
soids for the non-H atoms 
are drawn at the 50% proba-
bility level. The H atoms are 
presented with spheres with 
arbitrary radii

K. Kossev et al.: Synthesis and crystal structure of magnesium chlorate dihydrate and magnesium chlorate hexahydrate
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Selected bond distances and bond angles are listed 
in Table 2. Hydrogen bonding geometry is presented 
in Table 3. The data for publication were prepared 
with WinGX [15], ORTEP [16], and Mercury [17] 
program packages. 

As expected, the crystal structure of the hexahy-
drate consists of discrete [Mg(H2O)6]2+ octahedra 
and chlorate anions (Fig. 2). The [Mg(H2O)6]2+ oc-
tahedra are connected via hydrogen bonds to chlo-
rate anions, where every H atom of the six water 

Table 1. Crystal data and most important refinement indicators for compounds 1 and 2

1 2
Empirical formula Cl2H12MgO12 Cl2H4MgO8
Molecular weight 299.31 227.24
Crystal size (mm) 0.32 × 0.30 × 0.28 0.23 × 0.21 × 0.18
Crystal habit, color prism, colorless prism, colorless
Crystal system Monoclinic Monoclinic
Space group P21/c P21/c
T(K) 150 150
Radiation wavelength (е) 0.71073 (Mo Ka) 0.71073 (Mo Ka)
a (е) 6.3899(3) 6.3707(5)
b (е) 6.5139(3) 5.4092(3)
c (е) 13.8963(6) 9.8208(6)
α (o) 90 90
β (o) 100.319(5) 97.338(6)
γ (o) 90 90
V (е3) 569.05(5) 335.66(5)
Z 2 2
d (mg. m–3) 1.747 2.248
μ (mm–1) 0.67 1.06
diffractometer Agilent SupernovaDual Agilent SupernovaDual 
Detector, resolution mm–1 Atlas CCD, 10.3974 pixels Atlas CCD, 10.3974 pixels
radiation source, wavelength (Å) Mova(Mo) X-ray source, λ = 0.7107 Mova(Mo) X-ray source, λ = 0.7107
Absorption correction multi-scan, CrysAlisPro multi-scan, CrysAlisPro
Refinement, Least-squares matrix F2, Full F2, Full
Reflections collected/I>2σ (I) 3955/1288 1388/788
parameters 94 61
R1 (F2 > 2σ (F2)) 0.021 0.02
wR2 (all data) 0.057 0.055
GOF 1.08 0.83
Extinction correction none 0.049(5)
Δρmax/ Δρmin (e Å–3) 0.32/–0.45 0.23/–0.33

Table 2. Selected geometrical parameters for compounds 1 and 2 (Å, °)

Bond distance
compound 1 compound 2

Cl1 — O2 1.4923(8) Cl1 — O1 1.5019 (9)
Cl1 — O3 1.4808(9) Cl1 — O3 1.4793(11)
Cl1 — O6 1.4843(8) Cl1 — O4 1.4850 (9)
Mg2 — O1 2.0481(8) Mg1 — O1 2.1039(9)
Mg2 — O4 2.0455(8) Mg2 — O4 2.0733(10)
Mg2 — O5 2.0703(8) Mg2 — O5 2.0429(10)
Bond angle
O1— Mg2 — O5 88.07(3)/91.93(3) i O5— Mg1 — O1 89.48(4)/90.52(4)ii

O4— Mg2 — O1 90.62(4)/89.38(4) i O5— Mg1 — O4 88.96(4)/91.04(4)ii

O4— Mg2 — O5 90.45(4)/89.55(4) i O4— Mg1 — O1 88.05(4)/91.95(4)ii

O3 —Cl1 — O2 107.25(5) O1— Cl — O3 105.98(6)
O3 —Cl1 — O6 106.62(5) O1— Cl — O4 106.48(6)
O6 —Cl1 — O2 107.19(5) O3— Cl — O4 107.41(6)

Symmetry operations: (i) −x, −y, −z+1; (ii) x, y, z−1.

K. Kossev et al.: Synthesis and crystal structure of magnesium chlorate dihydrate and magnesium chlorate hexahydrate
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molecules is in contact with a chlorate anions, 
with a O…O distances in the range of 1.95–2.15 Å  
(Table 3), thus arranging 10 chlorate anions around 
the octahedral unit (Fig. 2). The result is the ap-
pearance of a complex three-dimensional hydro-
gen-bonding network comprising layers of chlo-
rates anions and [Mg(H2O)6]2+ octahedra (Fig. 3). 

In compound 2 the Mg coordination is also oc-
tahedral. However, in compound 2 a chlorate oxy-
gen participates in the Mg coordination sphere. The 
magnesium atom (ion) and four chlorate ions lie in 
one plane, while the water molecules are in axial 

Table 3. Hydrogen bond for compounds 1 and 2 (Å, °)

D—H···A D—H d(H···A) d(D···A) <(DHA)

Compound 1
O1—H1A···O6i 0.801 2.084 2.879(5) 172.0
O1—H1B···O3i 0.804 1.957 2.763(5) 160.7
O4—H4A···O6ii 0.804 1.951 2.739(4) 166.6
O4—H4B ···O2iii 0.809 2.038 2.845(5) 175.3
O5—H5A ···O3i 0.775 2.120 2.886(5) 170.3
O5—H5B···O2iv 0.822 2.087 2.901(5) 177.5
Compound 2
O5—H1···O3v 0.751 2.094 2.843(5) 168.8
O5—H2···O3vi 0.745 2.267 2.942(5) 151.2

Symmetry codes : (i) –x, –1/2+y, 1/2–z; (ii) –1+x, 1/2–y, 1/2+z; (iii) 1–x, -y, 1–z;  
(iv) –1+x, 1/2–y, 1/2+z; (v) –1+x, y, z (vi) 1–x, 1–y, 2–z.

Fig. 2. Hydrogen bonding motif of Mg(ClO3)2×6(H2O)

Fig. 3. Three-dimensional hydrogen-bond networks 
com prising layers of chlorates anions and [Mg(H2O)6]2+ 

octahedra

positions and Mg–O bonds are nearly perpendicular 
to this plane (89.44(5)°). The chlorate molecule acts 
as a bridge between two magnesium atoms (Mg–
O–ClO–O–Mg) and thus produces layers that are 
stacked along a. The layers are stabilized by internal 
hydrogen bonds involving water molecules, O5 and 
chlorate O3. The three-dimensional stabilization 
of the structure is achieved by a bicyclic hydrogen 
O5-H…O3 between the adjacent layers (Fig. 4). 

CONCLUSIONS

The crystal structures of two elusive magnesium 
compounds, Mg(ClO3)2×6(H2O) and Mg(ClO3)2× 
2(H2O) were determined. They will help in the un-
derstanding of the rapid hydration processes and 
multiple phase transitions associated with magne-
sium hydrates and solvates.

K. Kossev et al.: Synthesis and crystal structure of magnesium chlorate dihydrate and magnesium chlorate hexahydrate
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SUPPLEMENTARY MATERIALS

ICSD 425637 and 425637 contain the supplemen-
tary crystallographic data for this paper. Further de-
tails of the crystal structure investigation(s) may be 
obtained from Fachinformationszentrum Karlsruhe, 
76344 Eggenstein-Leopoldshafen, Germany (fax: 
(+49)7247-808-666; e-mail: crysdata(at)fiz-karl-
sruhe.de, http://www.fiz-karlsruhe.de/request_for_
deposited_data.html) on quoting the appropriate 
ICSD number. 

Fig. 4. Three-dimensional stabilization of the structure 
is achieved by a bicyclic hydrogen O5-H…O3 between 
the layers
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синтез и кристална стрУктУра на магнезиев хлОрат дихидрат  
и магнезиев хлОрат хексахидрат

к. косев, л. цветанова, л. T. димова, р. николова, Б. л. Шивачев

Институт по Минералогия и кристалография, БАН, ул. „Акад. Георги Бончев“,  
бл. 107, София 1113, България

постъпила февруари, 2013 г.; приета май, 2013 г.

(резюме)

получени са монокристални образци на магнезиев хлорат Mg(ClO3)2×6(H2O) (1) и Mg(ClO3)2×2(H2O) (2) 
при условията на бавно изпарение, съответно от вода (1) и етанол (2). поради ниската устойчивост на криста-
лите на стайна температура монокристалният експеримент е осъществен на 150 K. рентгеноструктурният ана-
лиз разкрива, че двете съединения кристализират в моноклинната P21/c пространствена група (No 14) с пара-
метри на елементарната клетка a = 6.3899(3), b = 6.5139(3), c = 13.8963(6) Å, β = 100.319(5)°, V = 569.05(5) Å3 
и a = 6.3707(5), b = 5.4092(3), c = 9.8208(6) Å, β = 97.338(6)°, V = 335.66(4) Å3. рафинирането на кристалната 
структура показа, че Mg2+ е октаедрично координиран и при двете съединения. при Mg(ClO3)2×6H2O коорди-
нацията е само от водни молекули, докато при Mg(ClO3)2×2(H2O) координационният октаедър включва две 
молекули вода, а останалите четири позиции се заемат от кислородни атоми на хлоратни йони.

K. Kossev et al.: Synthesis and crystal structure of magnesium chlorate dihydrate and magnesium chlorate hexahydrate
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For this study hourglass shaped specimens of spring steel were subjected to rotating-bending fatigue at different 
stress ranges to fracture. Microstructure observations showed eutectoid (lamellar) structure and characteristics of 
the lamellar microstructure were described. Deeper observations described the influence of the fatigue process on 
microstructure and the crystallography – is there a crystallographic influence on the fatigue as it is seen with other 
materials or not. Electron backscatter diffraction (EBSD) analyses were performed to characterize the crystallography 
of the specimens at different parts of the fractured surface as well as in direction perpendicular to the fracture surface 
to investigate crack path.

Key words: spring steel; microstructure, texture, EBSD.

INTRODUCTION

The materials applied for springs are extended to 
metallic and nonmetallic types, in addition, among 
the metals there are many types, such as, spring steel, 
stainless steel, nickel alloy and so on. Their required 
properties vary accordingly. However, whatever the 
applications are, it is certain that a high stress dur-
ing cyclic loading and prolonged reliability should 
be required. It is generally recognized that the linear 
fracture mechanics allows to be defined the thresh-
old condition of fatigue crack propagation. In high 
strength materials such as spring steels very small 
cracks lead to fatigue fracture. It is well known that 
the fatigue process can be influenced by many differ-
ent factors such as temperature, applied stress, envi-
ronment, microstructure of the material etc. most of 
the measurements on pearlite structures are pointed 
to morphology and formation mechanism of pearl-

ite steels and to give more insight into the problem 
of the nucleation and growth process of pearlite [1, 
2, 3, 4, 5, 6]. Not so many researches are pointed 
to determine the crystallographic orientation in the 
pearlite colony [7, 8]. The aim of this study was to 
investigate the influence of the crystallography on 
specimens tested on specific plastic deformation.

EXPERIMENTAL

Material and specimens: The studied material 
was steel wire, used for springs, with a diameter 
φ = 8 mm and tensile strength σB = 1522 MPa. 
The chemical composition of the steel contains 
0,819 weight % Carbon i.e. hypereutectoid steel 
and is presented in Table 1. The specimens were 
machined from a coiled on reel drawn steel, no 
additional heat treatment was performed before 

Table 1. Chemical composition of the investigated steel (weight %)

C Mn P S Si Al Cr Ni Cu Mo N2

0.819 0.760 0.010 0.001 0.257 0.034 0.251 0.016 0.011 0.003 0.005
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testing. The geometry of the specimens is shown 
on Figure 1(a). Figure 1 (b) represents the direc-
tions of the axis of the specimens i.e. DD – draw-
ing direction (longitudinal axis), RD – radial 
direction (transverse axis). The specimens were 
polished with silicon carbide papers (starting 
with 400-grid, after 500-grid, 600-grid, 800-grid, 
1000-grid, 2000-grid and 2500-grid) before test-
ing so that all surface defects to be removed.

Testing: Hourglass shaped specimens were sub-
jected to symmetric cyclic rotating-bending fatigue 
at different stress ranges (R = –1, f = 11 Hz) in air 
and room temperature to fracture. Tests were per-
formed on a table model Fatigue Rotating Bending 
Machine, FATROBEM-2004, designed and assem-
bled in “Fracture and Fatigue” Laboratory in UCTM 
– Sofia [9]. All the tests were done in the range of 
high cycle fatigue accordingly to the S-N curve of 
the material.

Equipment for characterization and sample 
preparation: Scanning electron microscope (SEM) 
Jeol JSM-6490 was used for microstructure and fa-
tigue fracture surface observations and Jeol JSM-
6500F equipped with field emission electron gun 
(Oxford instruments, HKL technology) for Electron 
backscattered diffraction (EBSD) analysis. Channel 
5 system (HKL Technology) was used for analyz-
ing and presenting the obtained results. A step size 
of 0,8 μm was used to collect data over the surface 
of the specimen, accelerating voltage inside of the 
vacuum camera was 15 kV. 

To reveal the microstructure of the samples 4% 
picric acid solution was used after polishing with 
a 4000-grid silicon paper. The samples for EBSD 
analyses were polished with a 4000-grid silicon car-
bide paper followed by final polishing with colloi-
dal silica solution. 

The specimens were characterized in two mutual 
perpendicular directions (parallel and perpendicu-
lar to fracture surface). Successive polishing steps 
over the fracture surface were performed to identify 
the microstructure behind the nucleation site using 
EBSD technology. Because of the fine microstruc-
ture of the material and the fact that for the most 
materials the ferrite could not be read the EBSD 
analysis for this study were performed with a very 
small step size i.e. 0,08 μm. The characterization 
of the material and the EBSD analysis were done 
in the laboratory LEM3, University of Lorraine – 
Metz, France.

RESULTS AND DISCUSSION

The steel used in this study contains 0,819 wt.% 
carbon which accordingly to the Fe-C phase diagram 
means that it is eutectoid steel with lamellar micro-
structure (alternate layers of ferrite and cementite). 
This is confirmed by proceeded microstructure 
observations (Fig. 2). Typical characteristics of the 
eutectoid microstructure were noticed such as curva-
ture of cementite lamellae, discontinuous cementite 
lamellae, bridges connecting two cementite lamellae, 
branching of the cementite and also primary cement-
ite (Fig. 2 (c)). The presence of primary cementite 
(Fig. 2 (a)) is explained by the higher percentage of 
carbon i.e. hypereutectoid steel. Flattening and wid-
ening of the lamellae respectively oriented parallel 
and perpendicular to DD were noticed on specimen’s 
microstructure (//DD) what could be a result of the 
drawing process. Curvature of the cementite lamel-
lae oriented parallel to DD in the zones close to the 
fracture surface was also found. The interlamellar 
spacing λ at different zones (//DD) of the specimens 

Fig. 1. Geometry of the specimens (a) and the named directions of the axis (b)

L. V. Nikolova: Microstructure and texture analyses on spring steel
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was measured. Each one of the obtained results for 
each zone is an average value from 50 to 60 meas-
urements. The values for the different zones are as 
follows: zones close to the fractured surface (//DD) 
λ = 0.2808 μm; zones from the middle part of the 
specimens (//DD) λ = 0.2847 μm; zones from the 
not deformed specimen (//DD) λ = 0.2668 μm. 

EBSD analyses (Fig. 3) were performed to char-
acterize the crystallographic orientation at different 
parts of the fractured surface as well as in direction 

perpendicular to the fracture surface to investigate 
crack path. As could be seen from the performed 
analysis, the fatigue process in this study was not 
influenced by the crystallography of the material’s 
microstructure. On Figure 3 are illustrated colored 
pole figures for both phases obtained by Channel 5 
system. The figure is showing the texture analysis 
of different specimens and different zones of the 
polished surface. It can be concluded that there is 
no significant change of the texture, but it can be 

Fig. 2. Lamellar microstructure of the material at different areas and different magnifications:  
(a) x1600; (b) x3000; (c) x7500;

Fig. 3. Pole figures (coloured) illustrating the texture of different specimens and in different direc-
tions of geometrical form: (a) zone of the initiation, applied stress Δσ = 1500 MPa; (b),zone of final 
fracture, applied stress Δσ = 1500 MPa; (c) analysis of surface parallel to RD, applied stress Δσ = 
1500 MPa; (d) initial texture of not-deformed material

L. V. Nikolova: Microstructure and texture analyses on spring steel
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noticed only a small difference in the intensity i.e. 
zones with a higher rate of deformation (Fig. 3a, b) 
showed higher rate of texture in comparison to anal-
ysis of the surface parallel to RD (Fig. 3c) and of 
that of not-deformed material (Fig. 3d). As is it seen 
on Fig. 3a there is expressed a slow rate of fiber 
texture clearly seen on pole figure {110} showing 
the texture in planes (101), (110), (01–1).

The initial texture (not-deformed specimens) 
that had been measured showed slow rate of tex-
ture what could be a result of the process of draw-
ing of the material. It is known that by drawing 
the rate of texture is influenced by the difference 
in the ratio of initial diameter/final diameter of the 
drawn material which is confirmed also by other 
researchers [10, 11].

As it is seen on Figure 4 the fatigue crack propa-
gation also was not influenced by the fatigue proc-
ess. The crack is not propagating on a specific crys-
tallographic planes or directions. This might be due 
to very low texture or very high applied stresses 
when we investigate the mentioned kind of influ-
ence. However, more investigations at low stresses 
are necessary to determine whether the crack propa-
gation in this material could be influenced by the 
crystallographic orientation.

CONCLUSIONS

In this work the influence of the crystallography 
on a tested under rotating bending fatigue spring 
steel has been studied. EBSD analysis were per-

formed and expressed by pole figures obtained for 
both phases. The results showed higher rate of fiber 
texture of the more deformed zones of the specimen 
in comparison to the initial one. But still it cannot 
be said that the texture was significantly changed by 
the performed deformation.

From the performed observations it can be 
concluded that the crack path had not been in-
fluenced by the crystallographic orientation. An 
illustration of that is shown though the crack path 
of a specimen tested on Rotating-Bending Fatigue 
at Δσ = 1200 MPa.
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микрОстрУктУрни и текстУрни анализи  
на прУжинна стОмана

л. в. николова*

Химикотехнологичен и Металургичен университет – София,  
бул. „Климент Охридски“ 8, София 1756, България

постъпила февруари, 2013 г.; приета май, 2013 г.

(резюме)

за това изследване са използвани образци от пружинна стомана, изработени във форма тип пясъчен часовник 
и подложени на умора със схема на натоварване „огъване при въртене“ до разрушаване. микроструктурните 
наблюдения показаха евтектоидна (ламеларна) структура, като резултатите от тях са описани. по-подробни 
анализи описват влиянието на уморния процес върху микроструктурата и кристалографията – има ли влияние 
на кристалографията върху процеса на умора и забелязва ли се и при други материали или не. EBSD анализи 
бяха проведени за охарактеризиране на кристалографията и изследване на пътя на пукнатината в различни 
области от образците, както по разрушената повърхност, така и в посока перпендикулярна на нея.

L. V. Nikolova: Microstructure and texture analyses on spring steel



554

* To whom all correspondence should be sent:
E-mail: zaidan@unair.ac.id 

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

Bulgarian Chemical Communications, Volume 45, Number 4 (pp. 554–559) 2013

Ab initio simulation of crystallization of amorphous Ge–Te–In system

A. Zaidan1,2*, Vl. Ivanova1, P. Petkov1

1 Department of Physics, Thin Film Technology Lab, University of Chemical Technology and Metallurgy,  
8 “Kl. Ohridski” Blvd., 1756 Sofia, Bulgaria 

2 Departments of Physics, Faculty of Science and Technology, Airlangga University,  
Surabaya 60115, Indonesia

Received February, 2013; Revised May, 2013

Phase change materials are promising candidates for memory materials because their ability to change between 
amorphous to crystalline state or vice versa with the application of specific profile of heat. Due to fast transition 
between crystalline and amorphous form, chalcogenide based on Ge-Te has been regarded as potential candidate of 
phase change materials. Our investigation of amorphous structures of GeTe4 with indium dopant have shown that 
amorphous Ge–Te–In has a significant number of fourfold rings which are responsible for the rapid crystal growth 
in crystal-amorphous transition. In the present study, ab initio molecular dynamics were used to study crystalliza-
tion process of GeTe4 with indium dopant (5, 10, 15 and 20 at%). The structural changes in transition process were 
analyzed by evaluation of ring statistics. Results from ab initio simulations show that crystallization of samples with 
80–100 atoms occur in hundreds of picoseconds.

Key words: Crystallization, Ab initio Molecular Dynamics, Chalcogenide.

INTRODUCTION

Chalcogenide glasses are interesting materials 
because of their technological applications and 
commercial importance. Due to their unique prop-
erties (low phonon energies, optical transparency 
in IR region, high index of refraction), chalcoge-
nide glasses have many important applications in 
optics and optoelectronics. These applications in-
clude phase change material [1–4], sensor [5, 6], 
optical circuits, gratings, waveguides [7–9], and 
many others. 

Phase change materials have been extensively 
studied by many authors because it is expected 
to be the future of non-volatile memories [10, 
11]. The emerging non-volatile phase change 
memory holds the potential for the next genera-
tion data storage which is faster and more stable 
than present data storage. Chalcogenide based on 
Ge–Te has been regarded as a potential candidate 
of phase change materials due to its fast transi-
tion between crystalline and amorphous form. 
However, very little theoretical guidance is avail-

able for chalcogenide materials based on Ge–Te, 
especially for Ge–Te–In system.

With these motivations, theoretical study of crys-
tallization process in amorphous GeTe4 doped with 
indium 0, 5, 10, 15, and 20 at% using numerical 
calculation has been done. Models reported in this 
work are generated through melt quenching ab initio 
molecular dynamics (AIMD) simulations. This ap-
proach, first pioneered by Car and Parrinello, which 
combines density functional theory (DFT) with mo-
lecular dynamics (MD) is a powerful tool for inves-
tigating liquid and amorphous structures [12]. 

CALCULATION DETAILS

Relaxed structure of (GeTe4)100–xInx with x = 0, 5, 
10, 15, 20 were generated by AIMD simulation. The 
calculations were performed with the SIESTA pro-
gram [13] using a linear combination of numerical 
atomic orbitals as the basis set and norm-conserving 
pseudopotentials. The total energy is approximated 
in the non-self consistent Harris functional. The 
SIESTA program was run under periodic boundary 
conditions and employed one point (k = 0) in the 
Brillouin zone. Mesh Cutoff 30 Ry was used for cal-
culation and temperature was controlled by a Nosé-
Hoover thermostat.
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Structures of amorphous (GeTe4)100–xInx were 
investigated using atomic models contain up to 
300 atoms. The starting point of these models is 
model of GeTe4 contains 240 atoms placed ran-
domly inside cubic lattice with periodic boundary 
condition. The lattice constant of cubic lattice were 
calculated from mass density of system which is 
measured from experiment [14]. AIMD was per-
formed to obtain relaxed stucture of GeTe4 system. 
Indium atoms were then added to relaxed struc-
ture of GeTe4 so atomic models of (GeTe4)100–xInx 
with x = 5, 10, 15, 20 contain 300 were obtained. 
Using relaxed structures, bond angle distributions 
and ring statistics were calculated and discussed 
for amorphous state.

Unfortunately up to now there is no standard 
procedure to model amorphous structure using 
MD method. Although several amorphous systems 
were successfully generated from so called “melt 
quenching” technique, but this technique itself 
varies in details. Melt quenching can be done us-
ing classical MD or AIMD. The “melt and quench” 
simulation scheme proceeds by carrying out a se-
ries of MD simulations. At each step, the structure 
obtained from the previous MD simulation is used 
as the starting point for the next one. In this work, 
process of melt quenching technique contains three 
AIMD steps, one annealing process and two NVT 
MD processes. First, system is annealed at 1500 K 
which is higher than melting temperature of system 
and then system is allowed to reach thermodynamic 
equilibrium in this temperature using NVT MD. The 
process is then continued with quench of the sys-
tem to 300 K. Then, the structure is equilibrated at 
this temperature using NVT MD. For each MD step, 
system is given enough time to reach its thermal 

equilibrium in order to eliminate its correlation to 
the previous structure. At each step, system is al-
lowed to run for 10 ps to reach its thermodynamic 
equilibrium. The time step for the simulations is 
set to be 2 fs in order to suppress numerical error. 

Crystallization process was investigated by car-
ried out AIMD simulations on (GeTe4)100–xInx with 
x = 5, 10, 15, 20 using models contain 80–100 at-
oms. Each model was first equilibrated at 1500 K 
followed by a thermal quenching to 900 K slightly 
above melting points. Then model was quenched 
with slow cooling rate (dT/dt = −0.75 K ps−1) for 400 
ps. In this step, structural changes in transition proc-
ess are analyzed by evaluation of ring statistics.

RESULTS AND DISCUSSION

Bond angle distribution between first neighbor 
atoms can give information about structural nature 
of system. As member of group IV chalcogenide we 
expect that GeTe4 has tetrahedral nature as GeSe4. 

The average Ge coordination number in the amor-
phous models is around 4, but this does not prove 
that amorphous models only have tetrahedral coor-
dination. Bond angle distributions of Te–Ge–Te for 
amorphous (GeTe4)100–xInx in Figure 1 gives us infor-
mation that prepared models have maximum angle 
distribution at around 88–100° and a contribution 
lower than 180° in amorphous state. The presence 
of a small peak at around 60° in the angle distribu-
tion function is due to a very small fraction of three 
membered rings. This result indicates that tellurium 
atoms can lay either in equatorial plane (90°) of a 
Ge atom or at its vertices (180°). It also shows that 
amorphous structure doesn’t display a full tetrahe-

Fig. 1. Bond angle distributions of amorphous 
state of system (GeTe4)100–xInx

A. Zaidan et al.: Ab initio simulation of crystallization of amorphous Ge–Te–In system
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dral character which should show by max at 109° 
like in system GeSe4. 

With max angle distribution found between 88 
and 109° prepared amorphous structures should be 
made of 4-fold which is partially tetrahedral and 
defective octahedral-like environment. Structure of 
GeTe4 show that the distribution peak is around 90° 
which indicates defective octahedral structure. With 
indium atom addition, distribution peak shifts to 
tetrahedral characteristic. It looks like that Ge atom 
can be bonded as tetrahedral and octahedral struc-
ture. Atoms participating in Ge–Te bond favour oc-
tahedral coordination and the presence of homopo-
lar Ge–Ge and Ge–In bonds favors the tetrahedral 
coordination.

Beside bond angle distribution structural infor-
mation can be gathered from ring statistics. Topology 
analysis of amorphous, liquid or crystalline systems 
is often based on part of structural information 
which can be represented in the graph theory using 
nodes for the atoms and links for the bonds. A series 
of nodes and links connected sequentially without 
overlap is called a path. Following this definition a 
ring is therefore simply a closed path. 

The ring statistics is an important structural pa-
rameter to investigate crystal growth in amorphous-
crystal transition. Ring calculation in present study 
uses the definition of ring which was proposed by 
Guttman [15], who defines a ring as the shortest 
path which comes back to a given node (or atom) 
from one of its nearest neighbors.

Bond angle distribution analysis suggests that 
(GeTe4)100–xInx structure should be made from 4-fold 
rings. 4-fold rings are the basic structural elements 

of rocksalt crystal. Therefore it is important to in-
vestigate their distribution in amorphous state and 
during crystallization processes. 

Result of ring statistics calculation is shown in 
Figure 2. As expected, ring statistics have good 
agreement with bond angle distribution analysis. 
(GeTe4)100–xInx structure shows that amorphous 
(GeTe4)100–xInx has a significant number of 4-fold 
rings with most of them being in the form ABAB 
(A=Ge, In; B=Te). In 2008, Hegedus and Elliot 
showed that rapid phase transitions in phase change 
material GST due to the presence of crystal-nuclei 
seeds (fragments of octahedral rocksalt structure 
which is 4-fold rings) in amorphous states [16]. 
From bond angle distribution and rings statistics re-
sult, it looks that Ge-Te-In system has similar char-
acteristics with GST. So it is plausible to assume 
that 4-fold rings can be responsible to the rapid 
crystal growth in crystal-amorphous transition in 
Ge–Te–In system. 

Crystallization is very fast in prepared models. 
Figure 3 shows snapshots of atomic configuration 
of 80 atoms of GeTe4 in amorphous state and par-
tially crystals form produced by slow cooling of the 
melt. Crystallization event is starting to occur only 
after 150 ps. It can be seen that crystals have the 
rocksalt-like structure characteristic similar with 
phase change GST materials [16, 17]. 

The time evolution of 4-fold rings that are crystal-
nuclei seeds and the building blocks of the rocksalt 
structure are presented in Figure 4. Beside Hegedus 
[16], the significance of four-fold rings to phase tran-
sition in phase change materials GST also has been 
investigated by Kohara [18] using reverse Monte 

Fig. 2. Ring statistics of amorphous 
state of system (GeTe4)100–xInx

A. Zaidan et al.: Ab initio simulation of crystallization of amorphous Ge–Te–In system



557

Fig. 3. Snapshots of atomic configuration of (a) amorphous GeTe4 (b) crystallization event that is starting to occur 
after 150 ps (A: atom with coordination number 3, B: atom with coordination number 4, C: atom with coordination 
number 5)

Fig. 4. Number of four-fold rings evolution of system (GeTe4)100–xInx with x = 0, 5, 10, 15, 20 during 400 ps quench

A. Zaidan et al.: Ab initio simulation of crystallization of amorphous Ge–Te–In system
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Carlo simulations and by Akola [20]. Figure 4 shows 
that crystalline fraction of prepared samples increase 
after 200 ps. The binary GeTe4 system goes through 
rapid crystallization between 200–250 ps and for ter-
nary (GeTe4)100–xInx rapid crystallization occur after 
250 ps. This result is expected because model for bi-
nary system has fewer atoms than model for ternary 
system. For all prepared samples, crystallization oc-
curs in hundreds of picoseconds.

CONCLUSSION

Models of (GeTe4)100–xInx with x = 0, 5, 10, 15, 
20 have been made using melt quenching AIMD. 
Calculation results of bond angle distributions sug-
gest that the structure of prepared amorphous sys-
tem should be made of 4-fold coordinated structure 
which is partially tetrahedral and defective octahe-
dral-like environment. Ring statistics investigation 
of amorphous (GeTe4)100–xInx suggest that structure 
of (GeTe4)100–xInx with x = 0, 5, 10, 15, 20 have a 
significant number of 4-fold rings which responsi-
ble to the rapid crystal growth in crystal-amorphous 
transition. Results of time evolution of 4-fold rings 
investigation show that crystallization of samples 
with 80–100 atoms occur in hundreds of picosec-
onds. All these results show promising properties as 
candidates of phase change material. With further 
development, Ge-Te-In system has potential to be 
applied as new phase change materials.
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(резюме)

материалите с промяна на фазата са многообещаващи кандидати за изработване на памети, поради спо-
собността им да преминават от аморфно в кристално състояние, или обратното, при прилагане на топлина. 
поради бързия преход между кристалната и аморфната форма, халкогенидните материали на базата на Ge–Te 
се разглеждат като потенциален кандидат за материали с промяна на фазата. изследването на аморфни струк-
тури GeTe4, дотирани с индий показва, че аморфната система Ge–Te–In съдържа значителен брой четворни 
пръстени, които са отговорни за бързия растеж на кристалите при прехода кристал–аморфно състояние. в 
настоящото проучване е използвана ab initio молекулярна динамика за изучаване на процеса на кристализация 
в GeTe4 при дотиране с индий (5, 10, 15 и 20%). структурните промени в процеса на прехода са анализирани 
чрез статистическа оценка на пръстените. резултатите от ab initio симулациите показват, че кристализацията 
на образци с 80–100 атоми протича за няколко стотин пикосекунди.

A. Zaidan et al.: Ab initio simulation of crystallization of amorphous Ge–Te–In system
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It was examined the polycaprolactam gamma–alpha transition as its major structural transformation. The specific 
behavior of the polymer in the reversible alpha–gamma transition was established. It was found that the transition 
progress was accompanied by a critical deformations of the crystal cells. The gamma–alpha transition is presented as 
the first stage of the polycaprolactam crystalline phase development by forming of a stable configuration in the pack-
age of the macromolecular chain segments. The influence of the quantitative accumulation of gamma phase and its 
development during the transition in the alpha phase has been also investigated. It is proposed a methodology for the 
realization of the study and criteria for evaluation. A mechanism of the structural transitions has been suggested. 

Key words: polycaprolactam, crystal structure, polymorphism.

INTRODUCTION

Crystal structure of poly(ε-caprolactam) (PCL) 
examination has been intensified since 1942 [1, 2]. It 
is known for its polymorphic great diversity [1–21]. 
However, the results are very inconsistent, conflict-
ing and sometimes controversial [1–35]. This ap-
plies particularly for thermal initiated polymorphic 
transitions. They are highly dependent on the condi-
tions of implementation. Most of these conditions 
are difficult to be controlled precisely. This makes 
it difficult to predict the structure and performance 
properties of materials and products.

To establish the relation between structure and 
properties is necessary to know well the structure. 
The structural diversity to be well defined. To de-
scribe accurately and unambiguously polymor-
phism of PCL it is necessary to assess the quality 
of polymorphic forms. Only then its polymorphic 
transitions can be precisely clarified.

So, first, it is necessary to clarify the terms of the 
alpha–gamma transition, i.e. to assess the perfection 

of the crystalline phase of PCL. Only then the per-
fection of the crystal forms can be evaluated and its 
structural diversity thoroughly described.

EXPERIMENTAL

Different types of polycaprolactam (PCL) with 
different molecular weight and molecular mass 
distribution (characteristic viscosity in 1%-ile sol. 
N2SO4 ηotn. = 2.11–2.83) were used with a con-
tent of low molecular weight compounds in the 
range 1.0–12.0% fat. and moisture content of 0.1 
to 0.01% mass as a prerequisite to obtaining crys-
tal structures of varying sophistication. Thin films 
were formed in a wide range of molding condi-
tions: Tm. = 215–240 °C and Tcool. = –196–200 °C.

Using universal powder X-ray diffractom-
eters URD-6 (“Präzisionsmechanik – Freiburg”, 
Germany) and DRON-3 with a high temperature 
camera ATM-2000 (“Burevestnik – St. Petersburg”, 
Russia) using CuKα-radiation (β-filtered with Ni-
Filter, λ = 1,5418 Å), low and high temperature 
X-ray diffraction at different temperature-time re-
gimes of simultaneous modification was received

Software package “Origin 5.0” was used for de-
composition multiply peaks in determining poly-
morphic forms of PCL.
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RESULTS AND DISCUSSION

The experiment involves heating and cooling 
under different conditions of thin films of PCL. 
The main purpose of the experiment is to study the 
polymorphic forms of PCL and transitions between 
them, mainly gamma–alpha transition. This is the 
main polymorphic transition in PCL between the 
unstable gamma and the stable alpha-crystalline pol-
ymorphic modifications. The degree of complete-
ness of the transition forms the structure that deter-
mines the operating properties of the polymer. This 
is the structure on which the possibility for further 
processing and modification of polymeric material 
depends in order to optimize its operational proper-
ties. The content of the unstable gamma form en-
hances the compressibility of the structures in terms 
of thermal, mechanical, heat-mechanical and others 
complex physical fields. This is extremely impor-
tant for the tape, foil and fiber-forming materials.

According to recent literature and our data, the 
heat of a super cooled melt of PCL forms initially 
its gamma form. The continuation of the process 
leads to improvement of the crystal structure to the 
stable alpha form. In this transition, beta form in-
evitably presents in detectable amounts, regardless 
of its strong conditional dependence. The impres-
sion is of its buffer, intermediate, facilitating role 
in the gamma–alpha transition. On the other hand, 
its satellite presence in the advanced stable struc-
ture is observed after the apparent depletion of the 
gamma form. It is not certain that there no traces 
of the beta-form remain even after prolonged an-
nealing, because it is structurally very similar to the 
alpha form[8, 24]. 

For the first time the beta-form is mentioned 
by Holmes and coworkers’1955 together with the 
alpha-form definition [8]. In this sense, the beta-
form can be called alpha-imperfect form. Because 
of its presence and influence on the determination 
of the partial coordinates of the basic alpha-form 
by Holmes it is necessary their later correction by 
Simon [24].

It is not accidental that some authors have as-
sumed its presence in the form of a mixture from 
alpha and gamma forms. Thus, the transition delta–
gamma–beta–alpha can be represented as a continu-
ous process of improvement of the PCL crystalline 
phase. The whole structural reorganization occurs 
without cardinal displacement and geometrical mod-
ifications, while the delta–gamma and beta–alpha 
stages are realized permanently and almost unno-
ticed. Therefore, in first approximation, we can say 
that the compaction of the PCL structure through 
repacking of chain segments in the crystalline phase 
is realized by gamma–alpha transition. This transi-
tion is realized through the redistribution of hydro-

gen bonds (H-bonds) from the nearest neighboring 
segments in different crystallographic directions, 
especially in the plains of molecular folding. 

The carried out experiments showed the pres-
ence of extremely rich possibilities of structural 
conversions. Depending on the type of polymer, the 
geometry of the samples, their starting structures, 
schemes and the conditions of temperature modi-
fication and simultaneous X-ray scanning and so 
on, get the impression of infinite structural diversity 
and ambiguous reorganization behavior.

This sets the need for criteria and systems of 
quantitative evaluation of the crystalline phase per-
fection. The need for such qualifying of the crystal-
line phase quality at each stage and every moment 
of the structural adjustment comes from the need 
to assess the degree of completion of polymorphic 
transitions. Moreover, the characterization of the 
crystalline phase is necessary for elucidation of si-
multaneous presence of the possible PCL crystal 
forms with different amounts and perfection. This 
fact determines the possibility and necessity of the 
simultaneous running of the possible polymorphic 
transitions. Under different conditions, however, it 
can change the direction of the various processes 
and increase the ambiguity of the results and their 
interpretation.

Some of the results from the study on the gam-
ma–alpha transition of PCL are shown in Fig. 1 and 
in Table 1. When heating the δ-form (super cooled 
melt) from 20–30 °с to 70–80 °с with heating rate of  
50 °с/min no significant changes in its dust diffrac-
tion occur. It is observed the appearance of γ-form 
in the range from 80–90 °с to 100–110 °с. Its im-
provement continued up to 160 °с. The diffraction 
reflection (100γ) is migrating into the diffraction of 
about 21.1 to about 22.6–22.7 θ. The gamma–alpha 
transition is realized within the interval 160–190 °с.

The intensity of overlaid reflections (200)β,α and 
(002) β,α/(202) β,α grows and their positions divide 
noticeably at a temperature about 180 °C. The an-
gular positions at the time of occurrence are about 
20, 60 °2θ and 22.85 °2θ, respectively. At the same 
time, the position of the reflection (100γ) started re-
verse migration to the value of 21.15 °θ. The prob-
able cause of the observed effects is the started re-
distribution of the hydrogen bonds from all closest 
neighboring segments in different crystallographic 
directions only in the plains of folding of the mac-
romolecular chains.

The position 21.15 °2θ, of (100)γ corresponds 
to the largest (about 4.2 Å) achievable for gamma-
form distance between the segments axes in the 
crystalline phase. It is probably possible because 
of the optimal heating speed of 5 °с/min up to that 
temperature, the tempering during the X-ray scan-
ning and the appropriate objects geometry. This dis-

S. Uzova et al.: Polycaprolactam crystal structure. I. Gamma–alpha polymorphic transition
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Fig. 1. Some of the high-temperature powder X-ray diffraction, showing gamma–alpha transition in PCL: a) Lorentz 
decomposition of part of the powder diffraction curve from thin isotropic PCL film, molded by pressing at 235 °с and 
tempered at –93°с, scanned at 20 °C. The main single peak of the decomposed doublet, almost coinciding with the 
diffraction curve at the distribution about 21 °2θ can be accepted as an equivalent to a 100γ on the diffuse halo of the 
super cooled melt (δ-phase); b) Lorentz decomposition of part of the powder diffraction curve from thin isotropic PCL 
film, molded by pressing at 235 °с and tempered at –93 °с, scanned at 120 °C, after heating from 20 °C with a speed 
of 5°/min and tempering for 3 min. Minor change of the profile of the multiple experimental peak after decomposi-
tion shows the appearance of additional peak (right to larger diffraction angles), corresponding to possible 202/002β,α; 
c) Lorentz decomposition of part of the powder diffraction curve from thin isotropic PCL film, molded by pressing 
at 235 °с and tempered at –93 °с and scanned at 140 °C (after 120 °C). Again, minor modification of the profile of 
the multiple peak does not hide, however, the possibility for significant structural changes through repackaging of 
chain segments and possible decomposition of 200α,β, 100γ, 202/002α,β, respectively; d) Lorentz decomposition of part 
of the powder diffraction curve from thin isotropic PCL film, molded by pressing at 235 °с and tempered at –93 °с 
and scanned at 160 °C (after 140 °C) shows a strong change in the proportion of co-existing with different perfection 
phases; e) Lorentz decomposition of part of the powder diffraction curve from thin isotropic PCL film, molded by 
pressing at 235 °с and tempered at –93 °с and scanned at 180 °C (after 160 °C) already shows a strong increase with 
the temperature increasing of the amount of γ-crystalline form; f) Lorentz decomposition of part of the powder diffrac-
tion curve from thin isotropic PCL film, molded by pressing at 235 °с and tempered at –93 °с and scanned at 190 °C 
(after 180 °C). It is observed a picture of approximation and intensity decrease of reflections of different phases at the 
expense of maintaining priority wheelbase of around 4.22 Å (priority baseline condition for obtaining α-perfect shape 
after polymorphic transition γ-β-α at sufficient cooling); g) Lorentz decomposition of part of the powder diffraction 
curve from thin isotropic PCL film, molded by pressing at 235 °с and tempered at –93 °с, scanned at 180 °C (after 
cooling from 220, 200 and 190 °C with a speed of 5°/min and tempering for 3 min). Shows improvement (away of the 
decomposed peaks corresponding to the reflections about 20 and 24 °2θ) and quantitative growth of α-and β-forms; 
h) Lorentz decomposition of part of the powder diffraction curve from thin isotropic PCL film, molded by pressing at 
235 °с and tempered at –93 °с, scanned at 160 °C (after cooling from 220, 200, 190, 180 and 170 °C with a speed of 
5°/min and tempering for 3 min). Shows improvement (away of the decomposed peaks corresponding to the reflec-
tions about 20 and 24 °2θ) and quantitative growth of α-and β-forms; i) Lorentz decomposition of part of the powder 
diffraction curve from thin isotropic PCL film, molded by pressing at 235 °с and tempered at –93 °с, scanned at 150 °C 
(after cooling from 220 200, 190, 180, 170 and 160 °C with a speed of 5°/min and tempering for 3 min). Shows im-
provement (away of the decomposed peaks corresponding to the reflections about 20 and 24 °2θ) and quantitative 
growth of α-and β-forms; j) Lorentz decomposition of part of the powder diffraction curve from thin isotropic PCL 
film, molded by pressing at 235 °с and tempered at –93 °с, scanned at 140 °C (after cooling from 220, 200, 190, 180, 
170, 160 and 150 °C with a speed of 5°/min and tempering for 3 min). Shows improvement (away of the decomposed 
peaks corresponding to the reflections about 20 and 24 °2θ) and quantitative growth of α-and β-forms; k) Lorentz 
decomposition of part of the powder diffraction curve from thin isotropic PCL film, molded by pressing at 235 °с 
and tempered at –93 °с, scanned at 130 °C (after cooling from 220, 200, 190, 180, 170, 160, 150 and 140 °C with a 
speed of 5°/min and tempering for 3 min). Shows improvement (away of the decomposed peaks corresponding to the 
reflections about 20 and 24 °2θ) and quantitative growth of α-and β-forms; l) Lorentz decomposition of part of the 
powder diffraction curve from thin isotropic PCL film, molded by pressing at 235 °с and tempered at –93 °с, scanned at 
120 °C (after cooling from 220, 200, 190, 180, 170, 160, 150, 140 and 130 °C with a speed of 5°/min and tempering 
for 3 min). Shows improvement (away of the decomposed peaks corresponding to the reflections about 20 and 24 °2θ) 
and quantitative growth of α-and β-forms; m) Lorentz decomposition of part of the powder diffraction curve from thin 
isotropic PCL film, molded by pressing at 235 °с and tempered at –93 °с, scanned at 110 °C (after cooling from 220, 
200, 190, 180, 170, 160, 150, 140, 130 and 120 °C with a speed of 5°/min and tempering for 3 min). Shows improve-
ment (away of the decomposed peaks corresponding to the reflections about 20 and 24 °2θ) and quantitative growth of 
α-and β-forms; n) Lorentz decomposition of part of the powder diffraction curve from thin isotropic PCL film, molded 
by pressing at 235 °с and tempered at –93 °с, scanned at 100 °C (after cooling from 220, 200, 190, 180, 170, 160, 
150, 140, 130, 120 and 110 °C with a speed of 5°/min and tempering for 3 min). Shows improvement (away of the 
decomposed peaks corresponding to the reflections about 20 and 24 °2θ) and quantitative growth of α-and β-forms; 
o) Lorentz decomposition of part of the powder diffraction curve from thin isotropic PCL film, molded by pressing 
at 235 °с and tempered at –93 °с, scanned at 20 °C (after cooling from 220, 200, 190, 180, 170, 160, 150, 140, 130, 
120, 110 and 100 °C with a speed of 5°/min and tempering for 3 min). Multiply peaks observed in the geometry of 
the intensity distribution in the diffraction experiments are decomposed by Gaussian and Lorentzian distributions 
corresponding to the main polymorphic forms of PCL.; This allows control of the polymorphic composition of PCL 
during thermal modification.

←

S. Uzova et al.: Polycaprolactam crystal structure. I. Gamma–alpha polymorphic transition
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tance is close to the thermodynamic advantageous 
fold width during the PCL chains folding. Thus it 
makes possible to create H-bonds between the op-
posite targeted segments in the folding planes that 
forms its alpha form.

After this point, the amount of the gamma form 
reduces and it loses its perfection. The smaller the 
peak of the diffraction reflection (100)γ is, so much 
the visual reporting position is inaccurate.

In the geometry of the intensity distribution of 
the high-temperature powder diffraction, it is highly 

overlapping with (200)β,α. If the heating rate is high-
er, the gamma–alpha transition is realized later and 
on smaller average statistically distances between 
the segments in the polymer volume. Then it gets 
mainly the beta form that improved in alpha. 

This is indicated by the increased intensity of 
the (002)β,α/(202)β,α [8]. Then, the near located peak 
(100)γ overlaps and geometric “draws” from the 
higher intensity. Decomposition, however, shows 
the true positions of the diffraction reflections in the 
Table. They allow the definition of some, albeit rel-

Table 2. An illustrative example of the formation of same structures (Fig. 1, h) by different ways

Table 3. An illustrative example of the formation of different structures by the same ways

S. Uzova et al.: Polycaprolactam crystal structure. I. Gamma–alpha polymorphic transition
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ative temperature-time intervals of the transitions. 
We can come in many other ways to similar reflec-
tions positions, for example, via other schemes, 
speeds of heating and X-ray scan, other times and 
exposures of tempering, using other PCL, source 
structures and geometry of its objects, other com-
binations etc.

The best justifications for that are the different 
results by different authors [1–35]. It is therefore 
necessary to create a unified system for study of the 
structural reorganization of PCL, with the ability 
to quantitative assessment of the crystalline phase 
quality. This would allow an unambiguous and ac-
curate assessment of the implementation of the pol-
ymorphic transition.

CONCLUSION

1. It was found that the structural diversity in 
PCL temperature modification in a wide range of 
conditions is difficult to be realized by X-ray dif-
fraction interpretation and evaluation. It is proposed 
simultaneous control with a high temperature pow-
der diffraction and interpretation of information ob-
tained from the structural studies of thin films of 
PCL with different initial structure after the neces-
sary corrections and decomposition of multiple in-
tensity distribution.

2. Detailed information about the temperature 
dependence of the possible angular deviations, in-
tensity proportions and profile changes of the pol-
ymorphic diffraction reflections in the observed 
experimental peaks has been obtained. An attempt 
to analyze the polymorphic reorganizations and es-
pecially the main alpha-gamma transition in PCL 
has been made. Difficulties in the interpretation of 
the observed effects related to their qualitative and 
quantitative ambiguities have been shown. 

3. The impossibility for precise and positive in-
terpretation of the diffraction (powder diffraction) 
results from the structural changes in PCL without 
satisfactory quantitative evaluation of the quality 
and quantity of polymorphic forms has been as-
sumed. It is very difficult without a quantitative 
assessment of their perfection as a measure of the 
completeness of the polymorphic transitions.

4. A conclusion has been drawn about the need 
to establish the basis of criteria and methodology 
for practical assessment of the crystalline phase per-
fection of the main polymorphic forms.
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(резюме)

на база предположението за перманентна реорганизация на опаковката на макромолекулните верижни сег-
менти на поликапролактама, вследствие динамично изменящите се равновесни мрежи от водородни връзки при 
температурна или термомеханична модификация, е изучаван богатия му полиморфизъм в интервала 20–240 °с. 

изследван е основният гама–алфа полиморфен преход на поликапролактама. Установено е специфично 
поведение на полимера при обратимия алфа–гама преход. Установено е, че прехода се съпровожда с достига-
не на критични деформации на елементарните кристални клетки. гама–алфа преходът е представен като пър-
ви етап от развитието на кристалната фаза на поликапролактама при формирането на стабилна конфигурация 
в опаковката на макромолекулните верижни сегменти. изследвано е влиянието на количественото натрупване 
и усъвършенстване на гама формата върху прехода и в алфа форма. предложена е методика за провеждане и 
критерии за оценка на изследванията. предположен е механизъм за реализиране на структурните преходи.

Установено е едновременното съвместно съществуване в различно количествено съотношение и с различ-
но съвършенство на алфа, бета, гама и делта формите му в комплексни структури в зависимост от вида на 
полимера, предисторията на обектите, начина и условията на водене на кристализационния или рекристали-
зационния процес. в зависимост от начина и пътя на температурна модификация е разгледана възможността 
за получаване на подобни комплексни структури при различни условия или различни комплексни структури 
при еднакви условия на формирането им. това затруднява силно изучаване на полиморфизма и полиморфните 
му преходи. 



568

* To whom all correspondence should be sent:
E-mail: georgi_chernev@yahoo.com 

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

Bulgarian Chemical Communications, Volume 45, Number 4 (pp. 568–574) 2013

Structure of hybrid materials containing natural  
and synthetic organic compounds

G. E. Chernev1*, E. V. Todorova1, S. P. Djambazov1, I. M. Miranda Salvado2

1 Department of Silicate Technology, University of Chemical Technology and Metallurgy,  
8 Kl. Ohrydski blvd. 1756 Sofia, Bulgaria 

2 Department of Materials and Ceramics Engineering, CICECO, University of Aveiro, Aveiro, Portugal

Received February, 2013; Revised May, 2013

Hybrid materials are innovative and extensively studied, because of the incorporation organic compounds in in-
organic network, combining their properties. The properties of the hybrid material can be controlled by variation of 
the nature and amounts of the components. Recently, the sol-gel synthesis of hybrid materials has been extensively 
studied due to the possibility of controlling the chemical conditions, as well as it allows the introduction of organic 
and bioorganic molecules within the inorganic network.

In the present work, results on sol-gel synthesis and structure of hybrid materials containing silica and natural 
(chitosan) and synthetic (methyl methacrylate) organic compounds are described and discussed. Two and three com-
ponent hybrid materials were prepared by mixing inorganic precursor – tetraethylortosilicate with the organic com-
ponents. The structure of the obtained hybrid materials was studied by XRD, FT-IR, SEM and AFM. With the help 
of SEM the presence of spheres in the synthesized material was observed. The presence of a heterogeneous structure 
with well-defined nano units was suggested by AFM studies.

Key words: hybrids, sol-gel, silica, chitosan, methyl methacrylate.

INTRODUCTION

Hybrid materials are extensively studied, be-
cause of the incorporation organic compounds in 
inorganic network, combining their properties. Sol-
gel method allows to synthesized materials with 
high homogeneity and purity at a molecule level [1]. 
Sol-gel process involves hydrolysis of silica precur-
sor and condensation of Si–OH groups into SiO4 tet-
rahedra. These building units are bridges by oxygen 
and lead to formation of Si–O–Si network. Silica 
materials obtained via sol-gel route exhibit good 
thermal and mechanical properties and long-term 
stability at different pH [2, 3]. Thermodynamic sta-
bility of Si–O bond enables interactions with many 
biomolecules and allows them to function normally 
in the presence of silicates [4]. Many researcher 
groups work on synthesis of biomaterials (biosen-
sors and biocatalysts) and their interaction effect 
with different biomolecules–enzymes, proteins, liv-

ing cells and others [5–7]. Most of them combine 
inorganic matrix on the base of silica precursors 
with organic polymers, with potential application 
in different fields: biotechnology, medicine, optics, 
pharmacy and etc. 

The addition of organic constituent improves the 
plasticity of the silicate matrix. Furthermore, us-
ing sol-gel synthesis we can easily insert functional 
groups from polymer into the silicate matrix and 
that will afford entrapment of biomolecules [8].

In the last few years intensive investigations 
of silicate materials with participation of acrylates 
[9–11], alginates [12] and polysaccharides have 
been carried out. Chitosan (CS) is the second most 
abundant natural polysaccharide, composed of glu-
cosamine and N-acetyl-glucosamine units [13, 14]. 
It has three reactive groups – primary amino or 
amide group and secondary hydroxyl groups [15]. 
Chitosan is insoluble in water and organic solvents, 
but soluble in acid water solution (pH <6.5) [16]. 
In low pH conditions amino groups are protonated 
and become positively charged, which makes CS 
a cationic polyelectrolyte [17]. Most of the bac-
teria’s and enzymes are negative charged and can 
easy form bounds with amino groups of CS [18]. 
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Many investigations for the structure and proper-
ties of silica/chitosan hybrid materials are availa-
ble [19–23]. Si/CS hybrid materials can be used as 
biomaterials in medicine, pharmacy, as materials 
for enzyme immobilization, for adsorption of toxic 
metals and dyes in waste water [24–28] etc.

Materials based on silica and different acrylates 
lead to formation of hybrids with good protective 
properties [29]. Adsorption of different biomole-
cules is limited by the length of the synthetic organ-
ic chain. With increasing chain length of acrylates, 
adsorption of biomolecules decreases. 

For improving characteristics of silica/organic 
hybrids, they can be modified, by using combina-
tions of polymers. Modified by grafting method 
polysaccharide (chitosan) with synthetic organic 
compound improves adsorption and mechanical 
properties of materials [30, 31].

The main objectives of the present study were 
the synthesis and structural characterization of hy-
brid materials on the base of silicate matrix, cross 
linked with chitosan and methyl methacrylate by 
the sol-gel method. 

EXPERIMENTAL

Hybrid materials in the systems silica/chitosan 
(SiCS), silica/methyl methacrylate (SiM) and silica/
chitosan/methyl methacrylate (SiCSM) were pre-
pared using sol-gel method.

 Tetraethyl orthosilicate (TEOS) was used as 
silica precursor, chitosan and methyl methacrylate 
(MMA) were used as organic constituents. Silica 
precursor was hydrolyzed in the presence of dis-
tilled water (dH2O) and 1 N HCl for 1 hour under 
vigorous stirring. Ratio of TEOS/dH2O/HCl is kept 
constant for all mixtures (sol). Chitosan was dis-
solved in 1% acetic acid and stirred until fully 
dissolved. Then silica sol was mixed with chi-
tosan solution and MMA, respectively. The ratios 
between silica/CS and silica/MMA were varied 
from 1 to 4 wt.%. 

Obtained hybrid sols (SiCS, SiM, SiCSM) were 
dried at room temperature until formation of sol-
id gels. 

The structure of synthesized hybrid materials 
was investigated using follow methods:

X-Ray diffraction (XRD) measurements were 
performed by a brucker D8 Advance. The dif-
fracted intensity of CuKα radiation was measured 
with scan rate of 0.02°.min–1 in 2θ range between 
10 and 80°. Infrared Spectra (FT-IR) were obtained 
using a MATSON 7000 Forier Transforming Infra 
Red spectrometer. Pellets of 2 mg of hybrid sam-
ples were mixed with 200 mg of spectroscopic 
grade KBr. Information about surface characteris-

tics of synthesized hybrids was obtained using EDS 
(Rentec EDS system), SEM (Philips 515) and AFM 
(Nano Scope Tapping Mode TM).

RESULTS AND DISCUSSION

All synthesized samples were investigated with 
powder XRD and obtained results are presented on 
Figure 1. In the three investigated systems a halo 
is observed at ~ 23° 2θ. This halo shows the amor-
phous character of the obtained hybrid materials. In 
the systems with chitosan peak at ~23° 2θ is overlap 
with anhydrous crystalline form of chitosan. 

FT-IR spectra of SiM, SiCS, and SiCSM hy-
brids are shown on Fig. 2–4. In FT-IR spectra of 
obtained hybrids characteristic absorption bands 
of silica network and organic components, as well 
as new absorption peaks, proved chemical interac-

Fig. 1. XRD patterns of SiCS, SiM and SiCSM hybrids

Fig. 2. FT-IR spectra of SiM hybrids

G. E. Chernev et al.: Structure of hybrid materials containing natural and synthetic organic compounds
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Fig. 3. FT-IR spectra of SiCS hybrids Fig. 4. FT-IR spectra of SiCSM hybrids

Fig. 5. SEM and AFM images on the surface of hybrids in the system SiCS

G. E. Chernev et al.: Structure of hybrid materials containing natural and synthetic organic compounds
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tion between them is detected. As a result of hy-
drolysis and condensation of TEOS, characteristic 
peaks at 795, 550 and 458 cm–1 corresponding for 
Si–O–Si symmetric stretching vibration. Intensive 
peak 1081 cm–1 show Si–O–Si asymmetric stretch-
ing mode [32]. On the other hand these peaks cor-
responding to Si–O–C band, which can be prove 
for new band between silica and organic sources. 
The presence of free Si–OH mode is associated with 
peak at 950 cm–1. Wide band of absorption in the 
field of 3400 cm−1 related to symmetrical valent vi-
bration of free NH2 and OH groups and H-bonding 
interactions. Absorption peaks of chitosan at 2980–
2850 cm–1 (–OH и –сн stretching band) are de-
tected [26]. The decrease in peak intensity around  
1250 cm–1 is due to co-condensation of –OH groups 
of chitosan with silicate matrix [26]. A new absorp-
tion peak in spectra of SiCS hybrid at 1643 cm–1 

can be attributed to the asymmetric N–H deforma-
tion vibration and confirm the –NH3

+ ion forma-
tion [33]. 

In the FT-IR spectra of hybrid containing MMA 
the peak of C=C bond at 1642 cm–1 validates the in-
corporation of MMA in silica network, because no 
such C = C is present in TEOS.

In the system SiCSM typical characteristic bands 
of Si–O–Si network are detected, which are widely 
described above. The peak at 1643 cm–1 can be at-
tributed to formation of –NHCO linkage between 
chitosan and MMA [34]. These results proved 
cross linking of chitosan in Si-O-Si network and 
incorporation of two organic components by the 
grafting method. 

The surface of obtained hybrids was investigated 
by SEM and AFM analysis (Fig. 5–7). All samples 
had smooth surface with distributed spherical par-

Fig. 6. SEM and AFM images on the surface of hybrids in the system SiM

G. E. Chernev et al.: Structure of hybrid materials containing natural and synthetic organic compounds
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ticles. Formed units proved the incorporation and 
cross linkage of chitosan in silica network. 

SEM micrographs of SiCS system (Fig. 5) 
showed decreasing trend of particle size with in-
creasing amount of chitosan solution. 

Influence of partial substitution of chitosan with 
MMA on the structure is shown on Fig.7. Adding 
MMA to Si/CS mixture, rough surface is observed. 
The change of morphology is due to grafting proc-
ess between chitosan and MMA. Distribution and 
spherical size followed the same tendency. Particles 
with diameter 61 nm at equal amount of inorganic 
and organic components are formed. 

AFM investigations of obtained samples in 2d, 
3d topography and roughness analysis are presented 
on Figures 5, 6 and 7. Samples, containing TEOS 
and chitosan formed smooth structure, where z-di-

rection increase from 30, 2 nm (SiCS1) to 888, 6 nm 
(SiCS4).Variations of unit size on their surface are 
confirmed with roughness analysis (Fig. 5). 

AFM topographies of SiCSM hybrid materials 
presented transformation from smooth (Fig. 7b) to 
rough surfaces (Fig. 7d) with increasing organic 
amount. When organic and inorganic components 
are in equal amount, rough surface with maximum 
z-direction (10, 4 μm) is observed. From AFM sur-
face analysis can be concluded for random distribu-
tion of hybrid units. 

CONCLUSIONS

Hybrid materials, containing silica, chitosan and 
methyl methacrylate were successfully synthesized 

Fig. 7. SEM and AFM images on the surface of hybrids in the system SiCSM

G. E. Chernev et al.: Structure of hybrid materials containing natural and synthetic organic compounds
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using sol-gel method. Obtained results of XRD 
proved the amorphous structure of hybrids. FT-IR 
spectra showed result of hydrolysis and condensation 
of silica source, formed reactive amino and hydroxyl 
groups and interaction between methyl methacr-
ylate and chitosan in SiCSM hybrids. SEM images 
showed random distribution of chitosan in silica net-
work. With increasing amount of organic component 
formed spherical particles become smaller. Partial 
replacement of chitosan with methyl methacrylate, 
formed spherical particles is better distributed in the 
structure. The existing reactive groups in obtained 
materials ensured different application of obtained 
hybrids in the field of biotechnology.
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(резюме)

хибридните материали са иновативни и широко изучавани материали, поради възможността за съчетаване 
на неорганична матрица и органични компоненти, което позволява промяна на свойствата на поплучените 
материали. свойствата на хибридните материали зависят от природата и количествата на изходните компо-
ненти. през последните години интересът към синтезиране по зол-гел на хидридни материали е голям, заради 
възможността условията на синтез да бъдат контролирани, както и внасянето на органични и биоорганични 
молекули в неорганичната матрица. 

в настоящата работа са представени и дискутирани резултатите върху структурните изследвания на хи-
бридни материали синтезирани по зол-гелен метод, съдържащи естествени (хитозан) и синтетичин (метил 
метакрилат) органични компоненти. синтезирани са дву- и трикомпонентни системи използвайки неоргани-
чен прекурсор-тетраметилортосиликат и горепосочените органични компоненти. структурата на получените 
хибриди е охарактеризирана с помощта на рфа, ич, сем и асм анализи. 
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An attempt was made to optimize the valuation methods of the polycaprolactam crystalline phase perfection. 
Criteria for the evaluation of the perfection of the alpha form are established. 

It is proposed a methodology for the practical determination of the alpha-form perfection. Formulas are derived 
for its quantification.

Approaches have been proposed for the evaluation of other polymorphic forms of the polycaprolactam. тhе in-
tensity ratio of the main diffraction reflections is used to determine the quantitative assessment of the presence and 
perfection of the beta form. Changes in angular displacement of the main diffraction reflection of the gamma-form in 
the powder diffractograms were analyzed to determine the perfection of gamma crystalline form. 

Key words: polycaprolactam, crystal phase, perfection.

INTRODUCTION

The perfection of the crystalline phase in the 
polymer has different dimensions than that of low 
molecular weight substances. Partly this is due to 
skeletal chemical bonds in long-chain polymer mol-
ecules. Restricting the freedom of the nearest neigh-
bors in the base of elementary crystal cells, they 
significantly affect the far order in the grid. They 
are the basis and for the specific type of defects in 
the polymers, too. This necessitated the creation of 
the theory of polymer pseudocrystal. All factors af-
fecting the quality of the crystalline phase otherwise 
impact in varying degrees to perfection pseudoc-
ristal polymer lattice. And they are very complex 
and their simultaneous impact is ambiguous. An 
additional complicating factor in polycaprolactam 
(PCL) are dynamically changing balances aris-
ing from shatter and recombine hydrogen bonds 
(H-bonds). These may be other chemical, physical 
or purely complex networks or just any steric factor 
and geometric specificity. Especially in the process 

of crystallization, recrystallization, and any type of 
structural reorganization of the atomic-molecular 
level in terms of thermal, thermo-mechanical or 
other type of complex physical fields. And these are 
all real thermal fluctuation processes of structural 
adjustment and fine-crystal crystallographic and 
morphological level.

Fortunately, most accurate and complete uni-
formity in the definition of similar processes and 
structures is rarely attainable and seldom necessary. 
For example, in the study of polymorphic transi-
tions PCL, knowledge and ability to control the per-
fection of the crystalline phase is required. Because 
the wide variety of polymorphic transitions is not 
nothing but a permanent process of improvement 
of the crystal structure of the PCL. And just track-
ing the change of the lattice perfection we can study 
the polymorphism of PCL. To do so, however, is 
not complete determinism of the studied physical 
reality. We need to know only what quality (crys-
talline perfection – CP) structure, respectively, way 
and packing density (chain packing density – CPD) 
of macro-molecular chain segments arises a crys-
talline phase, under what conditions and how does 
it change. When and how to improve and to what 
extent violates the order to destroy the crystal struc-
ture of phase or move to another crystallographic 
modification.
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EXPERIMENTAL

High-temperature powder X-ray diffractometers 
are best suited for the study of temperature-initi-
ated restructuring of the crystalline phase of PCL. 
Structural changes are controlled by changes in the 
geometry of the intensity distribution of X-ray radi-
ation. Angular positional deviations, intensity vari-
ations and profile changes of the diffraction reflec-
tions have been observed and compared. They spec-
ify the dimensions and distances between structural 
elements, the quantity and type of packaging in the 
different structures of the polymer. Key structural 
elements are chain segments in the elementary crys-
tal cell. Usually they are the symmetrical version or 
parts from it in the basis of the cell.

The behavior of α-, β-, γ- and δ-PCL forms were 
studied in a wide temperature range (20–240 °C) 
and in more detail in the range 160–190 °C. The 
temperature dependences of the angular deviations 
of all major diffraction reflections of polymorphic 
forms and above all (200)α, (100)γ and (002)α/(202)α 
are controlled. By using suitable software such as 
“ORIGIN” decomposition of multiply peaks was 
performed to establish the statistical characteristics 
of the actual characteristics of the diffraction reflec-
tions. Experienced subjects were scanned at speeds 
1, 2 and 3° 2θ/min, if necessary, in the interval 20–
24 °2θ, 15–30 °2θ 2–60 °2θ and a URD-6 (Freiburg 
“Precizionsmechanik”, Germany), and DRON-3 
(“Burevestnik”, St. Petersburg, Russia) equipped 
with a high-temperature chamber ATM-2000. Used 
CuKαav. = 1.5418 Å radiation filtered β-nickel filter.

Different types of polycaprolactam (PCL-1 with 
ηrel.1% sol. н2SO4 = 2.64; Wmass.% = 1.0 and PCL-2 with 
ηrel.1%sol. н2SO4 = 2.32; Wmass.% = 0.01) with differ-
ent molecular masses and molecular-mass distri-
bution (characteristic viscosity in 1% solution of 
н2SO4 ηrel = 2.11–2.83) were used with contents of 
low-molecular tie in the interval 1.0–12.0% mass, 
moisture content W from 0.1 to 0.01 mass%, as a 
necessary condition about the obtaining of crys-
tal structures with different perfection. Thin folios 
were formed in a large diapason of forming condi-
tions: тm = 210–240 and тc = –196–200 °C. 

The high temperature X-ray investigations were 
carried out by repeated cyclical heating and cool-
ing in the temperature interval from 293 K to 513 K 
with heating rate of 5 K/min and 5 min tempering 
for every scanned temperature at interval of 5 K. A 
software package “Origin 5.0” was used for decom-
position of multiple peaks in determining polymor-
phic forms of PCL.

The initial isotropic structure of the pressed fo-
lios was characterized by light-microscopy, elec-
tron-microscopy and with powder X-ray diffrac-
tion methods using a polarization light-microscopy 

Amplival Pol, Karl Zeiss, Jena, Germany, SEM BS 
– 340, Tesla, Brno, Cheh Republic, TEM Opton 
10B, Feintechnik, Oberkochen, Germany. 

The crystal phase perfection was defined by the 
packing compactness of the macromolecular chain 
segments in the crystal phase of the α-crystal modi-
fication [1, 2]. 

RESULTS AND DISCUSSION

It is impossible to talk about precise and unam-
biguous quantitative and even qualitative structural 
study of the polymers, if there is not an opportunity 
to identify and assess the quality of their crystalline 
phase. For chain-flexible polymers and PCL not 
much information on similar research is available 
[1–8]. The main quantitative criterion in the X-ray 
structural studies is the integral diffraction intensity 
of the X-ray radiation in a given crystallographic 
direction. On the other hand, the integral intensity 
is strongly connected with the quality of the studied 
structure at the atomic-molecular level. This kind 
of “dualism” can lead to ambiguous experimental 
solutions. In the more perfect low molecular crys-
tal lattices the polymorphic resolution is better. In 
some cases, depending on the conditions and objec-
tives of the study, the profile of diffraction effects 
can successfully arbitrate and decide such dualism.

Mathematical and statistical characteristics of 
the profile distributions as a design may be suffi-
cient for this. Moreover, if they are representatives 
of various relevant statistics such as Gauss, Lorentz, 
Lorentz quadratic, Void, Pseudo-Void, Pearson VII, 
etc., for polymers, in particular PCL, such a decision 
is unthinkable. All major diffraction reflections of 
his polymorphic diversity are nesting in the range of 
1–2 Bragg degrees. This strongly hampers the qual-
itative and quantitative analysis of the diffraction 
pattern. But the study of polymorphic transitions re-
quires precise control of the qualitative and quanti-
tative simultaneous polymorphic composition. This 
requires the creation of a criteria basis for recog-
nition, separation, correction, evaluation and com-
parison of the diffraction reflections of co-existing 
in different proportions polymorphic modifications 
of PCL. At first glance, the undeniable correlation 
between the quality and quantity of each polymer 
crystallographic modifications looks facilitating the 
identification of real forms in the crystalline phase 
of PCL. It seems that the existing relations lower 
degrees of freedom and the apparent ambiguity in 
permanently changing structures studied. In prac-
tice, however, this is not so. The limited selection of 
practical approaches and techniques for detection of 
the crystalline forms in PCL would not allow its use 
even in synchronous excellent knowledge. 

S. Uzova et al.: Polycaprolactam crystal structure. II. Crystal phase perfection
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It appears unlikely the exact establishment of the 
moment of polymorphic transition relation by the 
quantity–quality of the polymorphic crystal forms. 
The definition of the polymer polymorphic transi-
tions as a continuous process of change in the pack-
aging of the macromolecular chain segments, and 
the technical difficulties in the experimental imple-
mentation of the evaluations guarantee this. What is 
the system of approaches and techniques for imple-
mentation of the planned experiment? The main ob-
jective is the study of polymorphic transformations 
of PCL in a wide range of conditions. This can be 
investigated with high-temperature X-ray powder 
diffraction under different conditions of thin films 
of PCL with different starting structure. The need 
to be thin foils is determined by the low coefficient 
of thermal conductivity of the polymer that must be 
heated and cooled quickly and homogeneously. A de-
tailed interpretation of the geometry of the intensity 
distribution of high-temperature powder diffraction, 
especially in the angle range from 20 to 24 °2θ of 
diffraction scan. The basic diffraction reflections of 
the known polymorphic crystal forms of the poly-
mer are in this interval. To them the proportion be-
tween the crystal forms in simultaneous coexistence 
may be established. By varying temperatures in dif-
ferent modifications can be studied the geometry, 
mechanism and kinetics of the polymorphic transi-
tions. For this purpose is needed data for the angu-
lar deviation, intensity and profile modification of 
the diffraction reflections. It can be obtained after 
splitting of the overlap in complex multiple peak of 
diffraction reflections of individual alpha- beta-and 
gamma-crystalline forms of PCL. The processing 
of the multiple peaks can be done with a computer 
program Origin. As supporting information can be 
used theoretical diffraction curves of known crys-
tal forms of PCL and simulation of particle diffrac-
tion images with their software as, for example, 
Crystallographica, Material Studio, etc.

The alpha form perfection can be defined as a CPP 
(crystalline phase perfection) = 83(d(200)/d(002),(202)), 
[%], and the density of the chains packing as a CPD 
(chains packing density) = 137(d(200) – d(002),(202)), [%]. 
Thus, through the angular deviation of the main dif-
fraction reflections can be controlled quantitatively, 
evaluated and compared the changes in the crystalline 
phase quality and the distance between the chains.

The normalizing coefficients estimated, namely 
“83” (in front of the ratio of the distances between 
the planar) and “137” (in front of the their differ-
ence) determine the maximum value (100%), re-
spectively of perfection and density. Of course, the 
values of the normalizing coefficients have been 
estimated at the maximum possible experimentally 
reachable values of the used ratio and difference of 
the distance between the planar, at the angular po-

sitions values of the diffraction reflection (200)α – 
20.00 °2θ and of (002)α,(202)α – 24.00 °2θ. 

It is established that within the boundaries of 
possible deviation of reflections CPP is between 91–
100%, a CPD varies in the range of 54–100%. The 
perfection climate out these borders means critical 
deformation of the unit cell, polymorphic transition 
and the crystalline phase destruction, depending on 
conditions.

The change of the density of packing of the 
chains has no direct sense of a change in the distance 
between them, and the percentage of the maximum 
difference between the planar distances of family’s 
crystallographic planes that lie in the chains.

This indicator shows rather tendencies to in-
crease or decrease of distances in trigonometric 
relationships. It can be seen that the perfection de-
crease of the alpha form leads to a percentage lower 
of the chains packing density in times fast for the 
defined range.

Intensity ratio (the linear intensities) of (200) 
to (002)/(202) in the alpha form is about 3/2 = 
1.5. In beta form, it is back to 2/3 ~ 0.667. So 
the most easily recognized and percentage calcu-
lation can be done using intensity ratio CPPβ = 
150(I(200)αβ/I(002)αβ/(202)α,β), [%]. The detailed justifi-
cation and output of the analytical dependence is 
as follows. 

The simulation of the theoretical powder diffrac-
tion of the known PCL polymorphic forms shows 
the declared above dependencies of the intensity 
ratios. 

After simulation and experimental confirmation 
was considered as the maximum of the beta form on 
scanned objects is I(200)αβ/I(002)αβ/(202)αβ = 0,667. After 
the standardization it to 100% as (I(200)αβ/I(002)αβ/(202)αβ)/ 
0,667).100, [%], the expression was a little simplis-
tic to 150(I(200)αβ/I(002)αβ/(202)αβ), by introducing a cor-
rection coefficient 150 ~ 0.00667. Coefficient 150 
is connected with the idea of 150% intensity of the 
second line to the first PCL peak in the powder dif-
fraction of the monoclinic crystallographic alpha 
and beta modifications. 

It is easy to reduce in percentage the beta-crys-
talline phase. Higher accuracy is possible, but in 
most cases it is not necessary. In the remaining 
cases are used the algorithms for the alpha form. It 
should be noted that alpha and beta forms always 
coexist in different proportions and perfection. 
When we talk about 100 percentage of beta-form, 
that means their 100% possible participation in 
such polymorphic mixture. 

Determination of the gamma-form perfection is 
reasonable in the light of the clarification of the 
so-called Brill transition (gamma–alpha, or gam-
ma–beta–alpha transition). From maximum amor-
phized (deep hardened) condition close to ideal 
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Fig. 1. High temperature X-ray powder diffraction of thin films of PCL-2, pressed at 225 °с (Tm = 225 °C), crystallized 
at 0 °с (Tc = 0 °C). X-ray scans temperatures: a – 20 °C; b – 170 °C; c – 165 °C after heating (Vheat = 5°/min) to 225, 
then cooling (Vcool = 5°/min); d – 145 after heated (Vheat = 5°/min) to 225, then cooling (Vcool=5 °/min); e – 120 °C after 
heating (Vheat = 5°/min) to 225, then cooling (Vcool = 5°/min); f – 20 °C after heating (Vheat = 5°/min) at 165 °C for 5 
min, and 225 °C for 5 min, then cooling to 165 °C for 5 min and cooling (Vcool = 1°/min) to 20 °C.

super cooled melt of PCL called delta-form up to 
gamma-transition has no structural secrets. This 
transition occurs secret, as well as the beta-alpha 
transition with improvement of the more stable 
and perfect form.

In contrast to the gamma-alpha transition consist-
ing of a significant structural adjustment and cardi-
nal modification of the hydrogen bonds between the 
segments. In the delta-form the segments packag-
ing showed an average statistical distance between 
the chains around 4.20–4.22 Å. The appearance 
of the minimum sufficient for structural formation 
segmental mobility at the expense of recombina-
tion of the hydrogen bonds compacts container to 
4.17–4.18 Å. The trend is stable, albeit within the 
margin of uncertainty. Perfecting, the gamma form 
compacts the segment package by mutual hydrogen 
bonding of all neighbors to 3.90 Å (22.770 °θ).

The newly established system of hydrogen 
bonds is dynamically changing and the distances 
fluctuate greatly. With temperature modification 
under certain conditions, in the range 160–1900 S 
stable alpha form starts forming. It forms two spacing 

of chain segments and, more specifically, between the 
crystallographic planes in which they lie. 4.44 Å – the 
distance between the targeted alternative circuits in 
the plains of folding. It is fixed to free from tension, 
conveniently located hydrogen bonds [Holms] and 
least varying in temperature modification. 3.71 Å – 
distance crystallographic axis “c” between stitched 
by hydrogen bonds sheets (planes of segments 
folding). 

Sewing together by hydrogen bonds between al-
ternative targeted segments (folds) in the same chain 
is folded and sewn together between neighboring 
segments, defining the width of the folds. Because 
on a number of thermodynamic and geometric rea-
sons, they are extremely stable and large enough, 
4.44 Å, can slipping through each other (in the di-
rection perpendicular to the “b” molecular axes – 
i.e. a crystallographic axis “a”) to wedge each other 
their Van-der-Waals interactions. This further helps 
compaction of stitched leaves and small lattice pe-
riodicity in the direction of “c”.

It is clear that in this situation, a more imperfect 
and unstable, but more homogeneous and isotropic 

S. Uzova et al.: Polycaprolactam crystal structure. II. Crystal phase perfection



580

perpendicular to the macromolecular axes structure 
with average distances between the chains around 
3.90 Å should be transformed into more non iso-
metric the plain “ac” with periods in the crystal-
lographic directions [200] and [002] 4.44 Å and 
3.71 Å, respectively. This can occur spontaneous-
ly in increased segmental mobility due to thermal 
modification by pulling in an appropriate direction 

of dynamic equilibrium in the processes of frag-
mentation and recombination of hydrogen bonds 
between the amide groups of adjacent segments.

The appropriate direction in this case is between 
the different directions oriented segments of the 
same chain in the plains of folding them. That is, the 
realization of hydrogen bonds (H-bonds) between 
the amide groups of the two neighboring alterna-

Fig. 2. Polarization (a, c) and scanning (b, d) photomicrography, X-ray (e, h), light (f, i - Small Angle Light Scattering, 
SALS) and electron (g, j) photo diffraction of thin films of PCL-2 (Tm = 225 °C; Tc = 20 °C): crystallization tempera-): crystallization tempera- crystallization tempera-
ture 20 °C after free cooling (a, b, e, f, g); crystallization temperature 200 °C (c, d, h, I, j).
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tively targeted segments (branches) of a fold. Such 
connections are steric favorable to the molecular 
geometry and form thermodynamically favorable 
structures. The slightly folded sheets stitched also 
fit comfortably on matrix van-der-Waals curves 
planar contours using small fluctuation cooperative 
untangling. The latter, according to the common or 
micro local conditions may be replaced by other 
mechanisms.

For example, first may be adjusted the relief, and 
then to be fixed the network by suitable H-bonding, 
etc. in the space and time as one not a quick proc-
ess, but thermodynamically favorable and therefore 
stable trend. The relatively isotropic gamma struc-
ture should be slightly deformed, forming H-bonds 
in stitched sheets and, more importantly, congesting 
these lists – improve packaging segments approxi-
mating crystallographic planes which lie in stable 
(200) of monoclinic alpha form 3.71 Å distance.

In practice, the distance increases with 0.54 Å 
from 3.90 up to 4.44 Å and the reduction with 0.19 Å 
from 3.90 to 3.71 Å within specified crystallographic 
directions are realized at the expense of minor reor-
ganizations in basis of the unit cell. Like less per-
manent change in the partial coordinates of the basis 
change the structural amplitude so that the (100)γ 
migrates slightly from item 21.3 °θ (4.17 Å) up to 
21.1 °2θ, in reaching the distance between the cha-
otically adjacent chains around 4.21 Å, then gradu-
ally migrate to 22,85 °2θ (3.89 Å). Then: BRILL 
(gamma–alpha) (γ↔α) = (d(100)γ/3.88).100, [%], – 
0.258d(100)γ, %, 25d(100)γ, [%].

The delta form, present always and everywhere 
as a transitional phase between amorphous others 
may present average statistical distances between 
segments axes about 4.0 and 4.5 Å, an average of 
4.22 Å. Rarely implemented in practice so deep 
hardening to form in the pure state.

Table 2. Perfection in % for thermal modification of the crystalline phase of the films of 50 microns PCL-2, 225 °C 
when pressed and crystallized at 200 °C

№ Tmodif.,
°C

Perfection of alpha form of PCL Perfection of gamma form of PCL

V = 5 °C/min V = 10 °C/min V = 5 °C/min V = 10 °C/min

heating cooling heating cooling heating cooling heating cooling

1 20 98.48 95.63 98.48 95.59 99.66 99.75 99.66 99.62
2 30 98.48 95.55 98.48 95.51 99.66 99.75 99.66 99.62
3 40 98.48 95.55 98.48 95.51 99.22 99.75 99.53 99.62
4 50 98.43 95.51 98.48 95.51 99.22 99.75 99.31 99.62
5 60 98.39 95.46 98.39 95.42 98.79 99.75 99.00 99.62
6 70 98.39 95.42 98.39 95.42 98.79 99.71 98.96 99.62
7 80 98.30 95.42 98.39 95.42 98.79 99.71 98.92 99.62
8 90 98.26 95.33 98.35 95.33 98.36 99.71 98.74 99.62
9 100 98.21 95.29 98.26 95.29 97.93 99.71 98.57 99.62
10 110 98.13 95.25 98.22 95.25 97.50 99.71 98.10 99.57
11 120 98.04 95.13 98.18 95.17 97.46 99.71 97.84 99.57
12 130 97.60 95.09 97.88 95.13 97.38 99.71 97.76 99.53
13 140 96.95 95.05 97.05 95.05 97.29 99.71 97.67 99.53
14 150 96.31 94.80 96.46 94.80 97.21 99.66 97.59 99.40
15 160 95.68 94.80 95.87 94.80 97.08 99.66 97.42 99.49
16 165 95.05 94.80 95.28 94.43 97.00 99.66 97.17 99.49
17 170 94.42 94.66 94.60 94.26 96.88 99.66 97.08 99.44
18 175 93.79 94.28 94.02 93.99 96.75 99.62 96.88 99.44
19 180 93.17 93.75 93.44 93.28 96.63 99.62 96.67 99.40
20 185 92.55 92.64 92.32 92.35 96.54 99.62 96.54 99.40
21 190 91.93 92.06 91.75 91.91 96.46 99.53 96.46 99.44
22 195 91.31 91.40 91.14 91.00 96.38 99.44 96.38 99.40
23 200 90.70 90.88 90.49 90.55 96.30 98.79 96.30 98.74
24 205 90.09 90.35 89.88 90.03 96.21 97.89 96.21 97.80
25 210 89.49 89.49 89.40 89.52 96.09 97.29 96.09 97.25
26 215 88.88 89.14 88.97 89.05 95.97 96.59 95.97 96.59
27 220 88.48 88.52 88.73 88.73 95.76 95.81 95.76 95.81
28 225 88.07 88.07 88.49 88.49 95.40 95.40 95.40 95.40
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Sometimes, the apparent displacement of the 
center of gravity of the amorphous halo of the most 
frequently observed angular position 21.05 °2θ, cor-
responding to the distance of 4.22 Å, probably due 
to the different quantitative relationship between 
the other polymer forms. Because the delta-form in 
the transition zones around the crystalline of differ-
ent polymorphic forms with different perfection has 
a different density and different geometric statisti-
cal properties. It is difficult to find adequate crite-
ria, however, for such assessments. Such precision 
is not necessary.

CONCLUSION

1. It was found that the control on the perfec-
tion change of the crystalline phase as the density of 
chain segments packing is adequate and convenient 
method about study of the PCL polymorphic transi-
tions and their mechanism.

2. Algorithm and methodology for convenient 
practical control of the PCL crystalline phase per-
fection have been created. Analytical dependences 
of quantitative evaluation of the packing density 
and the perfection of its main polymorphic forms 
have been proposed.

3. The obtained results allow the assumption that 
the rich polymorphism and the transitions between 
the polymorphic phases are the most natural and 
thermodynamically entropy most comfortable steps 
in improving of the PCL crystal structure.

4. The assumptions and conclusions give reason 
to plan a detailed study of the specifics of segment 

packaging of all meso phases and phases of PCL 
from the structure of super cooled melt up to the 
perfect state of the stable crystalline α-form in prac-
tical the widest possible range of conditions. The 
need for such a study is determined by the require-
ment for the formation of an appropriate structure 
for obtaining the desired performance properties. 
Refinement and extension of the results of these 
studies show that this possibility is feasible. 
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(резюме)

посредством комплексен анализ на интензитетни, профилни и позиционни характеристики на пиковете 
на дифракционните отражения от праховите рентгенови дифрактограми на поликапролактама се търсят под-
ходи за определяне количественото съдържание и качествено състояние на кристалографските модификации 
в кристалната му фаза, като способ за оценка степента на завършеност на полиморфните му преходи при 
кристализация и рекристализация. 

Установено е, че за обективност, адекватност и сравнимост на резултатите при определяне механизма 
и кинетиката на структурна реорганизация е необходима гарантирана условна еднозначност при събиране 
геометрично-чувствителната дифракционна експериментална информация посредством високо-температур-
ната прахова рентгенова дифрактометрия. необходима е адекватна еднозначна декомпозиция на интегрално-
интензитетната дифрактометрична крива. еднозначно разделяне и разпознаване на фазите, индексация на 
дифракционните отражения. подобен подход би гарантирал точното определяне на количественото и качест-
вено съотношение на полиморфните форми, определящо степента на реализиране на полиморфните преходи 
с близката предистория и перспектива. точността на прогнозата зависи от това.

направен е опит да се оптимизират методите за оценка съвършенството на кристалната фаза при полика-
пролактама. Установени са критерии за оценка на съвършенството на алфа формата му. предложена е мето-
дика за практическото му определяне. изведени са формули за неговата количествена оценка. предложени са 
подходи за оценяване и на други полиморфни форми на поликапролактама. интензитетното съотношение на 
основните дифракционни отражения се използва за количествена оценка и усъвършенстването на бета форма-
та. измененията в ъгловите девиации на основното дифракционно отражение на гама формата се анализират 
за определяне съвършенството ѝ. 
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Experimental study of the surface chemical composition of sea salt crystallized 
during evaporation of seawater under natural conditions
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Under natural atmospheric conditions (at 45–55% RH and 25–30 °C) three sea-salt samples have been obtained 
by evaporation of sea waters from the Black Sea, Mediterranean Sea and Dead Sea, respectively, and then studied by 
XPS. The results show that the salt surfaces are enriched in Mg2+ ions as the Na+ ion amount is ~6 and ~20 times lower 
than that of the Mg2+ ions in the Black sea and Mediterranean Sea samples, respectively. Also enriched content of Br- 
ions in all crystallized sea salts with respect to the chlorine concentration on the surface has been measured. Bromine 
ions are supposed to be localized in the top surface layer. Probably the first step of the crystallization sequence in-
cludes the formation of NaCl crystallites, followed by creation of a layer containing mainly MgCl2 and MgSO4 com-
pounds. Additionally, this layer contains K+ ions, (HCO3)1– and (CO3)2– groups and also Ca2+ ions in the case of Dead 
Sea salt. Relatively high surface concentrations of the (HCO3)1– and (CO3)2– anions have been detected. Therefore, 
these ions together with the surface localized Br- anions could play a significant role in the interaction dynamics on 
the surface of crystalized sea salts. 

Key words: Sea salt, Ion concentration, Salt crystallization, XPS.

INTRODUCTION

The extents to which atmospheric particles af-
fect the radiative balance of atmosphere depend on 
their chemical composition, physical state, and on 
their size as these properties depend on the relative 
humidity (RH). Sea salts aerosols are the largest 
species being highly hygroscopic and they initi-
ate changes taking up water vapor from the atmos-
phere and forming aqueous droplets. Enhanced 
halide concentrations have been suggested at their 
liquid/vapor interface, which is important for the 
understanding of the atmospheric reactions [1]. 
Because the interactions occur on the surfaces of 
particles their surface chemical compositions have 
to be studied. This is the main motivation for the 
present study to investigate the chemical state and 
concentration of ions on the surface during the 
formation of sea-salt particles by evaporation of 
seawater.

The sequence of precipitation of the various 
ions, present in seawater during its evaporation, is 
crucial for the understanding the properties and re-
activity of the formed sea salt particles. In that case 
the use of X-ray Photoelectron Spectroscopy (XPS) 
is particularly appropriate because it provides infor-
mation about the chemical composition of the solid 
surfaces. There are a few studies on model labora-
tory samples using XPS, which contribute to the un-
derstanding of the surface segregation of different 
seawater ions. Zangmeister et al. [2] have studied 
the segregation of NaBr during the precipitation of 
mixed NaBr/NaCl crystals from aqueous solutions 
containing Br:Cl concentration ratio similar to that 
observed in seawater. The surface NaBr concentra-
tion has been found to be appr. 35 times higher than 
that in the crystal bulk but regardless of this NaBr 
segregation, most of the surface (~95%) remains 
occupied by NaCl [2]. The authors assume that a 
similar surface segregation of NaBr should be ex-
pected also in the case of the sea salt crystallization. 
However, based on the high Cl concentration found 
in seawater they have considered that also the sea-
salt surface should be enriched mainly in NaCl. 

Oppositely, Ghosal et al. [3] have used a signifi-
cantly higher Br:Cl ratio, compared to that in sea-



585

water, to a grown mixed NaBr/NaCl crystal. Their 
XPS measurements have shown higher Br:Cl ratio 
in the bulk of the crystals than the one measured by 
Zangmeister et al. [2]. An important result is that 
after water adsorption this ratio increases drastically 
leading to the conclusion that on the sea-salt surface 
the NaBr segregation should also be enhanced. Also 
segregation of Br- ions has been observed on the 
surface of bromide-doped NaCl crystal at relative 
humidity above 40% due to water adsorption [4]. 
The Br-enrichment of the salt surfaces can play an 
important role in some global atmosphere processes 
like depletion of atmospheric ozone layer [3]. This 
makes the quantitative and qualitative researches 
on marine salt, from which salt aerosols are formed 
particularly important. 

Harviee and Weare [5] have developed Na–K–
Mg–Ca–Cl–SO4–H2O model in order to predict the 
mineral solubility and to understand the sequence 
of the mineral depositions at equilibrium evapo-
ration of brine chemically similar to seawater. As 
an extension to the model Eugster et al. [6] have 
calculated phase relations within the same system 
Na–K–Mg–Ca–Cl–SO4–H2O at 25 °C and 1 atm 
pressure. The authors have noted that it is possible 
to estimate quantitatively the process of mineral 
precipitation for the natural carbonate-free waters 
based on the obtained results. Also, for this system 
a model called Spencer-Møller-Weare model has 
been parameterized not only at 25 °C but also at the 
subzero temperatures [7, 8]. 

The previous theoretical calculations of Christov 
[9, 10] and recent chemical kinetics experimental 
studies [11] show that assuming the sea salt as a 
simple halite (NaCl(cr)) salt, which is the main sea 
salt component, is a wrong approximation in the 
construction of a model for sea salt wetting behav-
ior. It has been shown that the formation of surface 
solutions in equilibrium with magnesium chloride 
solids (bishofite (MgCl2.6H2O(s); DRH ≈ 34%), 
and carnallite (KCl.MgCl2.6H2O(s); MDRH = 34–
52%) determined to a great extent the deliquescence 
behavior of sea salt under natural wet atmospheric 
conditions [9–11].

Now, using XPS we study experimentally the 
surface chemical composition of the sea-salt surface 
in order to shed more light and aid understanding 
of the bulk-surface disproportion of ions. XPS is 
a surface sensitive method, monitoring the chemi-
cal states of the elements and their concentrations 
within surface layers up to 2–3 nm depth [12]. 
Therefore, we expect to obtain results about the ion 
concentrations on the surface of crystalized sea salt 
leading to the understanding of the sequence of pre-
cipitation of various salts under natural evaporation 
conditions of sea water (45–55% RH and tempera-
ture of 25–30 °C). 

EXPERIMENTAL

X-ray photoelectron measurements have been 
carried out on the ESCALAB MkII (VG Scientific) 
electron spectrometer at a base pressure in the 
analysis chamber of 5×10–10 mbar using twin anode 
MgKα/AlKα X-ray source with excitation energies 
of 1253.6 and 1486.6 eV, respectively. The spectra 
are recorded at the total instrumental resolution (as 
it was measured with the FWHM of Ag3d5/2 pho-
toelectron line) of 1.06 and 1.18 eV for MgKα and 
AlKα excitation sources, respectively. The energy 
scale has been calibrated by normalizing the C1s 
line of adsorbed adventitious hydrocarbons to 
285.0 eV. The processing of the measured spectra 
includes a subtraction of X-ray satellites and Shirley-
type background. The peak positions and areas are 
evaluated by a symmetrical Gaussian-Lorentzian 
curve fitting. The relative concentrations of the dif-
ferent chemical species are determined based on 
normalization of the peak areas to their photoioni-
zation cross-sections, calculated by Scofield [13].

The sea salt samples have been obtained by evapo-
ration (at the natural conditions) of sea waters from 
Black Sea (BS), Mediterranean Sea (MS) and Dead 
Sea (DS). The ion concentrations on the salt surfaces 
measured by XPS are compared with the bulk data 
determined by the EUROTEST – CONTROL EAD 
Company (Sofia, Bulgaria). The temperature is main-
tained at about 25–30 °C, whereas the relative humid-
ity is controlled within 45–55% RH. The temperature 
is measured by a Pt100 thermometer. The relative 
humidity is being monitored by 808H5V6 Humidity 
transmitter during the whole evaporation period. 

RESULTS AND DISCUSSION

Surface chemical composition of sea salts

As it was mentioned above, the three sea-salt 
samples obtained by evaporation of sea water from 
the Black Sea (BS), Mediterranean Sea (MS) and 
Dead Sea (DS), respectively, have been studied by 
XPS. One of the most intensive photoelectron peaks 
is located at about 200 eV and it originates from 
Cl2p core-level, characteristic of Cl- ions giving 
respectively the largest concentration of these ions 
compared to all the other surface salt particles.

The presentation of our results begins with the 
C1s core-level region because the energy of the most 
intensive peak here is used for energy-scale calibra-
tion (Fig. 1). This peak at binding energy of 285.0 eV 
is characteristic of the C-H and/or C-C functional 
groups [14] most probably due to adsorbed hydrocar-
bons from residual gases in the vacuum chamber. Fig. 
1 shows the different peak contributions, derived from 
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70–300 times lower than the bulk-seawater concen-
tration of Cl– ions (Table 1) but in the surface layers 
of crystallized sea salts the corresponding ratio is 
significantly higher: the concentrations of (HCO3)– 
and (CO3)2– groups are only 6–8 times lower than 
that of chloride. 

In the spectral region, shown in Fig. 1, the K2p3/2 
and K2p1/2 peaks are measured at binding energies 
of 293.6 and 296.2 eV, characteristic of K+ ions. No 
significant differences are detected for the K+ ion 
concentrations with respect to those of the surface 
Cl– species. The K+:Cl– concentration ratio varies 
between ~70 for BS salt and ~43 for both MS and 
DS salts (Table 1). It should be noted that the con-
centration ratio of the same order is measured in 
the bulk seawaters. There is significant deviation 
only for DS seawater, which will be discussed at 
the end of this section. These K+:Cl– ratio similari-
ties between bulk and surface of liquid and crystal-
lized phases, respectively, can be explained assum-
ing that K+ ions originate from the KCl compound. 
Surprisingly, the most intensive feature in XPS spec-
tra cannot be connected with Na but rather with the 
presence of large amount of Mg on the surface. This 
is clearly shown in Fig. 2. The binding energies of 
the indicated peaks are characteristic of Mg2+, Na+, 
Br- and Ca2+-ions [15]. The Na2s peak intensity is 
almost invisible, while the Mg2s peak dominates 
the whole spectral region, although their photoioni-
zation cross-sections are comparable, 0.422 and 
0.575, respectively [13]. The ion concentrations in 
the surface layers of the crystalline salts are shown 
in Table 1. While in the bulk sea water from BS and 
MS the Na+ ion concentration is 10 times higher 
than the Mg2+ concentration, on the surface of crys-
tallized salt phase the Na+ ion amount is ~6 and ~20 
times lower compared to the Mg2+ amount, respec-
tively. Again a deviation is observable in the Dead 
Sea sample results. In the bulk seawater the amounts 
of Mg2+ and Na+ ions are almost equal, which can 

Fig. 1. C1s- and K2p-spectral regions of sea salts crystal-
lized from different seawaters

Table 1. Surface ion concentrations (at. %) of salts evaporated from Black Sea (BS), Mediterranean Sea (MS) and 
Dead Sea (DS) water sample solution compared to the ion concentrations (at. %) in sea water from corresponding seas

Ions BS water 
(at. %)

BS salt
(at. %)

MS water 
(at. %)

MS salt 
(at. %)

DS water 
(at. %)

DS salt 
(at. %)

Na+ 43.82 6.6 42.12 1.8 17.85 0.8
Mg2+ 4.29 37.6 4.60 37.6 18.71 29.6
K+ 0.73 0.6 0.83 1.1 2.33 1.3

Ca2+ 0.90 - 0.99 - 3.10 3.7
Cl– 47.40 41.2 48.93 46.2 57.12 56.7

(SO4)2– 2.09 5.8 2.29 6.8 0.04 0
(HCO3)– 0.40 7.2 0.08 6.0 0.28 6.9(CO3)2– 0.26 0.08 0.06

Br– 0.06 1.1 0.08 0.5 0.50 1.0

the fitting procedure described in Sect. Experimental. 
тhe next two low-intensity broad peaks centered in a 
region of 287–290 eV can be attributed to negatively 
charged (HCO3)– and (CO3)2– functional groups as the 
higher negative charge of (CO3)2– group determines 
its higher C1s binding energy [12]. The peak contri-
bution of the (HCO3)– group is more distinctly seen 
for the DS salt although the two functional groups 
are present in all the studied seawaters. Their bulk 
concentrations in seawaters are very small, between 
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respect to BS and MS waters the smaller amount of 
Na+ ions in DS water leads to their smaller quan-
tity in the surface layers of crystallized phase: 37 
times lower than Mg2+ ion concentration (Table. 1). 
However, for all three crystallized samples one can 
conclude that the surfaces of sea salts are enriched 
in Mg2+ ions.

Another remarkable feature, which follows from 
our measurements, is the enriched content of Br–  
ions with respect to the chlorine concentration on 
the surface of all crystallized samples. In the bulk 
of seawaters the Br–:Cl– concentrations ratio is 
0.001 for BS and MS, respectively, and 0.009 for 
the DS sample while on the sea-salt surfaces this 
ratio is measured to be 27, 10 and 2 times higher in 
the salts evaporated from BS, MS and DS, respec-
tively (Table 1). Despite the very small bromide 
amounts they can be reliably measured by XPS due 
to the relatively high photoionization cross-sec-
tions of Br3d (5/2+3/2) electrons, calculated to be 
1.68+1.16=2.84, respectively [13]. For comparison 
this value is about 5–7 times higher than the cross-
sections of Mg2s and Na2s electrons, respectively, 
as it was mentioned above. In addition to the analy-
sis of the results represented in Fig. 2 we should 
note here that only for the salt crystallized from DS 
water a small amount of Ca2+ ions is detected with 
corresponding weak peak of Ca3s electron core-
level at 44.8 eV.

To complete the discussion of the surface chemi-
cal composition of sea salts the next intensive pho-
toelectron lines of S2p, Cl2p and O1s should also be 
considered (Fig. 3). The sulfur amount is detected 

Fig. 2. Low binding-energy regions of crystallized sea 
salts from different seawater samples

be explained by the already started crystallization 
leading to the formation of small NaCl crystallites 
on the walls of the container with DS water. With 

Fig. 3. Different spectral regions of crystal-
lized sea salts: (a) S2p; (b) Cl2p; (c) O1s
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only in the salts, crystallized from BS and MS waters. 
From the fitted S2p spectra a S2p3/2 binding energy of 
169.9 eV has been derived as well as 2p (3/2–1/2) 
spin-orbital splitting of 1.2 eV (Fig. 3a). This energy 
shows that the sulphur is in (SO4)2– chemical state 
(Fig. 3a) [15]. The (SO4)2–:Cl– ions concentration 
ratio is almost equal (0.14) on the surfaces of both 
BS and MS crystallized salts, whereas in the bulk of 
seawaters this ratio is about 3 times lower (Table 1).

The spectral Cl2p region is characterized by one 
asymmetrical peak containing 2p3/2 and 2p1/2 com-
ponents with separation energy difference of 0.7 eV 
(Fig. 3b). Although, the peak intensities for different 
crystallized salts increase in the order BS<MS<DS, 
the chloride concentration remains almost the same 
for BS and MS salts and it is higher by approxi-
mately 20% for the DS salt (Table 1). These results 
can be convincingly explained making a balance 
between the two possible MgCl2 and MgSO4 com-
pounds, which may exist on the sea-salt surfaces us-
ing the concentrations of Mg2+, Cl– and (SO4)2– ions 
from Table 1. On the DS salt surface no sulfur is 
detected and therefore almost all the Mg2+ and Cl– 
ions are probably included in the MgCl2 whereas 
on the BS and MS salt surfaces there are ~5–7% 
(SO4)2– ions and therefore part of the Mg-ions is in-
volved in the form of MgSO4 compound. For this 
reason the amount of MgCl2 compound and respec-
tively Cl– ions should be lower than those in DS salt. 
This concentration balance leads to the conclusion 
that MgCl2 and MgSO4 compounds may exist on 
the surfaces of BS and MS salts in MgCl2:MgSO4 
amount ratio of ~3.

For the salts crystallized from BS and MS no 
differences are to be seen in their O1s peaks as evi-
denced by the spectra shown in Fig. 3c. Both O1s 
peaks are located at 532.5 eV which binding energy 
is characteristic of oxygen in organic molecules 
and/or (HCO3)– groups [16], (CO3)2– groups [17] as 
well as of (SO4)2– groups [18]. Therefore the oxy-
gen ions in chemically different environments in 
these three groups cannot be resolved based on their 
binding energies. For the sea salt evaporated from 
the DS water we detect an additional O1s peak at  
534.1 eV, which can be attributed to OH– groups 
[19]. As this peak does not exist in the BS and MS 
salt spectra and also having in mind that the only 
significant difference between the three sea-salt 
samples is the presence of Ca2+ ions in DS salt sur-
face, one can suppose that the OH– groups are con-
nected with some compound also containing Ca2+.

Sequence of mineral precipitation

As it was demonstrated in the previous sections, 
the chemical compositions of the surfaces of crystal-
lized sea salts at 45–55% RH and 25–30 °C showed 

a high concentration of Mg2+ ions, whereas the Na+ 
ion amount was ~6 and ~20 times lower than the 
Mg2+ amount in the BS and MS salts, respectively. 
In addition, the Br–:Cl– and (SO4)2–:Cl– ion concen-
trations ratios are established to be significantly 
higher than that in the bulk of seawaters. These sur-
prising results can be explained by precisely deter-
mined sequence of deposition of the various miner-
als, contained in sea waters. Therefore, to examine 
this sequence it is necessary to analyze the amounts 
of different ions in the depth of the samples. For this 
purpose the sample surface has been “washed” with 
deionized water for a short time interval and the 
chemical composition of the treated newly formed 
surface has also been studied by XPS. Here, we 
present the results for the MS salt crystallized under 
natural conditions like the samples discussed in Sect. 
3.2. The only difference is that the MS salt has been 
left for a few months under the conditions of its for-
mation (at 45–55% RH and 25–30 °C), and as a re-
sult, the salt has been humidified. It should be noted 
that the original (before washing) and treated surfaces 
have been dried in vacuum before the analysis.

The most informative XPS spectra of the original 
and treated surfaces are shown in Fig. 4. Obviously, 

Fig. 4. Comparison of low binding-energy regions of 
treated sea salts: (a) before “washing” procedure and after 
(b) first, (c) second and (d) third lavement, respectively
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the concentration of Mg-ions is significantly re-
duced after “the washing” treatment, while gradu-
ally the Na2s peak begins to dominate. The 3d peak 
of the bromide almost disappears after the first lave-
ment of the salt surface. The concentrations of all 
ions are shown in Table 2. The results for the origi-
nal salt surface are in good agreement with those 
for MS salt concentration, presented in Table 1, 
which shows the good reproducibility of our meas-
urements. Several conclusions can be drawn on the 
basis of the results listed in Table 2.

After the first lavement the Mg2+ ions concen-
tration is slightly reduced while that of (SO4)2– is 
increased 2 times. Also 25% reduction of Cl– ions 
concentration is observed. The explanation can 
be found assuming the presence of a significant 
amount of MgSO4 immediately below the top sur-
face layers of the salt crystal. After the next steps of 
washing Mg2+ and (SO4)2– ion concentrations are de-
creased simultaneously but the Na+ and Cl– amounts 
increase to a level characteristic of NaCl stoichiom-
etry. Therefore, we believe that after the washing 
treatment of the salt surface relatively clean NaCl 
crystallites should appear indicating that their for-
mation should be the first step in the crystallization 
sequence of the sea salt under natural conditions of 
seawater evaporation. Indeed, Table 2 shows that 
the concentrations of all ions are decreased except 
for those of Cl– and Na+. Note, that in these con-
siderations, the differences in the initial dissolu-
tion rates of the various salt components have been 
ignored.

Observed differences in DS salt features

Similar study to that, explained in previous sec-
tion, has been performed with the salt evaporated 
from Dead Sea water. This salt has been stationed for 
five months under laboratory conditions. Because of 
the humidity in the room the salt becomes moistur-

ized and has been separated in two volume layers. 
The bottom layer in the container consists of wet 
precipitated crystallites, whereas above this layer 
an aqueous salt solution is observed. The top liquid 
layer has been dried first and then studied by XPS. 
Its corresponding XP spectrum is shown in Fig. 5 
and it is compared with the spectrum of the original 
DS salt. The measured concentrations of the Na+, 
Mg+, K+, Ca2+, Cl–, and Br– ions on the surface of the 
salt, obtained from the top aqueous layer, are 3.0%, 
13.5%, 0.9%, 16.3%, 57.6% and 2.5%, respectively. 
In comparison to the original DS salt (see Table 1) the 
amounts of Ca2+ and Br– ions are increased strongly 

Table 2. Surface ion concentrations (at. %) of wetted salt ontained by evaporation of Mediterranean Sea (MS) water 
and after three lavements of the salt surface with deionized water

Ions Wetted MS salt 
(at.%)

1st lavement
(at.%)

2nd lavement
(at.%)

3rd lavement 
(at.%)

Na+ 3.4 12.7 37.8 47.4
Mg2+ 36.2 31.5  11.4 7.1
K+ 0.9 2.6 1.4 0.8
Ca2+ – – ~0 ~0
Cl– 47.4 35.9 41.7 45.7
(SO4)2– 5.6 12.9 4.7 3.3
(HCO3)–

5.7 4.0 3.0 2.6(CO3)2–

Br– 0.8 0.2 0 0

Fig. 5. Comparison of XP spectra of (a) original DS sea 
salt and (b) salt received from the top liquid layer as it is 
described in the text

H. Kolev et al.: Experimental study of the surface chemical composition of sea salt crystallized during evaporation...



590

more than 4 and 2.5 times, respectively. Therefore, 
we can suggest that these are the ions, dissolved in 
the formed liquid top layer, which were originally 
located on the salt crystal surface.

CONCLUSIONS 

Three sea-salt samples obtained by evaporation 
of sea water from the Black Sea, Mediterranean 
Sea and Dead Sea, have been studied by XPS. The 
highest ion concentrations of about 41–46% are 
measured for the Cl– ions in the BS and MS salts, 
and ~57% in the DS salt. In all the samples, the salt 
crystal surfaces are enriched in Mg2+ ions, while 
the bulk is dominated by the presence of Na+ ions. 
While the Na+ ion concentration in the bulk sea 
water from BS and MS is 10 times higher than the 
Mg2+ concentration, on the surface of crystallized 
salt phase the Na+ ion amount is ~6 and ~20 times 
lower with respect to the Mg2+ amount, respec-
tively. Another remarkable feature is the enriched 
content of Br– ions with respect to the chloride ions 
concentration on the salt surface, which suggests 
that the bromide ions are supposed to be localized 
mainly in the top surface layer.

In an attempt to examine the sequence of salt 
crystallization we reached the conclusion that the 
first step should include the formation of NaCl crys-
tallites followed by creation of a layer containing 
mainly MgCl2 and MgSO4 compounds. This second 
layer contains also small amounts of K+, (HCO3)– 
and (CO3)2– groups and also Ca2+ in the case of DS 
salt. The (HCO3)– and (CO3)2– concentrations in the 
bulk of seawaters are very low: 70–300 times lower 
than the bulk concentration of Cl– ions. It is worth 
noting that in the surface layers the (HCO3)– and 
(CO3)2– ion concentrations are only 6–8 times lower 
than that of the chloride. These relative high surface 
concentrations of the (HCO3)1– and (CO3)2– groups, 
together with the surface localized Br- ions, might 
play a significant role in the interaction dynamics 
on the surface of crystallized sea salts.
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(резюме)

при естествени атмосферни условия (45–55% RH и 25–30 °C) три проби от морска сол са получени чрез 
изпарение на морска вода от черно море, средиземно море и мъртво море, съответно, след което са изслед-
вани с рфс. резултатите показват, че повърхността на солта е обогатена с Mg2+ йони, като концентрацията 
на Na+ йоните е ~6 пъти по-ниска от тази на Mg2+ йоните в черно море и съответно ~20 пъти по-ниска от тази 
на Mg2+ йоните в средиземно море. регистрирано е повишено съдържание на Br-йони на повърхностите на 
всички кристализирали морски соли спрямо концентрацията на хлор. Бромните йони най-вероятно са лока-
лизирани в най-горния повърхностен слой. вероятно първата стъпка на кристализационния процес включва 
образуването на кристали от NaCl, последвано от създаването на слой, съдържащ предимно MgCl2 и MgSO4 
съединения. Освен това, този слой съдържа K+ йони, (HCO3)1– и (CO3)2– групи, а също и са2+ йони в случая на 
сол от мъртво море. на повърхността на образците концентрациите на (HCO3)1– и (CO3)2– йони са относително 
високи. следователно, тези йони заедно с локализираните на повърхността Br– аниони могат да играят важна 
роля в динамиката на взаимодействията върху повърхностите на кристализиралите морски соли.
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We used classical molecular dynamics simulation method to investigate physical factors responsible for the in-
creased thermal stability of proteins from thermophilic and hyperthermophilic organisms. Subject of investigation 
were two pairs of homologous proteins from the functional classes of: 1) cold shock proteins from Escherichia coli 
(mesophilic) and Bacillus caldolyticus (thermophilic) and 2) acylphosphatases from Bos taurus (mesophilic) and 
Pyrococcus horicoshii (hyperthermophilic). The simulations were performed for three different temperatures: 298 K, 
373 K and 500 K. The results confirmed the common opinion that salt bridges and internal hydrogen bond networks 
stabilize thermostable proteins at high temperature. In addition, we found that at high temperatures the packing de-
fects, in terms of cavity formation, increase with a preference to the mesophilic protein. Since cavities are a desta-
bilizing factor, we conclude that due to specific packing organisation of proteins of extremophilic organisms, these 
proteins are more resistant to temperature induced cavity formation, which contributes to their enhanced tolerance 
towards increase in temperature.

Key words: Thermostability, extremophiles, molecular dynamics, packing defects.

INTRODUCTION

Proteins from thermostable organisms are char-
acterized by higher thermal stability in compari-
son with their mesophilic counterparts. The most 
discussed factors contributing to thermal stability 
of proteins are the optimization of electrostatic in-
teractions [1], the optimization of protein-solvent 
interactions [2], salt bridges and hydrogen bond 
networks [3, 4]. Molecular packing and reduction 
of packing defects (cavity formation) can also be 
considered as a factor involved in the mechanism of 
thermal stabilization of proteins [5].

There are a few overall structural characteris-
tics that discriminate proteins from mesophilic and 
(hyper)thermophilic organisms such as amino acid 
content, secondary and quaternary structure. These 
differences preferably occur at the protein-solvent 
interface rather than in the protein interior. Polar 
non-charged residues in thermophilic proteins 
have been found to change into glutamate and 
lysine and non-polar amino acids to substitute iso-

leucine [6]. In hyperthermophiles, isoleucine and 
to a lesser extent valine residues have been proved 
to form most of the hydrophobic contacts of the 
structurally conserved regions [7]. The second-
ary structure accounts for a larger fraction of resi-
dues with α-helices and β-strands conformations 
in the thermophilic proteins. Consequently, it has 
been discovered that the content of lower struc-
tured irregular regions is smaller in thermophiles 
[8]. The comparison between Fe-Superoxide dis-
mutases (Fe-SOD’s) has revealed that the ther-
mophilic counterparts have fewer and longer 
loops, more α-helices and turns, and decreased 
length of β-strands [9]. α-Helices have showed to 
be involved in the greater apolar contact area in the 
hyperthermophilic proteins. Despite all the differ-
ences in amino acid contents and secondary struc-
tures, there are practically no or very small differ-
ences in the three-dimensional organization of the 
homologous mesophilic/thermostable proteins.

The above observations, however, do not reveal 
in detail the driving forces responsible for the shift of 
the melting point to higher temperature of proteins 
from (hyper)thermophilic species. Since the chemi-
cal content of these classes of proteins is practically 
the same, the answer to the question of thermal sta-
bility should be sought in the delicate balance of 
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non-covalent interactions. Vogt et al. [10] have in-
vestigated 16 families of proteins in which 80% have 
manifested correlation between the thermal stability 
and the increase in the number of internal hydrogen 
bonds, salt bridges and existence of polar surface. 
These authors have found that proteins connect to 
22 extra solvent molecules per 10 °C rise in melting 
temperature by increasing their polar surface area. 
It has also been found that the increase in the in-
ternal hydrogen bonding in thermophilic proteins is 
mainly due to links between buried donor/acceptor 
pairs belonging to the main chains. The abundance 
of stable intermolecular and intramolecular hydro-
gen bonds has been found to attribute to the me-
chanical rigidity of the proteins, a factor enhancing 
their thermal stability [11]. In thermostable proteins 
a large number of side chain alternative H-bonds are 
formed with rise in temperature[12].

The electrostatic interactions have been found to 
have an important role for the thermal stability of 
proteins, especially in increasing the number of the 
salt bridges [13]. Danciulescu et al. [14] have inves-
tigated the electrostatic interactions calculating the 
free energy contributions for the nucleotide-binding 
domain of homologous mesophilic and hyperther-
mophilic Glutamate dehydrogenises from E. Coli 
and T. maritima. The mobility and the dynamics of 
the salt bridges proved to be crucial. According to 

their calculations the specific heat capacity of the 
hyperthermophilic protein is higher than the heat 
capacity of the mesophilic one.

In our earlier investigations we have noticed 
that protein from (hyper)thermophilic organisms 
are characterized by somewhat lower packing den-
sity [5]. We have also confirmed that the packing 
defects in term of cavity formation are reduced in 
(hyper)thermophilic proteins. Hence, the destabi-
lizing effect of the cavities is diminished in these 
proteins. These results, as well as the vast major-
ity of the conclusions discussed above, are based 
on three-dimensional X-ray protein structures. It is 
well documented that proteins in solution are dy-
namic and occupy more than a single conformation. 
It is interesting to see to what extent the above ob-
servations can be confirmed when dynamic proper-
ties of proteins are taken into account. For this pur-
pose we employed MD simulation for two pairs of 
homologous proteins from mesophilic and (hyper)
thermophilic organisms. The first homologous pair 
consists of the cold shock proteins from Escherichia 
coli (mesophilic, in the following abbreviated as 
M-csp) and Bacillus caldolyticus (thermophilic, 
T-csp) and 2) acylphosphatases from Bos taurus 
(mesophilic, M-acp) and Pyrococcus horicoshii 
(hyperthermophilic, H-acp). The structures of the 
two pairs are illustrated in Figure 1. As seen, the 

Fig. 1. X-ray crystal structures of 
the investigated proteins: a) M-csp; 
b) T-csp; c) M-acp and d) H-acp

E. Salamanova et al.: Physical bases of thermal stability of proteins: A comparative study on homologous pairs...
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three dimensional similarity within the pairs is re-
markable, nevertheless the unfolding temperatures 
differ dramatically (see also Table 1).

Their X-ray structures were downloaded from 
Protein Data Bank (PDB) [15]. Our results are in 
accord with the common opinion that electrostatic 
interactions and hydrogen bonding are important 
factor for the thermal stability of proteins from ex-
tremophiles. The average percentage of occupancy 
per amino acid pair, participating in a salt bridge 
and per hydrogen bond in hyperthrmophilic pro-
teins has showed distinct separation compared to 
the mesophilic and thermophilic proteins. The 
hyperthermophiles formed longer-lasting, stable 
hydrogen bonds. In addition, we have shown that 
thermophilic and especially hyperthermophilic 
proteins from the investigated pairs are more re-
sistant towards temperature induced cavity forma-
tion. Since cavities are destabilizing component of 
protein structure, we conclude that proteins from 
thermophiles gain stability via diminishing tem-
perature induced cavity formation.

COMPUTATIONAL METHODS

Classical Molecular Dynamics (MD) simula-
tions were carried out for two pairs of homologous 
proteins. The biological units of the mesophilic 
proteins are monomers, whereas those of the ther-
mophilic and hyperthermophilic proteins are dim-
ers. For the consistency of our calculations only the 
monomers were used.

The possible contribution of intermolecular in-
teractions within the tertiary structures to thermal 
stability is out of the scope of this study. 

Based on the sequence analysis performed us-
ing BLASTP algorithm [16], we found that the 
thermostable cold shock protein and the acylphos-
phatase have a structural identity with their mes-
ophilic counterparts of 92% and 84%, respectively. 

All the MD simulations were performed, using 
GROMACS v.4.5.3 [17, 18] with CHARMM27 
force field [19] and TIP3P explicit water model 

[20]. The systems were set up in dodecahedron 
boxes with 1nm distance between the sides of the 
box and the protein surfaces. Water molecules were 
added, along with sodium (Na+) and chloride (Cl–) 
counter ions in order to achieve ionic strength of 
0.1 M. The systems were minimized using Steepest 
Descent method. The restraints of the atoms were 
released at three stages: 1) the minimizations were 
performed with all non-hydrogen atoms, restrained 
with 500 kJ/mol/nm2; 2) only non-hydrogen atoms 
of the main chain restrained with 200 kJ/mol/nm2 
and 3) the minimizations were performed with-
out position restraints. Next, MD simulations were 
conducted in periodic boundary conditions, in NVT 
ensemble. The systems were heated by 10 K every  
2 ps to the desired temperatures: 298, 373 and 500 K. 
For the purpose of keeping the temperature con-
stant, Berendsen thermostat was used. The constant 
temperature MD simulations were performed using 
leap-frog integrator with 2 fs time step. The hy-
drogen atoms were constrained with LINKS algo-
rithm, implemented in GROMACS. The length of 
simulations was 6 ns at 298 K and 10 ns at 373 K 
and 500 K.

The analysis of the trajectories with rmsd, the 
salt bridges and hydrogen bonding evaluation was 
processed with VMD [21]. The secondary X-ray 
structure of all the molecules was investigated with 
STRIDE [22].

For the purposes of this study we define a void 
as room within the protein moiety which is inac-
cessible to the solvent and small enough so that no 
solvent molecules can be situated there. Cavity is an 
internal space in the protein where at least one sol-
vent molecule can be introduced. The identification 
of voids and cavities as well as their volumes were 
calculated using the method and the parameters de-
scribed earlier [5]. 

Salt bridge/hydrogen bond and void/cavity for-
mation were calculated taking 50 snapshots over the 
last 2 ns of the MD simulations at all temperatures. 
The length of simulation at 298 K was 6 ns, during 
which time the protein structures reached equilibri-
um. The high temperature simulations were stopped 

Table 1. Mesophilic/thermophilic and mesophilic/hyperthermophilic pairs

Organism Functional class PDB 
entry Name Number of 

residues
Biological 

unit
Melting temperature, 

Tm [°C]

Escherichia coli Cold shock protein 1MJC M-csp 69 Monomer 57.60 [31]
Bacillus caldolyticus Cold shock protein 1C9O T-csp 66 Dimer 76.90 [32]
Bos taurus Acyl-phosphatase 2ACY M-acp 98 Monomer 53.80 [33]
Pyrococcus horicoshii Acyl-phosphatase 1W2I H-acp 91 Dimer 111.50 [25]

E. Salamanova et al.: Physical bases of thermal stability of proteins: A comparative study on homologous pairs...
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at 10 ns when they began to show increased devia-
tions from the X-ray structure in the last 2 ns. For 
the analysis of the results, we took the averages of 
the rmsd values when the temperature perturbation 
starts to affect the protein structure. Then the first 
step of denaturation occurs and the structures leave 
their equilibrium conformation(s).

The assessment of salt bridge and hydrogen 
bonds formation was made of the basis of a cut-off 
distance of 3.6 Å and 3.2 Å respectively, whilst the 
cut-offs of 40° and 20° of the acceptor-donor-hy-
drogen angle (according VMD nomenclature) were 
used. Data were collected over the last 2 ns of the 
simulation.

RESULTS AND DISCUSSION

Rmsd and rmsf (root mean square deviation and 
fluctuation) analysis. The average rmsd values for 
the non-hydrogen atoms of the proteins simulated at 
different temperatures are summarized in Table 2. 
At almost all simulated temperatures the T-csp and 
H-acp proteins were characterized by smaller chang-
es in the average rmsd values than their mesophilic 
counterparts, which relates to their greater structural 
stability. The fluctuations of residues in the structures 
were investigated by calculating the rmsf for the non-
hydrogen atoms from an average structure for the last 

2 ns at all temperatures. Structural elements fluctuat-
ing more than the threshold of 0.15 nm are presented 
in Table 3. During the last 2 ns of the simulations all 
the proteins fluctuated at distance-separated unique 
residues with preferably highly mobile, solvent-ex-
posed secondary structures such as turns and coils. 
Fluctuations in α-helices and β-strands were either in 
their beginnings or ends where they are followed or 
preceded by the mobile residues.

At 373 K the difference in rmsd values of the 
cold shock proteins was minimal (M-csp-2.105 Å 
and T-csp-2.002 Å). The rmsf per residue involved 
fluctuation in coordinates of coils, turns and a 
β-strand (Glu56) in M-csp and well-structured el-
ements as parts of β-strands (Lys5, Gly23-Ser24; 
Gln53- Gly54 and Lys65) in T-csp. The rmsf dif-
ference between the M-acp and H-acp acylphos-
phatases at 373 K became 0.244 Å. The alternations 
in M-acp consist of fluctuations in turns, α-helices 
(Lys31; His60; Lys68) and β-strand (Arg77). In 
H-acp the fluctuating regions were mostly parts 
of β-strands and α-helices (Arg13, Arg28, Leu53, 
Arg70, Arg77).

At 500 K M-csp experienced greater structural 
fluctuations in larger number of residues than its 
thermophilic homolog. The change in coordinates 
preferably included big blocks of β-strands and 
a visual loss of its 3–10 helix structure (Phe34- 
Ala36), which was transformed into a turn and 

Table 1. Average rmsd and standard deviation (sd) values of the non-hydrogen atoms from the X-ray structure of 
the M-csp/T-csp and M-acp/H-acp homologous pairs at 298 K, 373 K and 500 K

Protein Average rmsd [Å]
at 298 K

Average rmsd [Å]
at 373 K

Average rmsd [Å]
at 500 K

Average ∆rmsd [Å]
(298K-373K)

Average ∆rmsd [Å]
(298K-500K)

M-csp 1.915 ± 0.260 2.105 ± 0.219 2.635 ± 0.468 0.190 0.720
T-csp 1.515 ± 0.206 2.002 ± 0.272 2.418 ± 0.287 0.487 0.903
M-acp 1.231 ± 0.089 1.684 ± 0.197 2.815 ± 0.675 0.453 1.584
H-acp 1.356 ± 0.199 1.440 ± 0.133 1.849 ± 0.308 0.084 0.493

Table 3. Total number of amino acid pairs, participating in the formation of salt bridges and their population over 
50 frames of the last 2 ns of the simulations

Total number of amino acid pairs participating in 
salt bridges

Average occupancy of salt bridges per amino acid 
pair [%]

Protein Id 298 K 373 K 500 K 298 K 373 K 500 K

M-csp 1 3 5 40.38 35.9 18.46
T-csp 6 6 11 42.66 49.36 27.97
M-acp 6 9 17 52.20 38.46 25.11
H-acp 17 16 20 54.44 59.62 39.13

E. Salamanova et al.: Physical bases of thermal stability of proteins: A comparative study on homologous pairs...
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coil. The flexibility of a turn (Asn39- Tyr42) and 
a bend (Ser57- Pro62) caused larger deviation from 
the X-ray structure and distortion of the structure. 
During the simulations similar changes were ob-
served for T-csp, which also fully lost one of its 
3-10 helix (Asn11- Lys13) and partially another 
3-10 helix (Phe30- Ala32) structures to irregular re-
gions (turn and coil).

The second pair of proteins, which has difference 
in the melting temperatures bigger than the first ho-
mologous pair, showed significant separation in the 
rmsd values (~ 1 Å). The mesophilic protein reached 
higher rmsd values especially in the last 2 ns of the 
simulation- consistent with changes in the secondary 
structure and initial stage of denaturation. The main 
change in the secondary structure in M-acp was in 
one β-strand (Ile75- Val85). In some of the snap-
shots the β-strand was disrupted in residues His81, 
Asn82 and Glu83. Residues from another β-strand 
and residues close to the N- and C- termini (Asn41, 
Tyr11, Val85) manifested high fluctuations. These 
structural deviations are displayed as major peaks in 
Figure 2c. The major difference between the X-ray 
of H-acp and the simulated structure at 500 K was in 
β-strand and α-helix (Tyr11- Arg13; Trp21; Arg25; 
Arg28; Gln64, Arg70- Arg73). 

The ∆rmsd values in Table 2 were calculated as 
difference between rms deviations of the simulated 

structures at 373 K and 500 K and the average rms 
deviations of the equilibrated molecule at 298 K. 
The average ∆rmsd of H-acp does not show large 
deviation in coordinates from the equilibrated struc-
ture at 298 K unlike the other simulated proteins.

In the acylphospatase pair the fluctuations 
around the average structure over the trajectory of 
the hyperthermophilic protein, were smaller in aver-
age than its mesophilic counterpart.

The 1MJC/1C9O pair are proteins with small 
molecular weight per chain (7280 Da and 7547 
Da) [23, 24], without or with small hydrophobic 
cores, which would lead to high, close rates of fluc-
tuations for both structures. Fluctuation difference 
should be sought in the M-acp/H-acp pair (weights 
of 11.326 kDa and 10.369 kDa per chain) [25, 26]. 
The mesophilic proteins are less fluctuating at 373 
K with change in position mainly in irregular re-
gions compared to their thermostable counterparts, 
where the fluctuations occur mostly in α-helices and 
β-strands. Therefore, the thermostable proteins are 
more mobile at moderately high temperatures (373 
K) without experiencing overall significant distor-
tion in structure at 500 K.

Salt bridges and internal hydrogen bonds. The 
number of salt bridges for the homologous pairs of 
proteins was calculated over the last 2 ns of the MD 
trajectories for 298 K, 373 K and 500 K (Table 3). 

Fig. 2. Average rmsf plots per residue for the last 2 ns of the MD simulation at 298 K, 373 K and 500 K: a) M-csp;  
b) T-csp; c) M-acp and d) H-acp

a)

c) d)

b)

E. Salamanova et al.: Physical bases of thermal stability of proteins: A comparative study on homologous pairs...
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As expected [2] the proteins from thermostable or-
ganisms are characterized by a larger number of salt 
bridges than their mesophilic counterparts (Table 3). 
Since salt bridges are dynamic formation, i.e. they 
may break and form during simulations [27, 28], the 
quantity relevant for the structural stability of pro-
teins is their lifetime. As seen in Figure 3 and Table 
3 there is a weak tendency the proteins from the 
extremophilic organisms to have a longer lifetime 
at room temperature. Due to increasing of the ki-
netic energy when temperature increases the overall 
salt bridge lifetime (occupancy) reduces. However, 
this reduction is lower for the thermostable and es-
pecially for the hyperthermostable protein. Hence, 
the role of salt bridges as stabilizing factor is less 
reduced in proteins from (hyper)thermophilic or-
ganisms. The physical foundation of this effect has 
been discussed [29]. Based on X-ray structure and 
continuum dielectric model it has been shown that 
due to reduction of permittivity of solvent water, the 
charge-charge interaction energy increases, whereas 
the desolvation penalty reduces. These two factors 
increase the stabilization effect of electrostatic in-

teractions. In this work we illustrate the same effect 
using more detailed representation of the protein/
solvent system, including structural flexibility of 
the protein molecule.

In contrast to salt bridges, the number of in-
tramolecular hydrogen bonds at room temperature 
practically does not differ within the counterparts 
of the two types of investigated proteins (Table 4). 
This reflects the similarity of the three-dimensional 
structures of the counterparts. As mentioned above, 
the measure of the contribution of hydrogen bonds 
to structural stability is their lifetime (the occupan-
cy) rather than their number. Similarly to salt bridge 
occupancy, that of intramolecular hydrogen bonds 
reduces with temperature. However, in this case the 
reduction is practically the same for all four pro-
teins under consideration (see also Figure 4). The 
thermostable protein shows a bit longer average 
lifetime at 500 K MD simulation run, however the 
difference between the counterparts is too small to 
make general conclusion. In the case of Acp pair, 
the average hydrogen bond lifetime for the hyper-
thermophilic protein at 500 K simulation is about 

Fig. 3. Average population of salt bridges per amino acid pair at 298 K, 373 K and 500 K in mesophilic M-csp (dashed 
line) and thermophilic T-csp (dash-dotted line) cold shock proteins and mesophilic M-acp (dotted line) and hyperther-
mophilic H-acp (solid line) acylphospatases

Table 4. Values of the hydrogen bonds for the proteins at all the simulated temperatures for 50 frames  
of the last 2 ns of each of the simulations

Total number of hydrogen bonds Average occupancy per hydrogen bond [%]

Protein Id 298 K 373 K 500 K 298 K 373 K 500 K

M-csp 62 66 103 30.02 24.07 12.19
T-csp 60 83 97 30.71 22.10 14.71
M-acp 102 130 167 32.13 22.71 14.19
H-acp 100 107 127 33.73 28.59 18.88

E. Salamanova et al.: Physical bases of thermal stability of proteins: A comparative study on homologous pairs...
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25% longer than that for the mesophilic counterpart. 
Thus, on the basis of the two pairs of proteins we 
conclude that in the case of meso/thermophilic pair 
the contribution of intramolecular hydrogen bonds 
to protein thermal stability is not so pronounced as 
that of salt bridges. We hypothesise that the hydro-
gen bonding is “used” as stabilising instrument for 
hyperthermophilic proteins.

Void volumes and cavities. Voids and cavities 
are integral characteristics, which result from all 
non-covalent interactions, as well as from the ami-
no acid content of the protein molecules. It is well 
documented that amino acid substitution leads to 
cavity formation, which reduces the stability of the 

protein molecule [30]. In general, cavities are con-
sidered as packing defects destabilizing the native 
structure. Voids also may lead to decreasing of 
the thermal stability, due to reduction of Van der 
Waals interactions. On the other hand, voids make 
folded protein structure to tolerate the increase of 
vibrational entropy with elevation of temperature. 
It is a general question to investigate to what ex-
tent thermo- and hyperthermophilic proteins can 
be discriminated from their mesophilic counter-
parts in terms of voids and cavities.

The calculated void and cavities volumes are pre-
sented in Table 5. The void volumes remain almost 
unchanged in the simulation at 298 K and 373 K. In 

Fig. 4. Average population per hydrogen bond at 298 K, 373 K and 500 K in mesophilic M-csp (dashed line) and 
thermophilic T-csp (dash-dotted line) cold shock proteins and mesophilic M-acp (dotted line) and hyperthermophilic 
H-acp (solid line) acylphospatases

Table 5. Average number of cavities and void volumes per atom over 50 frames of the last 2 ns of the MD  
simulations at 298 K, 373 K and 500 K. In brackets are given the calculated void volumes per atom/average  
number of cavities/cavity volumes over the last 2 ns of additional 5 ns simulations for H-acp

M-csp mesophile T-csp thermophile

Temperature 
[K]

Average 
number of 

cavities

Average cavity 
volume [Å3] Vvoid/atom [Å3]

Average 
number of 

cavities

Average cavity 
volume [Å3]

Vvoid/atom 
[Å3]

298 0.57 14.35 3.76 0.96 14.14 3.92
373 1.80 21.23 3.90 0.73 15.19 3.86
500 1.92 18.13 3.77 1.75 17.11 3.91

M-acp mesophile H-acp hyperthermophile

Temperature 
[K]

Average 
number of 

cavities

Average cavity 
volume [Å3] Vvoid/atom [Å3]

Average 
number of 

cavities

Average cavity 
volume [Å3]

Vvoid/atom 
[Å3]

298 1.78 12.92 4.19 1.35 14.24 4.15
373 2.39 17.41 4.18 1.96

(1.66)
14.78

(17.45)
4.17

(4.15)
500 4.10 13.90 3.06 2.29 21.47 4.00

E. Salamanova et al.: Physical bases of thermal stability of proteins: A comparative study on homologous pairs...
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the case of the 500 K MD simulations, the mes-
ophilic M-acp showed dramatic reduction of the 
void volume. The same tendency but with smaller 
magnitude is observed for the mesophilic M-csp. It 
can be attributed to initiation of unfolding at which 
the protein interior becomes accessible to the sol-
vent. The overall similarity of void volumes within 
the two pairs suggests that this parameter does not 
reveal difference between mesophilic and (hyper)
thermophilic proteins. 

The number of cavities gradually increases 
with temperature in all investigated proteins. This 
dependency on temperature is clearly pronounced 
for the mesophilic proteins. Another interesting 
feature uncovered by the computations is that, for 
these proteins the increase in the cavities’ number 
and volume is observed already at 373 K, compared 
to the thermostable proteins, where this change oc-
curs at 500 K. The larger structure of H-acp needed 
to be simulated longer for this phenomenon to be 
observed. Therefore, we performed MD simula-
tions with H-acp at 373 K for 5 more nanoseconds, 
and collected statistics over the last 2 ns. The void 
volumes and average number of cavities changed 
their values from 4.17 Å3 and 1.96 to 4.15 Å3 and 
1.66, respectively. These results suggest that ther-
mophilic and hyperthermophilic proteins are char-
acterized by structural organization resistant to 
temperature induced packing defects. This resist-
ance correlates with the melting temperatures of 
the investigated proteins.

CONCLUSIONS

Our comparative computational study on two 
homologous pairs of mesophilic- thermophilic/
hyperthermophilic proteins showed that the mole-
cules from the extremophilic species have a larger 
flexibility than that of the mesophilic counterparts. 
It has been observed that the number of charged 
groups participating in salt bridges increases, as 
obeying the correlation mesophilic<thermophili
c<hyperthermophilic proteins. In parallel the re-
duction of salt bridge lifetimes at high temperature 
is less for the proteins from extremophiles, hence 
salt bridges as stabilising factor are more resistant 
towards increasing of temperature. It was hypoth-
esized that the hydrogen bond network becomes 
relevant stabilizing factor in hyperthermophilic 
proteins, whereas for the thermophilic species 
its stabilizing role is not pronounced. Finally, the 
results have showed that thermophilic and hyper-
thermophilic proteins are characterized by struc-
tural organization resistant to temperature induced 
packing defects. 
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физични ОснОви на термичната УстОйчивОст на прОтеини: 
сравнителнО изследване на хОмОлОжни двОйки  

От мезОфилни и термОфилни Организми

E. K. саламанова*, д. т. цонева, а. д. кършиков

Институт по молекулярна биология „Акад. Румен Цанев“, БАН,  
ул. „Акад. Георги Бончев“, бл. 21, 1113 София

постъпила февруари, 2013 г.; приета май, 2013 г.

(резюме)

за изследване на физичните фактори, отговорни за повишена термична стабилност на белтъци от термо-
филни и хипертермофилни организми, използвахме симулационен метод, базиран на класическата молекул-
на  динамика. предмет на изследването са две двойки хомоложни белтъци от функционалните класове на: 
1) „студ–стрес“ (cold shock) белтъци от Escherichia coli (мезофилен) и Bacillus caldolyticus (термофилен) и 
2) ацил фосфатази от Bos Taurus (мезофилен) и Pyrococcus horicoshii (хипертермофилен). проведени бяха 
симулации на белтъците при три различни температури: 298, 373 и 500 K. резултатите потвърдиха общото 
мнение, че солеви мостове и мрежи от вътрешномолекулни водородни връзки стабилизират термостабилните 
белтъци при висока температура. в допълнение ние установихме, че при „високи“ температури дефектите 
на пакетиране се увеличават (чрез формиране на кухини), най-осезаемо при мезофилните белтъци. тъй като 
кухините са дестабилизиращ фактор, ние стигнахме до заключението, че особеното опаковане на белтъци от 
екстремофилни организми, по-устойчиви към температурно-индуцираното формиране на кухини, допринася 
за подобряване на тяхната толерантност към висока температурата. 
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Different types of isomorphic substitutions in the apatite structure are well known, as the substitution of PO4 by 
CO3-ion is the most common. This specifies the existence of various members of the apatite isomorphic series.

Carbonate-hydroxyl-flour apatite sample (B-type with Ca/P ratio >1.67) from Tunisia sedimentary phosphorite ore 
deposit are investigated.

The high energy milling is an environmentally friendly technological alternative for ore processing, to the con-
ventional acid leaching methods. The high energy milling creates defects in the apatite structure with simultaneous 
accumulation of mechanic energy. The impact of the mechanical forces over the solids is mostly revealed through the 
changes of the quantities being related to the energetic stability and reactivity of the solid phase. Under high energy 
milling process the isomorphic substitution increases mainly of on the account of CO2 and partly of water vapor.

Thermal with gas-mass analysis in the temperature interval 600–900 °с in air medium has been used to evaluate 
the achieved effect of the high energy milling on the positional redistribution of CO3-ions and the structural phase- 
transformations occurring in the investigated sample. The experimental analysis shows liberation of CO3-ions in three 
temperature stages with varying mass losses. Peaks intensities are determined from the high energy milling effect, the 
high temperature heating and the gas medium during the measurements.

Key words: high energy milling, apatite, structure.
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INTRODUCTION

Different types of isomorphic substitutions in the 
apatite structure are well known. The end members 
of the apatite (Ap) isomorphic series are hydroxyl-
apatite (HAp), flour-apatite (FAp) and chlorine-
apatite (ClAp) [1–3]. Two types of substitutions 
are the most common: (i) PO4 by CO3-ions in tet-
rahedral position (B-type position of сО3) and (ii) 
F– by OH– (Cl–) and and vice versa in the channels 
located nearby the hexagonal crystallographic axes 
[2]. This specifies the existence of various members 
of apatite isomorphic series: carbonate-flour apa-
tite (CFAp), carbonate-chlorine apatite (CClAp), 
carbonate-hydroxyl-flour apatite (CHFAp), etc. 
Under high energy milling process the isomorphic 
substitution increases mainly through incorporation 
of CO2 and partly of water vapor [2, 4, 5].

Previously we investigated the phase transi-
tions of sedimentary apatite ores from Tunisia and 
Syria, using Infra-Red spectroscopy (IR) and pow-
der X-Ray Diffraction (XRD), and the results show 
the isomorphic transitions from B- to A-type apatite 
through positional migration of сО3

2–-ions (from tet-
rahedral B-type to channel A-type position of сО3, 
where сО3 occupy the OH–/F– position in channels 
located nearby the hexagonal crystallographic axes 
[2]) and F– additional incorporation of сО2 from the 
air during the high energy milling [2, 4–6]. The in-
corporated CO2 occupy the A-type position of сО3. 
The high energy milling activation also leads to de-
creasing of samples particle size and formation of 
highly defective nano-particles with high degree of 
reactivity. The obtained nano-samples are under-
sized (amorphous) for investigation with powder 
XRD, so the identification of the phase composition 
is not possible by this method.

The aim of the study is to evaluate the achieved 
effect of the high energy milling on the possitional 
migration of CO3-ions and the structural phase- 
transformations occurring in the investigated sam-
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ple – natural fluorine-apatite (FAp) from Tunisia 
using thermogravimetric and differential thermal 
analyses with attendant mass-spectrometer analysis 
of the gas phases.

MATERIALS AND METHODS

We investigated FAp (with Ca/P ratio >1.67) 
from Tunisia sedimentary phosphorite ore depos-
it [8, 9]. The chemical composition of the mate-
rial includes (main components): 29.6% р2О5

total; 
from which assimilated (ass.) is 6.9% р2О5

ass (by 
2% citric acid); 3.5% F; 46.5% CaO; 0.55% R2O3 
(R = Al, Fe); 1.1% SO3; 1.9% SiO2; 0.35% MgO; 
0.05% Cl; 6.6% CO2; moisture content 3.14% and 
a granulometric size of the particles of 0.8 mm. 
There are different forms of P2O5 – water-soluble, 
assimilable, and insoluble in water. They are re-
flected in the application of P2О5 as а phosphate 
fertilizers. The assimilable forms of P2O5

ass. are in-
soluble in water but are soluble in soil solutions. 
Evaluation of the forms of P2O5 is performed on 
the basis of their solubility in the so-called condi-
tional solvents – solution of ammonium citrate or 
2% solution of citric acid. The choice of the rea-
gent is based on its similarity with the soil solu-
tions. In the resent years greater advantage is given 
to the assimilable fertilizers because their solubil-
ity is slower than that of the water-soluble ones 
and thus they feed the plants for a longer time. The 
method used for high energy milling is intended to 
enhance the transformation of the insoluble forms 
of P2O5 in P2O5

ass..
The high energy milling activation was carried 

out in a planetary mill Pulverisette-5, Fritsch Co 

(Germany), for activation times 120 and 150 min, 
milling bodies of unalloyed steel, diameter of the 
milling bodies of 20 mm, and a sample weight 
0.020 kg.

Thermogravimetric and differential thermal 
analyses (TG-DTG-DTA) were performed on 
a SETSYS2400 thermal analyzer (SETARAM, 
France) in the temperature range 20–950 °с in air 
medium, with a heating rate of 10 °C.min–1 com-
bined with an OmniStar mass-spectrometer.

RESULTS

Our previous powder XRD studies on untreated 
phosphorite ores from Tunisia have given evidence 
that the sample contains the following mineral 
phases: FAp, calcite and traces of quartz [10]. Our 
earlier IR measurements have confirmed that the in-
vestigated FAp actually is CHFAp B-type, where 
two types of isomorphic substitution take place: 
PO4

3–-group by CO3
2–-ions and F– by OH–-ions [5, 11, 

12, 13]. The thermal decomposition mechanism of 
untreated sample is described in details elsewhere 
[9, 11–13]. In this work we are focused on the ther-
mal reactions in the temperature interval 600–900 °с 
only, where decarbonization of CO3-ions from the 
CHFAp-structure and impurity carbonate-contain-
ing phases occurs.

The obtained results of the present thermal in-
vestigations are shown on Figs 1–3 and in Table 1. 

Table 1 shows the results from the thermal ex-
periments (temperature data for the inflex points) 
together with calculated mass losses for the three 
samples: untreated (TF0), high-energy milled for 
120 min (TF120) and for 150 min (TF150), respec-

Table 1. Multi-peak fitting of dTG-curves for untreated and high energy milled samples within the temperature 
interval 600–850 °C

Thermal 
decomposition of 

mineral phases

Activation time (min)
Untreated apatite (TF0) 120 (TF120) 150 (TF150)

Peak
position,

T °C

Peak
area

ML*,
%

Peak
position,

T °C

Peak
area

ML,
%

Peak
position,

T °C

Peak
area

ML,
%

A-type CHFAp – – 613.73 –3.73 0.49 630.32 –3.82 0.52

B-type CHFAp 701.2 –18.54 1.70 673.28 –16.22 1.65 692.16 –14.45 0.84
720.16 –1.10 0.50

CaMgCO3 (dolomite) 724.0 –1.68 0.80 741.32 –10.19 0.87 741.97 –4.70 0.70
CaCO3 (calcite) 773.7 –8.47 1.66 770.67 –5.81 0.91

A-B type CHFAp – – – 798.85 –7.14 0.55 810.1 –3.8 0.46
816.40 –3.50 0.81 828.5 –5.2 0.86

Sum 4.23 Sum 4.37 Sum 4.06
* Mass losses

B. Kostova et al.: The high energy milling effect on positional redistribution of CO3-ions in the structure of sedimentary apatite
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tively. There exist three main temperature intervals 
for TF0, where thermal reactions are accompanied 
by mass losses as following: 1.70% between 650–
720 °с, 1.07% between 720–770 °с and 1.66% be-
tween 770–850 °с. At high energy milled samples 
appear two new temperature ranges 620–650 °с 
and 770–850 °с. The range 770–850 °с coincides 
with the third range for the TF0 (770–850 °с) but 
differs in new thermal reactions proven in a ther-
mal dependencies (TG, dTG, dTA) and mass losses. 
The analysis of thermal dependencies for TF120 
and TF150 shows overlapping of the thermal re-
actions. The gas-mass analysis shows existence of 
CO2 in all samples (Figs 1–3) and H2O – only for 
the TF120 (Fig. 3). For more detailed visualization 
of these processes, the Gauss decomposition of the 

dTG-curves is made and the results are presented as 
insertions in the figures. 

DISCUSSIONS

Within the investigated temperature range (600–
850 °с) the decarbonization from CHFAp – B-type, 
calcite and dolomite occurs [2, 7, 9, 11–13]. For 
sample TF0 (Fig. 1), peak situated at 701 °с cor-
responds to decarbonization of CHFAp – B-type 
positions, the peak at 724 °с – to CO3 –ions from 
dolomite and the peak at 773 °с – to CO3–ions from 

Fig. 1. Thermal with gas-mass analysis of TF0. Insertion: 
Multi-peak fitting (dashed line) of dTG in temperature 
interval 600–850 °C.

Fig. 2. Thermal with gas-mass analysis of TF120. 
Insertion: Multi-peak fitting of dTG in temperature 
interval 600–850 °C.

B. Kostova et al.: The high energy milling effect on positional redistribution of CO3-ions in the structure of sedimentary apatite
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calcite (Table 1). The decarbonization of B-type po-
sition proceeds at lower temperatures because of the 
weak chemical bonds in CHFAp, predetermined by 
isomorphism of PO4 by CO3, as the ionic radii of 
PO4-group is bigger than that of CO3-ion [2].

The high-energy milled samples changed the 
temperature of decarbonization in comparison to 
TF0:

– for the ions of B-type position: in TF120 tem-
perature decreases, whereas in TF150 the tempera-
ture increases and splitting of dTG-peaks is ob-
served (Table 1, Figs 2–3);

– for calcite and dolomite: in TF120 the temper-
ature decreases, and falls down in the area where 

overlay of the process is observed; in TF150 the 
temperature increases and splitting of the dTG-
peaks is observed (Table 1, Figs 2–3).

The sum of the peaks areas and mass losses are 
nearly constant which is determined from the perma-
nent quantities of the mineral phases in the experi-
ment. The temperature changes during the decarbon-
ization process can be explained with the alterations 
of the particle sizes of the samples after the high 
energy milling activation. At the beginning of the 
milling stage, the particles reach nanosize [4, 6, 10], 
the next stages of milling are followed by particle ag-
glomeration. The increasing level of agglomeration 
depends contrariwise on the specific surface area and 
determines: (i) diffusion difficulties in the thermal 
decomposition and (ii) splitting of the dTG-peaks 
and increasing of decarbonization temperatures.

During the thermal experiments of high energy 
milled samples new peaks situated in the two temper-
ature intervals appear: 590–630 °с and 770–850 °с.

The peaks in the interval 590–630°с are assigned 
to be due to decarbonization of weakly bonded ions 
in the apatite structure. According to literature [2, 
3, 14–16] and our previously published data [5, 6, 
10] it is known that in this temperature interval the 
decarbonization of CO3-ions from the A-type apa-
tite occurs, where these ions substitute OH--groups 
in the channels with weak bonds. It is important to 
note that mass losses are nearly 0.50% and are con-
stant and independent from the activation time of 
the samples. It could be explained with the incorpo-
ration of CO2 from the air, but in limited quantities, 
uncontrolled by the activation time.

The peaks situated in the 770–850 °с tempera-
ture range are a result from the emission of CO3-
ions, as evidenced by the gas-mass analysis. Until 
now, it was thought that at these temperatures OH-

-groups replacing F--ions in the apatite structure 
are released. As it has already been reported [3, 5, 
17] these peaks originate from the decarbonization 
of mixed A-B-type apatite [3, 15]. In mixed A-B-
type apatite substitution of PO4 and Ca-vacancy by 
CO3-ions occur. That type isomorphism influenc-
es the length of the Ca-O-bonds, and the degree of 
substitution depends on the activation time (i. e. 
size of the particles) and water presence [2]. That 
is why, the mass loses of TF120 are bigger than 
those ones of TF150. The splitting of the dTG-
peak of TF150 could be explained with libera-
tion of CO3-ions from different crystallographic 
positions. The diffusion difficulties of TF150 are 
caused by particle agglomerationas manifested by 
the increased temperature of decarbonization and 
the decreased mass loses. 

The TG-dTA-dTG analysis of untreated and ac-
tivated samples (Figs. 1–3) reveals that the decom-
position runs after the following main reaction: 

Fig. 3. Thermal with gas-mass analysis of TF150. 
Insertion: Multi-peak fitting of dTG in temperature in-
terval 600–850 °C.

B. Kostova et al.: The high energy milling effect on positional redistribution of CO3-ions in the structure of sedimentary apatite
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– 590–630 °C – decarbonization of CO3
2– from 

A type positions of CHFAp
– 660–710 °C – decarbonization of CO3

2– from 
B type positions of CHFAp 

– 730–770 °C – CaCO3 = CaO + CO2 
– 770–30 °C – decarbonization of CO3

2– from 
A-B type positions of CHFAp 

– >850 °C – са10FOH(рО4)6 = 2Ca3(PO4)2 + 
Ca4P2O9 + HF 

 са3(рО4)2 + 2CaO + SiO2 = са3(рО4)2.са2SiО4 

CONCLUSIONS

High energy milling activation causes structural 
and phase changes in the studied samples.

(i) The gas-phase analysis, clarified the mecha-
nism of chemical reactions and isomorphic substi-
tutions as a result of the high energy milling: all 
samples absorbed CO2 from the air, as the TF120 
exhibits the highest level of absorption, which is 
controlled from the specific surface area of the 
powdered samples and does not depend on the 
structural type.

(ii) The formation of two new apatite phases – 
CHFAp-A and A-B-types via isomorphic substitu-
tion of CO2–ionsis detected. Their existence is evi-
denced by gas-mass analysis.

(iii) The temperature ranges and mass-losses for 
each particular isomorphously substituted apatite 
phase are determined and this new information sup-
plements the existing up to now data.

(iv) The isomorphic substitution is a result from 
the obtained defects and energy-metastable struc-
ture condition achieved via high-energy milling.

(v) The activation effect in different samples 
has no functional dependence with the high ener-
gy milling activation time, because of agglomera-
tion processes. 

Acknowledgments: The study is a part of co-
operation work between University of Chemical 
Technology and Metallurgy, Sofia, Institute of 
Mineralogy and Crystallography of Bulg. Acad. Sci. 
and Tallinn University of Technology. Authors grate-

fully acknowledge the financial support of this work 
by the Bulgarian National Scientific Research Fund 
by contracts DRNF02/10, DNTS/Slovakia/01/3, 
DNTS/Makedonia/01/3, ДО1-1122 the “European 
Territorial Cooperation” Operational Programme 
Greece–Bulgaria 2007-2013 by contract B1.11.02/ 
14.03.2011 and New Bulgarian University, Natural 
Sciences Department.

REFERENCES

J. Elliott, Structure and chemistry of the apatites 1. 
and other calcium orthophosphates, Amsterdam, 
Elsevier, 1994.
M. V. Chaikina, Mechanochemistry of natural and 2. 
synthetic apatites. (Ed. by prof. E.G. Avvakumov) 
Novosibirsk, Publishing house of SB RAS, Branch 
“GEO”, 2002.
T. Kaia, K. A. Gross, L. Pluduma, M. Veiderma, 3. J. 
Therm. Anal. Calorim., 110, 2 (2012).
V. Yaneva, О. Petrov, V. Petkova, 4. Mat. Res. Bull., 
44 (2009). 
V. Koleva, V. Petkova, 5. Vibr. Spectr., 58 (2012).
V. Petkova, V. Yaneva, 6. JEPE, 13, 2A (2012).
V. Petkova, V. Yaneva, I. Dombalov, Y. Pelovski, 7. 
JEPE, ISSN 1311-5065, 13, 2A (2012).
V. Petkova, Y. Pelovski, I. Dombalov, K. Tonsuaadu, 8. 
J. Therm. An. Cal., 80 (2005).
V. Petkova, E. Serafimova, N. Petrova, Y. Pelovski, 9. 
J. Therm. An. Cal., 105, 2 (2011). 
K. Tõnsuaadu, T. Kaljuvee, V. Petkova, R. 10. 
Traksmaa, V. Bender, K. Kirsimäe, Int. J. Min. Pro., 
100 (2011).
V. Petkova, V. Yaneva, Y. Pelovski, 11. JBTA, 15, 4 
(2009). 
V. Petkova, V. Yaneva, 12. JBTA, 16, 1 (2010).
V. Petkova, V. Yaneva, 13. JBTA, 16, 3 (2010).
T. I. Ivanova, O. V. Frank-Kamenetskaya, A. B. 14. 
Kol’tsov, V. L. Ugolkov, J. Sol. St. Chem., 160 
(2001).
J. P. Lafon, E. Championa, D. Bernache-Assollant, 15. 
J. Eur. Cer. Soc., 28 (2008).
J. P. Lafon, E. Champion, D. Bernache-Assollant, R. 16. 
Gibert, A. M. Danna, J. Ther. Anal. Cal., 73 (2003).
F. C. Driessens, R. M. Verbeeck, Lc. P. Kiekens, 17. 
Zeitschrift für anorganische und allgemeine Chemie, 
504, 9 (1983).

B. Kostova et al.: The high energy milling effect on positional redistribution of CO3-ions in the structure of sedimentary apatite



606

ефект От интензивнО енергийнО смилане  
върхУ преразпределение на карБОнатните йОни  

в стрУктУрата на седиментен апатит
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(резюме)

изследван е седиментационен карбонат-хидроксил-флуор апатит (B-type) от тунис. за повишаване на хи-
мичната реакционна способност на апатита е използван сух метод за високоенергетична активация в плане-
тарна мелница. 

този метод се прилага като алтернатива на киселинните методи за преработване на фосфатни суровини 
за получаване на фосфорни торове и неорганични киселини. под влияние на сухата активация се извършва 
внедряване на на сО2 и водни пари от въздуха в в различни кристалографски позиции в подрешетката на 
апатита – във ваканциите на Ca2+ или замествайки частично F. изоморфните замествания са анализирани чрез 
термичен метод с анализ на изходящите гозаве с масспектрометър. доказва се изоморфно заместване на кар-
бонатни йони с образуване на A-type и A-B type и са определени температурните интервали и масови загуби 
на отделните типове изоморфно заместени фази на апатита.

B. Kostova et al.: The high energy milling effect on positional redistribution of CO3-ions in the structure of sedimentary apatite
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2+ and Cr(H2O)6
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In this work, we discuss the physicochemical properties of the complex CrCl2(H2O)4
2+ in 1% solution of C2H5OH 

and the complex Cr(H2O)6
2+ in 1% aqueous solution of CrCl2.6H2O. The spin magnetic moment and the magnetic sus-

ceptibility are calculated after Zeeman splitting in the complexes. 

Key words: structural distortion, Zeeman splitting, CrCl2(H2O)4
2+, Cr(H2O)6

2+.

INTRODUCTION

The alcoholic solutions of 3d ions salts mani-
fest optical activity and interesting properties in 
magnetic field. This fact helped us when we decid-
ed to investigate these ionic liquids. In this work, 
the most important accent is on the existence and 
influence of CrCl2(H2O)4

2+ complex. Our analy-
ses give answer of questions which are connected 
with the peculiarities of electron transitions in the 
complex and with the stability in this complex. 
Many authors have studied the absorption of the 
compound CrCl2.6H2O, but they not give infor-
mation about the exact number of d electron tran-
sitions and about Zeeman splitting there. This is 
the main aim in our work.

EXPERIMENTAL

The experimental set up for the measurement of 
the absorption  coefficient  in the visible region con-
sisted of the following: a halogen lamp with a sta-
bilized 3H-7 rectifier, a SPM-2 monochromator, a 
system of quartz lenses, a polarizer, a crystal sample 
holder, and a Hamamatsu S2281-01 detector. The 
thickness of the used cuvette is d = 0.995 cm.

RESULTS AND DISCUSSION

The familiar colors of the transition metal ions 
in solutions are due to absorption bands which 
have their origins in electronic transitions within 
the 3d shell. The electric field of the nearest neigh-
bour anions splits the energy levels of the unpaired  
d-electrons and electronic transitions between 
these split energy levels give rise to the observed 
“crystal field” spectra [1]. The measurement of 
absorption spectrum of 3d metal ions solutions 
helps us to understand how many unpaired d 
electrons are in the different complex structures. 
The absorption coefficient of CrCl2(H2O)4

2+ and 
Cr(H2O)6

2+ complexes has been measured to be be-
tween 450 and 850 nm (Figs.1a and 2a). The calcu-
lated first derivative of the absorption coefficient 
at photon energy [dα/d(hν)] determines only the 
number of electron transitions in а Cr2+ ions and 
it does not give an exact information about the en-
ergy position of these transitions (Figs.1b and 2b). 
This is the reason for the calculation of the second 
derivative of the absorption coefficient [d2α/d(hν)2] 
(Figs.1c and 2c). The absorption coefficient is cal-
culated using the formula: (1) α = (1/d)ln(I0/I), 
where I0 is the intensity of the incident light, I is 
the intensity of the passing light and d is the sam-
ple thickness. The interesting peculiarity in the 
absorption spectrum of CrCl2(H2O)4

2+ is the pres-
ence of the “double exciton” at 450 nm (Fig. 1a). 
This exciton corresponds to the double excitation 
of two neighboring Cr2+ ions and the transition  
5T2 → 5E realizes at this wavelength [2]. The three 
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Fig. 1. a) The absorption coefficient α(E), b) first deriva-
tive dα/dE and c) second derivative d2α/dE2 of  the com-
plex CrCl2(H2O)4

2+

Fig. 2. a) The absorption coefficient α(E), b) first deriva-
tive dα/dE and c) second derivative d2α/dE2 of the com-
plex Cr(H2O)6

2+

electron transitions in the chromium ion realize 
from the level 5E(5D) to the level 3T1(3H) (Fig. 3). 
The Cr2+ ions are paramagnetic. If the metal com-
plexes CrCl2(H2O)4

2+ and Cr(H2O)6
2+ interact with 

the external magnetic field then the spin magnetic 
moment is expressed as

                                                        , 

where N is the number of the unpaired electrons. 
In our case N = 3 and µeff = 3.87 (S = 3/2). On the 
other hand

and ge = 2. The magnetic susceptibility can be cal-
culated by the formula

P. Petkova et al.: The structural distortion and Zeeman splitting of the complexes CrCl2(H2O)4
2+ and Cr(H2O)6

2+
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,
 

where N = 3, k is Boltzmann constant, T = 300 K  
and En

(1) are the values of the energy on Fig. 1c and 
2c. The values of χ for the complexes CrCl2(H2O)4

2+ 
and Cr(H2O)6

2+ are respectively: χ1 = 728 and  
χ2 = 800.

CONCLUSIONS

The interesting peculiarity in the absorption 
spectrum of CrCl2(H2O)4

2+ is the presence of the 
“double exciton” at 450 nm.

Zeeman splitting appears at the level 3T1(3H) in 
the chromium structure.

The magnetic susceptibility of the complex 
Cr(H2O)6

2+ has bigger value than this of the complex 
CrCl2(H2O)4

2+.
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(резюме)

в тази работа ние разглеждаме физикохимичните свойства на комплекса CrCl2(H2O)4
2+ в 1% разтвор на 

C2H5OH и на комплекса Cr(H2O)6
2+ в 1% воден разтвор на CrCl2.6H2O. изчислени са магнитният спинов момент 

и магнитната възприемчивост след зееманово разцепване в комплексите. интересна особеност в спектъра на 
поглъщане на CrCl2(H2O)4

2+ е наличието на „двоен екситон“ при 450 nm. зеемановото разцепване се проявява 
при нивото 3T1(3H) в структурата на хрома. магнитната възприемчивост на комплекса Cr(H2O)6

2+ има по-голя-
ма стойност отколкото стойността ѝ за комплекса CrCl2(H2O)4

2+.

P. Petkova et al.: The structural distortion and Zeeman splitting of the complexes CrCl2(H2O)4
2+ and Cr(H2O)6

2+
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In this study we present pure ZnO and 20SiO2–80ZnO (mol %) nanocomposite photocatalysts, prepared on glass 
substrates via spin coating technique and sol-gel method from starting solutions of zinc nitrate and tetraethoxysilane. 
The as-prepared films are annealed in air at 500 °C for 1 h. The films are characterized by XRD and SEM analysis. 
The photocatalytic action of the films is checked and compared in photodegradation of two organic dyes Malachite 
Green and Methylene Blue under UV and visible light illumination. The change in dye concentration with time of ir-
radiation is monitored by UV-visible spectroscopy.
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INTRODUCTION

The organic dyes belong to one of the most 
common and large group of pollutants in waste-
waters from textile industries, dye manufactur-
ing, and various other industrial processes such 
as food and paper production, pharmaceuticals, 
cosmetics and etc. The worldwide dye produc-
tion is more than 7.105 tones per year. The losses 
in wastewaters at different stages of manufactur-
ing and during application are about 10–15% of 
the total produced amount [1]. Organic dyes can 
undergo transformation in aquatic media and can 
form harmful carcinogenic and mutagenic inter-
mediates, this way causing a serious risk for sur-
vival of microorganisms, aquatic life and environ-
mental media – water and soil [2, 3]. The effect 
of such contamination on human health may be 
unpredictable hazardous inflicting different dis-
eases like immune-suppression, respiratory, cen-
tral nervous, neurobehavioural disorders presage 
as allergy, tissue necrosis, skin or eye infections 
and irritation and even lung edema [4, 5].

Different biological, physical and chemical 
methods have been successfully applied to solve the 
problems in purification of dye contaminated waste-
waters. All these conventional methods have also 
some disadvantages: large amounts of biological 
sludge and the problem of their disposal; transfer of 
the toxic compounds just from one phase to another 
instead of their decomposition; need of regular re-
generation of the adsorbents. Recently the advanced 
oxidation processes based on generation of highly 
reactive species (hydroxyl radicals, superoxide 
anion radicals or hydrogen peroxide as initiators of 
oxidative degradation), are an attractive alternative 
to traditional methods for wastewaters purification. 
Among these processes, heterogeneous photoca-
talysis seems to be promising advanced method 
and has been successfully applied in photodecom-
position of large number organic pollutants includ-
ing dyes [6, 7]. In general the photocatalytic proc-
ess is governed by combined interaction between 
semiconductor catalyst and light irradiation, which 
leads to formation of free radicals from the photo-
generated on the catalysts surface charge carriers 
and further degradation of the organics. One of the 
most popular semiconductor catalysts is ZnO. Zinc 
oxide is a natural compound with band gap energy 
of 3.2 eV, which makes it an alternative potential 
catalyst due to its high quantum efficiency. For that 
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reasons ZnO has been applied and studied in various 
organic pollutants photodegradation [2, 8]. The sur-
face modification [9–11], semiconductor coupling 
[12–14], metal [15–17] and non-metal [18–20] dop-
ing of ZnO also have been investigated in terms of 
their influence on the catalyst effectiveness.

In this work we present a study on photocatal-
ysis with films, prepared of ZnO and ZnO–SiO2 
heterostructures, aimed to enhance the degradation 
efficiency and activity in visible region as well as 
solar irradiation in future applications. The organ-
ic dyes malachite green (MG) and methylene blue 
(MB) are chosen as modal pollutants for dye con-
taminated wastewaters.

EXPERIMENTAL

The reagents and materials, used in the experi-
ments, were as follows: zinc nitrate (Zn(NO3)2.6H2O, 
Fluka); tetraethyl orthosilicate (TEOS, Si(OC2H5)4, 
Sigma-Aldrich); microscopic glass slides (25×75 
×1.2 mm, ISOLAB Germany). Prior films deposi-
tion the glass substrates were thoroughly cleaned by 
ultrasound with acetone, ethanol and deionized wa-
ter. As model pollutant were chosen the commercial 
dyes malachite green oxalate (C48H50N4O4.2C2H2O4, 
dye content >90%, λmax = 618 nm) and methyl-
ene blue (C16H18ClN3S.×H2O, dye content >95%,  
λmax = 665 nm) supplied from Sigma-Aldrich. All 
dye solutions, used in the photocatalytic tests, were 
prepared with distilled water.

The ZnO and 20SiO2–80ZnO nanocomposite 
films were deposited by sol gel method [21, 22] 
from sol solutions, based on binary heterochain 
inorganic polymers. The 20:80 (SiO2 to ZnO) ra-
tio of the composite is selected based on our pre-
vious morphological study on porous silicon with 
embedded metal oxide nanocomposites [22]. In this 
case more uniform coatings with better adhesion to 
substrate were achieved. The films were finally an-
nealed at 520 °C 1.5 h in air for complete organics 
decomposition. The initial precursors contain easily 
hydrolyzed components, such as TEOS, which in-
teract with water with formation of polymolecules. 
For the preparation of the two-component oxide 
coatings, based on silica and zinc oxide, the hydrol-
ysis and polycondensation of TEOS was carried out 
in the presence of the zinc inorganic salt Zn(NO3)2. 
The precursor sols were deposited onto glass sub-
strates via spin coating technique at rotation speed 
of 3000 rpm.min–1. The as-obtained gel films were 
finally annealed at 500 °C for 1.5 h in air for com-
pleting the organics decomposition.

The as-obtained ZnO and ZnO–SiO2 films were 
checked for photocatalysis by standard testing 
procedure in photodegradation of 5 ppm MG or 

MB in water solutions under UV or visible-light 
illumination. The volume of treated dye solution 
was 150 ml. The sources of radiation were as fol-
lows: (i) for the UV light – Sylvania 18W BLB T8, 
emitting mainly in the range 315–400 nm UVA 
lamp fixed 10 cm above the pollutants solution;  
(ii) for the visible light – linear Tungsram lamp 
500 W K1R7s 9700 Lm, maximal emission at 700 nm 
placed at 25 cm above the treated solution. The 
photocatalytic tests were carried out in four series. 
Photocatalysis with composite ZnO–SiO2 thin 
and thick films under UV and visible light irra-
diation was compared to photocatalytic experi-
ments with ZnO thin and thick films and under 
both types of illumination. Regularly taken aliq-
uot samples from the pollutants aqueous solution 
at determined time intervals were analyzed by 
spectrophotometer (Jenway 6400) at the maximal 
absorption of the dye. After the measurements 
the aliquots were returned back to the purified 
solution. The solution was constantly stirred by 
electromagnetic stirrer at constant rotation speed 
of 400 rpm. The experiments were conducted at 
constant temperature of 23±2 °C.

The samples surface morphology was observed 
by scanning electron microscopy (SEM) (JSM-5510 
JEOL). The phase composition and crystallinity 
of ZnO and ZnO-SiO2 films was characterized by 
X-ray diffraction (Siemens D 500 diffractometer, 
CuKα source of radiation at a step of 0.05 deg for 
2Θ and counting time 2s/step).

RESULTS AND DISCUSSION

The comparison of surface morphology obser-
vation by SEM shows that the ZnO and ZnO–SiO2 
film samples are textured, the effect is more pro-
nounced in the case of composite film (Figs. 1 
and 2). The porous structure of the nanocomposite 
is formed as a result from spinoidal decomposition 
of the sol, with a simultaneous release of the solvent 
by evaporation from the formed gel net. The latter 
leads to formation of macropores with overall size 
of 0.2–0.5 μm (Fig. 2a). The conductive branches 
of the macropores are from unhomogeneous mes-
oporous material, build by conducting ZnO spheri-
cal structures and insolating SiO2 grains. The film 
thickness of the composite coatings is found to be 
200 nm (Fig. 2b).

The nanostructured films are analyzed by X-ray 
diffraction in order to determine the phase composi-
tion of the samples (Fig. 3). The ZnO in the films 
is identified as wurtzite, with main characteristic 
peaks at 32.1, 34.8 and 36.5 2θ degrees. The SiO2 in 
the composite structures is amorphous and therefore 
is not represented in the XRD spectrum.

N. Kaneva et al.: Nanosized composite thin films of SiO2-ZnO for photocatalytic decomposition of organic dyes...
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Two series of photocatalytic experiments are 
performed upon UV and visible light irradiation 
– with methylene blue and with malachite green 
aqueous solutions. The results from the photocata-
lytic tests for MB degradation with the ZnO and 
composite films are presented in Figure 4. As seen 
from the experimental data, the photocatalytic ef-
ficiency of all the films (ZnO and ZnO–SiO2) is 
low. In case of visible light illumination the ZnO 
thin film is more effective than the composite one. 
Similar trend is observed from the tests under UV 
illumination – all the thin film samples manifest 
higher rates of MB photodegradation in compari-
son to the thicker ones irrespective of type of light 
irradiation. From the comparison of visible light 
induced photocatalysis by samples with thicker 
layers is seen that the ZnO-SiO2 composite sam-
ple shows higher degree of pollutants degradation 
than the ZnO film. The rate constants values of 
photocatalysis, calculated following the equation   
ln (C/C0) = – kt are given in Table 1.

Fig. 1. SEM micrographs of zinc oxide films: (a) typi-
cal top view of the films surface at lower magnification;  
(b) a structure of spherical particles inside the pores at 
higher magnification

a)

b)

a)

b)

Fig. 2. SEM images of 20SiO2–80ZnO films: (a) top view 
of the coatings surface morphology; (b) cross section of 
the nanocomposite film

Fig. 3. Comparative XRD of ZnO and ZnO–SiO2 com-
posite films

N. Kaneva et al.: Nanosized composite thin films of SiO2-ZnO for photocatalytic decomposition of organic dyes...
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Figure 5 represents kinetics of photocatalysis of 
MG with the ZnO and ZnO–SiO2 film samples un-
der UV and visible light illumination. In general an 
increased photocatalytic efficiency of all samples is 
observed in this case. From the presented data one 
can see clear tendency for regular rise in the samples 

Table 1. Rate constants of photodegradation, calculated from the tests, conducted with different film samples

Samples
Rate constants, min–1

Methylene Blue Malachite Green 
UV Visible UV Visible

ZnO, thin 0.0009 0.0014 0.001 0.0014
ZnO, thick 0.0003 0.0005 0.0021 0.0031

SiO2-ZnO, thin 0.0003 0.001 0.0007 0.0013
SiO2-ZnO, thick 0.0002 0.0006 0.0024 0.0033

Fig. 4. Change in methylene blue concentration versus 
time of photocatalysis with the different film samples un-
der: (a) UV illumination and (b) visible light. The initial 
MB concentration is 5 ppm

photocatalytic efficiency with the film thickness ir-
respective of the type of light irradiation. Double 
layered films reach 43.45% of dye degradation un-
der UV and 55.70% under visible light irradiation. 
This effect can be seen also from the rate constants 
of photocatalysis, presented in Table 1. The differ-

Fig. 5. Comparison of the photodegradation kinetics of 
malachite green with the photocatalytic films under cata-
lytic action under: (a) UV irradiation and (b) visible light. 
The initial MG concentration is 5 ppm

N. Kaneva et al.: Nanosized composite thin films of SiO2-ZnO for photocatalytic decomposition of organic dyes...
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Fig. 6. Structural formulas of Methylene blue and Mala-
chite green oxalate

The main advantages of using hierarchical as-
sembled SiO2/ZnO nanocomposite photocatalyst, 
consisting micro- and nanocrystals, are connected 
with the possible control over size and morphol-
ogy towards desirable chemical properties of the 
obtained materials. The hierarchical self-assembly 
materials consist of constructive “blocks” with dif-
ferent sizes and shapes (and size-dependent prop-
erties) and have hierarchical porous structure. 
Hierarchical self-assembly can be a multilevel one, 
when the integrated blocks are basic elements for 
larger consolidations (with lager interaction radius). 
Figure 7 represents Julien fractal, which is one of 
the simplest idealized examples of self-assembly 
[22]. It is an appropriate example for understanding 
of the principal possibility to obtain materials with 
calibrated pores size. That is very important for de-
velopment of new-generation devices, because the 
pores with different sizes have different functions 
(adsorption centers, canals for import and export of 
reaction products, nanoreactors with different capil-
lary phenomena etc.).

CONCLUSIONS

Thin solid films of ZnO–SiO2 are prepared via 
sol-gel process and spin coating technique. The 
films consist of micro- and nanostructures as shown 
by SEM and XRD investigations. The photocata-
lytic tests with respect to destruction of MG prove 
that of best performance is always the composite 
ZnO–SiO2 thick film sample. This result is con-
firmed with both UV and visible light illumination 
using lamps of different power. The double layered 
films manifest much higher photocatalytic efficien-
cy, compared with the rest film samples under UV 
and visible light irradiation. All films have higher 
photocatalytic efficiency in malachite green degra-
dation in comparison to methylene blue.
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(резюме)

в това изследване ние представяме чист ZnO и нанокомпозитни фотокатализатори 20SiO2–80ZnO 
(мол. %), получени върху стъклени подложки чрез техника на цетробежно отлагане (spin coating) и зол-
гелен метод от изходни разтвори на цинков нитрат и тетраетоксисилан. така получените филми са на-
калени при 500 °C за 1 час. филмите са характеризирани чрез рентгенова дифракция и сем анализи. 
фотокаталитичното действие на филмите е изпитано и сравнено при фоторазграждането на две органич-
ни багрила малахитово зелено и метиленово синьо под облъчване с Ув и видима светлина. промяната 
в концентрацията на багрилото с времето на облъчване е проследена с Ув-видима спектроскопия.

N. Kaneva et al.: Nanosized composite thin films of SiO2-ZnO for photocatalytic decomposition of organic dyes...
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The effect of nickel amount on the structure, reducibility and activity of the mixed metal oxides generated by con-
trolled thermal treatment of co-precipitated Ni-Al layered double hydroxides as catalyst precursors for CO2 removal 
by methanation reaction, was examined by variation of the Ni2+/Al3+ molar ratio (Ni2+/Al3+ = 0.5, 1.5, and 3.0), the 
reduction and reaction temperatures. The powder X-ray diffraction of the thermally treated samples (200−1000 °C) 
established the formation of nano-sized NiO- and spinel NiAl2O4-like phases in different proportion and degree of 
crystallinity. The calcination temperature of 500 °C was selected as most convenient one because of the high disper-
sion of the mixed oxide phases predetermining the high dispersion of the metallic nickel.

It was revealed that after preliminary ‛in situ’ reduction at 400, 450, 530 and 600 °C, all studied catalysts hydrogen-
ated CO2 effectively at reaction temperatures from 400 to 280 °C and space velocities between 3000 and 22000 h–1. 
All three catalysts demonstrated similar activity at lower reduction and reaction temperatures due to the formation 
of readily reducible Ni2+–O species which generated sufficient number of accessible Ni0 surface active sites. Partial 
regeneration of the original layered structure was registered in the higher nickel containing solids after finishing of 
the catalytic test. 

The advantage of the catalyst with the lowest nickel amount is disclosed at low reaction and reduction tempera-
tures. Its performance dominates after reduction at higher temperatures because of the role of NiAl2O4 spinel-like 
phase to act as a “reservoir” generating fresh Ni0. The decrease of activity in the rest of the catalysts is attributed 
mainly to the Ni0 sintering.

Key words: Ni-Al layered double hydroxides, Ni-Al mixed oxides, structure, reducibility, CO2 removal by methanation.

INTRODUCTION

The Ni-Al layered double hydroxides (LDHs), 
which are also known as takovite-like (TKl) com-
pounds, belong to a great group of natural or syn-
thetic inorganic lamellar compounds with chemi-
cal composition expressed by the general formula 
[Ni2+

1–xAl3+
x(OH)2]x+[An–

x/n]·mH2O, where Ni2+ and 
Al3+ ions are located in the brucite-like hydroxide 
layers, while the charge compensating exchange-
able anions An– such as CO3

2–, NO3
–, SO4

2–, Cl–, etc., 

as well as water molecules, are situated in the in-
terlayer space of the layered structure. Herewith, x 
represents the fraction of the Al3+ cation, and m is 
the number of the water molecules [1].

The research efforts have been focused on the 
assessment of the potential use of these layered sys-
tems as catalysts, either as-synthesized or mainly 
after thermal treatment. Typically, the thermal de-
composition of the materials, includes dehydration, 
dehydroxylation and loss of the charge compensat-
ing anions, results in formation of finely dispersed 
Ni-Al mixed oxides of Ni2+(Al3+)O type. The latter 
represent promising catalysts due to their high spe-
cific surface area, high distribution of both Ni2+ and 
Al3+ ions after calcination despite of the high con-
tent of Ni2+ ions, high metal (inter)dispersion after 
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reduction, small crystal size, and stability against 
sintering [1−4].

The effective utilization of CO2 originating from 
the production processes and flue gases of CO2-
intensive sectors is an important area of research 
because CO2 is a major greenhouse gas and makes 
a significant contribution to global warming and 
climate change. Among the catalytic reactions, the 
catalytic hydrogenation of CO2 over supported nick-
el metal catalysts to form methane, simply called 
methanation, is a particularly promising technique 
for CO2 removal [5, 6]. The methanation reaction 
is commonly applied in ammonia plants at the final 
stage of purification of the synthesis gas in which 
low concentrations of CO and CO2 (0.1−0.5%) are 
catalytically removed by a reaction with hydrogen. 
The reaction is of crucial importance due to the 
poisonous effect of carbon oxides on the ammonia 
synthesis. At present, the methanation became also 
attractive for reducing the residual carbon oxides in 
hydrogen-rich reforming gases, and to satisfy the 
requirements of polymer electrolyte fuel cell anodes 
[7, 8]. Although many different catalytic systems 
based on supported group VIII metals (e. g. Ru, Rh) 
on various oxide carriers (TiO2, SiO2, Al2O3, CeO2, 
ZrO2) have been applied to catalyze the reaction, the 
industrial methanation catalyst is essentially nickel 
metal at a large scale of concentrations (25−77 wt.%) 
due to its high activity, selectivity toward methane 
formation in preference to other hydrocarbons, high 
thermal stability, and relatively low cost [5, 9]. 

In a series of articles [10−13] Kruissink et al. 
have claimed that a thermal treatment of co-pre-
cipitated Ni-Al precursors of Ni2+/Al3+ = 2.0−3.0 
molar ratio in the interval of 450−900 °C and a fol-
lowing high-temperature reduction at 500−600 °C 
lead to the formation of very active catalysts for CO 
methanation at ≈300 °C. However, the authors have 
reported neither variations of the reduction and re-
action temperatures, nor variations of the flow rates 
of the gaseous reaction mixture to obtain a detailed 
picture of catalyst performance.

In our recent paper [14] it was established that 
the Ni-Al LDHs with TKl structure are potential 

catalyst precursors for the fine CO2 removal from 
hydrogen-rich gas streams through the methanation 
reaction, depending on the Ni2+/Al3+ molar ratio and 
temperature of treatment in hydrogen ambience of 
the as-synthesized precipitates without preliminary 
calcination to the related oxides. It was found that 
after reduction at 400 and 450 °C the catalyst of the 
highest nickel amount has demonstrated the high-
est conversion degree at all reaction temperatures 
and space velocities, while the catalyst of the low-
est nickel prevailed in the methanation activity after 
reduction within 530–600 °C.

The objective of this study is to examine the 
phase composition of the mixed oxides obtained 
by a controlled thermal treatment of the Ni-Al TKl 
systems aiming to select the catalyst with the most 
beneficial characteristics for the methanation re-
action (CO2 + 4H2 = CH4 + 2H2O) by variation of 
the Ni2+/Al3+ molar ratio, the reduction and reac-
tion temperatures.

EXPERIMENTAL

Sample preparation

Carbonate forms of TKl precursors with Ni2+/Al3+ 
molar ratios of 0.5, 1.5 and 3.0 were obtained by 
co-precipitation of the mixed Ni-Al nitrate solution 
with Na2CO3 at constant temperature of 80 °C and 
pH = 8 under vigorous stirring. More detailed de-
scription of the preparation procedure was present-
ed in Ref. 14. The obtained precipitate was further 
dried at 80 °C for 20 h and named takovite-like pre-
cursor, designated as xNiAl, where x represents the 
Ni2+/Al3+ molar ratio, for example 3.0NiAl (Table 1). 
The precursors were calcined in air at 500 °C for 2 h 
before the catalytic activity test. The catalysts after 
the reaction run (the tested catalysts) were labeled 
as xNiAl-t.

The unsupported NiO was prepared as a refer-
ence sample by the same preparation procedure. 
The sample was calcined in air at 500 °C for 2 h and 
denoted as reference NiO. 

Table 1. Chemical composition of the as-synthesized TKl samples

Sample
Chemical composition

(wt. %) Ni2+/Al3+

molar ratioNi Al NiO Al2O3

0.5NiAl 21.3 19.6 42.3 57.7 0.49
1.5NiAl 32.9 10.1 68.7 31.3 1.48
3.0NiAl 42.6 6.5 81.5 18.5 2.98

M. Gabrovska et al.: Structure and reducibility of the mixed metal oxides obtained from Ni-Al layered double hydroxides... 
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Sample characterization

Powder X-ray diffraction data was collected 
on a Bruker D8 Advance diffractometer employ-
ing CuKα radiation (λ = 0.15418 nm), operated at 
U = 40 kV and I = 40 mA. The mean crystallite 
sizes (L) were determined using computer pro-
gram X’Pert HighScore (PW3209) Version 1.0f 
(2004). The crystalline phases were identified using 
Joint Committee on Powder Diffraction Standards 
(JCPDS) files.

Specific surface area was measured employing 
the single point BET method using a FlowSorb II 
2300 Micromeritics apparatus with a N2–He mix-
ture (15% N2) at the boiling temperature of liquid 
nitrogen.

Temperature-programmed reduction was evalu-
ated in the measurement cell of a SETARAM dif-
ferential scanning calorimeter (DSC-111) directly 
connected to a gas chromatograph. The temperature 
was linearly raised from 25 to 700 °C at a heating 
rate of 10°C/min. The experiments (~0.025 g sam-
ple) were accomplished by a gaseous mixture of 
10% H2 in Ar at a flow rate of 25 cm3/min. 

Gas-phase hydrogenation of CO2 to CH4 was 
carried out in a fixed-bed flow reactor set-up under 
ambient pressure. The activation of the catalysts 
was performed by preliminary ‘in situ’ reduction 
in the equipment at 400, 450, 530, and 600 °C 
for 3 h with pure hydrogen at a gas hourly space 
velocity (GHSV) of 2000 h–1 and a heating rate 
of 1.7°/min. The catalytic activity measurements 

were accomplished by means of gaseous mixture 
of сО2/H2/Ar=0.65/34.35/65 vol.% in the temper-
ature interval 220−400 °C and GHSV from 3000 
to 22000 h−1 after each reduction procedure. A 
liquate N2 trap after reactor eliminated water as 
a reaction product. The amount of residual CO2 
was determined using online-connected Uras 3G 
gas analyzer (Hartmann-Braun AG) in the range 
0−0.0050 vol.% CO2 (0−50 ppm).

RESULTS AND DISCUSSION

The chemical composition of the TKl samples, 
measured by ICP analysis, is listed in Table 1.

Powder X-ray diffraction (PXRD)

In our recent paper [14] it was documented that 
a well-crystallized TKl structure containing carbon-
ate anions in the interlayer space is formed only in 
3.0NiAl precipitate (Fig. 1a): sharp and symmetri-
cal reflections for (003), (006), (110) and (113) 
planes and broad and asymmetric for (012), (015), 
and (018), respectively. It was established that a de-
crease in nickel loading of 1.5NiAl sample causes 
lowering of the peak intensities and broadening of 
the TKl reflections (Fig. 1b), as well as the coexist-
ence of two phases in 0.5NiAl solid (Fig. 1c): a poor-
ly crystallized TKl phase accompanied by a gibbsite 
one. It was found that the increase in Ni amount of 
the samples leads to (i) increase of the lattice param-

Fig. 1. PXRD patterns of the samples thermally treated at various temperatures: (a) 3.0NiAl, (b) 1.5NiAl and (c) 
0.5NiAl, where g is gibbsite

a) b) c)
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eters, (ii) crystallite growth and (iii) decrease of the 
specific surface area (SSA).

The investigated Ni-Al layered systems were ther-
mally treated in the temperature range 200−1000 °C 
for 120 min in an air atmosphere. The correspond-
ing PXRD patterns were used for elucidation of the 
structure evolution with the temperature increase, 
i.e. appearance, formation and transformation of the 
resultant phases.

PXRD patterns of the calcined at 200 °C solids 
(Figs. 1−3) displayed reflections similar to the as-
synthesized ones, however slightly shifted to higher 
angles. This finding is ascribed to the beginning of 
the interlayer water molecules losing. The diffrac-
tion lines of the thermally treated at 250 °C samples 
indicate partial decomposition of the TKl structure 
in all samples. It is observed an appearance of badly 
organized reflections (200) of NiO phase (JCPDS 
file 00-047-1049) in 1.5NiAl and 3.0NiAl samples, 
being better organized in the later. An additional 
broad reflections (111), (311) and (440) of a non-
stoichiometric spinel-type NiAl2O4 phase (JCPDS 
file 00-010-0339) are detected in 0.5NiAl. The 
characteristic diffraction lines of TKl structure dis-
appear completely at 350 °C and rather amorphous 
calcination products are formed in all samples. This 
observation is attributed to both dehydroxylation 
of the brucite-type layers and decarbonation of the 
interlayer space as result of the destruction of the 
layered structure [15−17]. With further increase in 
the temperature to 500 and 600 °C, the diffraction 
peaks of NiO and NiAl2O4 phases become narrower 
and more intense, due to the growth of crystallites 
and improvement of crystallization. PXRD patterns 
of the calcined at 800 °C solids detect reflections of: 
(i) a well formed single NiAl2O4 phase in 0.5NiAl; 

(ii) an appearance of badly organized NiAl2O4 phase 
in 1.5NiAl sample together with a better crystallized 
NiO phase, and (iii) a well formed single NiO phase 
in 3.0NiAl solid. The diffraction lines of the calcined 
at 1000 °C materials show existence of two phases 
in 1.5NiAl and 3.0NiAl samples: NiO and NiAl2O4, 
however, differing in proportion. NiO is a predomi-
nant phase in 3.0NiAl solid and conversely, spinel 
NiAl2O4 phase is the dominant phase in 1.5NiAl and 
0.5NiAl materials. No separate Al-containing phase 
was observed may be because of segregation of Al3+ 
cations to an amorphous components.

The calculated crystallographic parameters of 
NiO phase (aNiO) in calcined 1.5NiAl and 3.0NiAl 
solids up to 1000 °C (Fig. 2a) demonstrate values 
which are lower than of both reference NiO (aNiO = 
0.4176 nm) and standard NiO (aNiO = 0.4177 nm) 
according to JCPDS file 00-047-1049. As it was 
reported [18], this finding is a consequence of the 
partial incorporation of Al3+ ions into the cubic 
framework of the NiO, reducing its cell dimensions 
(aNiO) of the pure NiO because of the smaller radius 
of Al3+ ions (0.053 nm) as compared to Ni2+ ones 
(0.069 nm) [19]. The increase of Al3+ cations’ in-
corporation into NiO lattice on decreasing Ni2+/Al3+ 
molar ratio is in line with decreasing the NiO lattice 
parameter in the samples.

The mean crystallite sizes of NiO (LNiO) and 
NiAl2O4 (LNiAl2O4

) phases in 1.5NiAl and 3.0NiAl 
samples were determined from the full-width at 
half-maximum values of (200) diffraction line for 
NiO phase and (311) line for NiAl2O4, respectively. 
It is observed that the increase of the calcination 
temperature up to 500 °C and the nickel content lead 
to the slightly enlargement of NiO crystallite sizes 
(Fig. 2b). The treatment of both samples at 800 and 

Fig. 2. Crystallographic characteristics of the samples thermally treated at various temperatures: (a) lattice parameter 
of NiO (aNiO) and (b) crystallite size (L) of NiO and NiAl2O4 phases

M. Gabrovska et al.: Structure and reducibility of the mixed metal oxides obtained from Ni-Al layered double hydroxides... 
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1000 °C causes sharply increase and alignment of 
the NiO crystallite sizes, suggesting complete sepa-
ration of NiO and NiAl2O4 phases. The values of 
LNiO and LNiAl2O4

 comply with the degree of crystalli-
zation of both phases in the studied solids remaining 
in the nano-scaled region.

The PXRD analyses documented that the de-
composition of the TKl structure at 500 °C attracts 
special attention. The resulting structurally disor-
dered oxide mixture crystallizes to form NiO-like 
phase in 3.0NiAl and 1.5NiAl samples with LNiO 
of 5.3 and 4.2 nm, respectively, and poorly organ-
ized NiAl2O4-like phase in 0.5NiAl. In addition the 
SSA (m2/g) values of the calcined Ni-Al samples 
at 500 °C demonstrate well developed surface: 141 
(0.5NiAl) > 128 (1.5NiAl) > 112 (3.0NiAl) in com-
parison with 15 m2/g of the reference NiO sample. 

Obviously, the NiO-like phase obtained by calci-
nation of the Ni-Al TKl compounds exhibits a high 
thermal stability in comparison with the reference 
NiO. The Al3+ ions are concentrated onto and in the 
NiO surface, forming other phases such as alumina 
or spinel-type phases, so that the NiO surface is 
wholly modified [20]. The spinel-type phase plays a 
major role in the thermal properties of the mixed ox-
ides, because there is no possibility of direct physi-
cal contact between two adjacent nickel crystallites. 
In such a way the growth and sintering of the NiO is 
hindering, thus increasing the SSA [21]. 

The high dispersion of NiO-like phase is pre-
sumed to generate also highly dispersed metallic 
nickel particles after the activation of the precursors 
by reduction with hydrogen. All these arguments 
lead to the conclusion that the thermal treatment 
of Ni-Al TKl systems as precursors of catalysts for 
CO2 removal by methanation should be carried out 
at a temperature of 500 °C.

Temperature programmed reduction  
(TPR) study

The reducibility of the calcined at 500 °C precur-
sors was investigated by means of TPR technique. 
TPR experiments were applied to elucidate the na-
ture of reducible Ni2+–O species present in the sam-
ples and to reveal the temperature at which reduc-
tion to metallic Ni0 occurs depending on the nickel 
loading in the solids. 

The TPR profile of the reference sample NiO, 
displays a large temperature peak in the range 
280−550 °C with Tmax at 393 °C and a shoulder at 
≈450 °C. It may be assumed that full reduction of 
bulk Ni2+ ions to Ni0 has occurred (Fig. 3). The ap-
pearance of broad asymmetric TPR profiles spread-
ing throughout a wide temperature range from 290 
to 700 °C in all solids documented the presence of 
Al3+ ions. A shift of LT shoulders as well as Tmax 

towards higher temperatures upon decreasing of Ni 
content (increase of Al), are clearly observed with 
the samples under study. 

The TPR profile of the highest nickel contain-
ing sample 3.0NiAl demonstrates low-temperature 
(LT) shoulders at ≈310 °C and ≈390 °C, tempera-
ture maxima (Tmax) ≈550 °C and high-temperature 
(HT) shoulder at ≈645 °C. The profile of 1.5NiAl 
indicates a presence of LT shoulders at ≈312 °C and 
≈405 °C, shoulder at ≈545 °C, Tmax at ≈615 °C and 
HT shoulder at ≈670 °C. LT shoulders at ≈335 °C 
and ≈440 °C, Tmax at ≈615 °C and HT shoulder at 
≈670 °C are registered in 0.5NiAl sample.

The impeded reducibility as compared to the 
reference NiO pointed undoubtedly to the presence 
of A13+ ions in the NiO lattice. According to the 
models, proposed for decomposition and reduction 
of the LDH compounds [20−22], the LT shoulders 
from TPR profiles of all solids are ascribed to reduc-
tion of NiO intimately mixed with a small quantity 
of Al3+ ions (Phase I). The Tmax of 3.0NiAl sample 
is attributed to reduction of the quasi-amorphous 
Ni-Al spinel-like phase (Phase II) which decorates 
the surface of the NiO particles and/or acts as their 
support. The Tmax of 1.5NiAl and 0.5NiAl solids, as 
well as the HT shoulders of all samples are assigned 
to the reduction of the alumina-type phase doped 
with some amount of Ni2+ ions (Phase III), probably 
‘grafted’ on the spinel-like phase. All TPR profiles 
identify incomplete reduction of Phase III because 
the profiles do not recover the baseline. It is associ-
ated with the appearance of hardly reducible spinel-
like NiAl2O4 phases.

It may be generalized that the reduction of the 
Ni2+ ions in the mixed Ni-Al oxides, is realized at 
different temperatures due to different amounts, 

Fig. 3. TPR profiles of the samples calcined at 500 °C
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location and strength of interaction of Ni2+–O and 
Al3+ moieties. 

CO2 removal by methanation reaction

The catalytic activity of the calcined at 500 °C 
catalysts is evaluated by the highest GHSV at 
which the residual concentration of CO2 at the reac-
tor outlet is 0.0010 vol.% (10 ppm). This level is 
an admissible limit in modern industrial ammonia 
production. The catalytic runs show that after pre-
liminary reduction at 400, 450, 530 and 600 °C all 
three catalysts hydrogenate CO2 successfully to re-
sidual content of CO2 levels of 0−10 ppm at reaction 
temperatures between 400 and 280 °C and GHSV 
within 3000–22000 h–1. The differences in activity 
become evidently at lower reaction temperatures, 
namely at 260, 240 and 220 °C (Fig. 4). 

As it can be seen, the 0.5NiAl catalyst demon-
strates higher methanation activity at a reaction 
temperature of 260 °C after reduction at 400 °C. 
The catalyst purifies the reaction mixture from CO2 
to residual content of 10 ppm at GHSV = 12000 h–1. 
Further increase of the reduction temperature brings 
about effective purging of the reaction mixture at 
GHSV = 22000 h–1 to residual content of 5.7 ppm 
CO2 after reduction at 450 °C and 0 ppm CO2 af-
ter reduction at 530 and 600 °C. The rest of cata-
lysts comply with the following order of activities: 
1.5NiAl>3.0NiAl after reduction at all examined 
temperatures. 

Lowering of the reaction temperature to 240 °C 
leads to similar activity of all catalysts after reduc-

tion at 400 °C and to indistinguishable one, after 
reduction at 450 °C. In contrast, an enhancement in 
activity is registered after reduction at 530 °C, being 
more pronounced in the 0.5NiAl catalyst. Further 
increase of the reduction treatment to 600 °C re-
veals the priority of the 0.5NiAl catalyst which re-
moves CO2 to 10 ppm level at GHSV = 15000 h–1. 
The activity of the rest of catalysts decrease in the 
order: 1.5NiAl>3.0NiAl. 

The CO2 removal at reaction temperature of 
220 °C shows lower values almost independent of 
the reduction temperature. The purification seems 
effective only at low space velocities (4−5 h–1).

The interpretation of the demonstrated activ-
ity may be partially found in the TPR experiments 
(Fig. 3). TPR profiles suggest the existence of two 
types of Ni2+-O species on the surface of the all 
mixed oxides under study: readily and hardly reduc-
ible. The methanation activity of the catalysts after 
reduction at 400 and 450 °C may be easily ascribed 
to the presence of readily reducible Ni2+-O species. 
The close activity indicates that the amount of ac-
tive Ni0 species is enough even in the 0.5NiAl in 
spite of the different nickel loading.

The higher activity of 0.5NiAl catalyst after re-
duction above 500 °C may be attributed to the re-
tarding effect of Al3+ ions on the Ni0 sintering due to 
the presence of spinel-type NiAl2O4 phase at higher 
temperatures. The sintering of the reduced metal 
lead to decrease of the activity, more pronounced in 
the catalyst with the highest nickel content 3.0NiAl. 
Moreover, it is suggested by McArthur [23] that 
nickel aluminates or some similar compounds act 

Fig. 4. Comparison of the methanation activity (0–10 ppm) of the calcined catalysts at reaction temperatures of 260, 
240 and 220 °C vs reduction temperatures
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somewhat as a “reservoir” which, upon gradual re-
duction in the presence of hydrogen-containing gas-
es, continually generates fresh metallic nickel, thus 
accounting for the remarkable activity maintenance 
of the catalyst. 

All these considerations are related to the incor-
poration of Al3+ cations into NiO lattice.

Additional explanation of the methanation activ-
ity is suggested by the diffractograms of the cata-
lysts after the reaction run (Fig. 5), namely reduc-
tion at 600 °C, testing in the range 400–220 °C and 
passivation after cooling down to room temperature 
by a gas mixture of O2/N2. Some findings must be 
pointed: (i) Formation of Ni0 phase (JCPDS file 00-
004-850), in all the tested catalysts, being better or-
ganized in 3.0NiAl-t; (ii) Presence of NiO-like phase 
in 1.5NiAl-t and 0.5NiAl-t catalysts; (iii) Prevalent 
NiAl2O4 phase in 0.5NiAl-t; (iv) Registration of 
the reflections characteristics of TKl structure in 
1.5NiAl-t and 3.0NiAl-t catalysts, more expressive 
in 3.0NiAl-t. 

The appearance of diffraction lines typical of TKl 
compounds may be attributed to the property of the 
mixed oxides generated from LDHs to regenerate 
the initial layered structure in the presence of wa-
ter with natural content of dissolved CO2 [24, 25]. 
Evidently, a hydrolysis of the unreduced surface 
Ni2+ ions is realized upon the methanation reaction 
medium. The hydrolyzed Ni2+ species together with 
some Al3+ ions partially re-crystallized in original 
TKl structure. The partial formation of TKl phase 
may be implied as an additional reason for the low-
est activity of 3.0NiAl and 1.5NiAl catalysts, name-
ly, the amount of Ni0 on the catalyst surface should 
be diminished thus provoking decrease in activity.

The low degree of crystallization of the tested 
catalysts hinders the determination of the Ni0 size. 
The SSA (m2/g) measurements suggest greater 
dispersion of the phases in 0.5NiAl-t catalyst: 
122 (0.5NiAl-t) > 114 (1.5NiAl-t) > 79 (3.0NiAl-t). 
Moreover, the SSA of 3.0NiAl-t catalyst (79 m2/g) 
shows value very close to the SSA of takovite-like 
3.0NiAl solid (71 m2/g) [14] thus evidencing the 
partial formation of TKl structure. 

CONCLUSIONS

The structure, reducibility and CO2 methanation 
activity of the Ni-Al mixed oxides generated by 
controlled thermal treatment of Ni-Al takovite-like 
LDHs depend on the amount, location and strength 
of interaction of Ni2+–O and Al3+ species and tem-
perature. NiO- and spinel NiAl2O4-like phases are 
formed in the nano-sized region in different propor-
tion and degree of crystallinity as a function of the 
nickel content. 

The calcination temperature of 500 °C is selected 
as most convenient one because of the high disper-
sion of the mixed oxide phases predetermining the 
high dispersion of the metallic nickel. All prelimi-
nary reduction temperatures of the three catalysts 
provoke effectively CO2 hydrogenation down to 
280 °C and high space velocities. Partial regenera-
tion of the original layered structure was registered 
in the higher nickel containing solids after finishing 
of the catalytic test. 

The advantage of the catalyst with the lowest 
nickel amount is revealed at low temperature of 
reaction (260 °C) and reduction (400 °C). Its per-
formance dominates at higher reduction tempera-
tures due to the role of spinel NiAl2O4-like phase 
to act as a “reservoir” generating fresh metallic 
nickel. The decrease of activity in the rest of the 
catalysts is mainly attributed to sintering of the re-
duced metal nickel.

Note: This article has been realized in the frame 
of inter-academic collaboration between Institute 
of Catalysis, Bulgarian Academy of Sciences, and 
“Ilie Murgulescu” Institute of Physical Chemistry, 
Romanian Academy.
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стрУктУра и редУцирУемОст на смесени метални Оксиди,  
пОлУчени От Ni-Al слОисти двОйни хидрОксиди. каталитична 

активнОст в реакцията на метаниране на сО2

м. в. габровска1*, р. м. едрева-кърджиева1, д. д. кришан2, 
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2 „Илие Мъргулеску“ Институт по физикохимия, Румънска академия, 202 бул. Индепенденцей,  
060021 Букурещ-12, Румъния

постъпила февруари, 2013 г.; приета май, 2013 г.

(резюме)

изследван е ефектът от количеството на никела върху структурата, редуцируемостта и активността на сме-
сените метални оксиди, получени чрез контролирана термична обработка на съутаени Ni-Al слоисти двойни 
хидроксиди, като прекурсори на катализатори за очистване от CO2 чрез реакцията на метаниране, променяйки 
молното съотношение Ni2+/Al3+ (Ni2+/Al3+ = 0.5, 1.5 и 3.0) и температурите на редукция и реакция. чрез прахова 
дифракция на рентгенови лъчи на термично обработваните образци (200−1000 °C) е установено образуването на 
нано-размерни NiO- и шпинело NiAl2O4-подобни фази в различно съотношение и степен на кристалност. като 
най-подходяща за накаляване на образците е избрана температурата от 500 °с поради високата дисперсност на 
смесените оксидни фази, което предопределя висока дисперсност и на металния никел след редукция. 

разкрито е, че след предварителна редукция in situ при 400, 450, 530 и 600 °с, всички изследвани катали-
затори ефективно хидрогенират CO2 при реакционни температури от 400 до 280 °C и обемни скорости между 
3000 и 22000 ч–1. и трите катализатора показват сравнима активност при по-ниски редукционни и реакционни 
температури поради образуването на лесно редуцируеми Ni2+-O видове, които пораждат достатъчен брой от 
достъпни Ni0 активни места на повърхността. регистрирано е частично възстановяване на първоначалната 
слоиста структура в образците с по-високо съдържание на никел след приключване на каталитичният тест.

предимството на катализатора с най-ниско съдържание на никел проличава при ниски редукционни и реак-
ционни температури. неговата производителност доминира след редукция при по-високи температури поради 
ролята на NiAl2O4 шпинело-подобна фаза да действа като „резервоар“, пораждащ нови количества метален 
никел. понижаването на активността на останалите катализатори се приписва главно на синтероването на 
металният никел. 
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The study concerns vertically well-aligned ZnO nanowires and TiO2–ZnO films on Si substrates. They were pre-
pared by a two-step chemical bath deposition (CBD) method, witch includes seed deposition and growth of ZnO 
nanowires. SEM and X-ray diffraction are used for the ZnO and TiO2/ZnO thin films characterization. The film 
thickness is of 3–3.5 μm and the average diameter of ZnO nanowires is 100-150 nm, as determinated by SEM. Thus 
prepared films (pure ZnO nanowires and mixed with TiO2 nanoparticles) are tested in comparison to TiO2 and ZnO 
powder catalysts. TiO2 doped ZnO nanowire films show a significant rise in the photocatalytic efficiency. The photo-
catalytic tests are performed in cylindrical glass reactors under UV and visible light irradiation. The effect is due to the 
successful separation of photogenerated charge carriers in the prepared TiO2/ZnO photocatalytic film. The pollutants 
concentrations are 20 ppm Orange II for slurry and 10 ppm for film photocatalysis. The photodegradation of organic 
dye Orange II is observed spectrophotometrically.

Key words: ZnO nanowires, TiO2, composite films, Orange II, photocatalysis.

INTRODUCTION

Nanomaterials are of tremendous interest due 
to their noticeable application in electronics, op-
tics, and photonics. Nanomaterials are generaly 
classified into three groups: 0-dimensional, 1-di-
mensional, and 2-dimensional. Zero-dimensional 
nanostructures, referred to as quantum dots or na-
noparticles with an aspect ratio near unity, have 
been extensively used in biological applications [1]. 
Two-dimensional nanomaterials, such as thin films, 
have also been widely used as optical coatings, 
corrosion protection, and semiconductor thin film 
devices. One-dimensional (1D) semiconductor na-
nostructures such as nanowires, nanorods (short na-
nowires), nanofibres, nanobelts, and nanotubes have 
been of intense interest in both academic research 
and industrial applications. This is due to their po-
tential as building blocks for other structures [1]. 1D 
nanostructures are useful materials for investigating 
the dependence of electrical and thermal transport 

or mechanical properties on dimensionality and size 
reduction (or quantum confinement) [2]. They are 
also important because of their interconnections and 
functional units in the fabrication of electronic, op-
toelectronic, electrochemical, and electromechani-
cal nanodevices [3]. In todays research zinc oxide 
(ZnO) nanowire is one of the most important among 
the one-dimensional (1D) nanostructures [4].

The band gap energy plays a significant role in 
the photocatalytic process. Figure 1 shows the band 
gap energies and the band edge positions of a com-
mon semiconductor photocatalysts [5–7]. It is im-
portant to have in mind that, the band gap values of 
ZnO, reported in the literature, are not all equiva-
lent due to the different levels of the O vacancyes 
in ZnO [8]. ZnO has also been considered as a suit-
able alternative of TiO2 because of its comparability 
with TiO2 band gap energy and its relatively lower 
cost of production [9, 10].

ZnO is a semiconductor with a direct wide band 
gap energy (3.37 eV) and has a large exciton bind-
ing energy (60 meV) at room temperature [11]. 
TiO2 has similar large band gap – 3.2 eV for anatase 
modification. It is most widely used photocatalyst 
since it is chemically stable, nontoxic and natural 
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material [12].The band gaps values of TiO2 and ZnO 
show that near UV irradiation is needed for photo 
activation of both oxides. 

Different authors apply various methods of mod-
ification like ball-milling [13], doping and co-dop-
ing [14, 15] to obtain efficient photocatalysis under 
visible light with ZnO and TiO2. Composite materi-
als are another approach to achieve this goal. There 
is a number of investigations reporting such effect, 
achieved by addition of variety of oxides such as 
SnO2 [16, 17], SiO2 [18], CeO2 [19], ZnO [20–23], 
WO3 [24] and ZrO2 [25]. Application of supported 
bycomponent catalysts from two semiconductor 
oxides also alters the electronic properties, as com-
pared to the initial material, in turn affecting charge 
photogeneration, charge separation and transfer, as 
found for ZnO overlayers on TiO2 [26]. Other study 
reports about significant inhibition of the particle-
to-particle electron transfer established for thin ZnO 
shell on a TiO2 core [27].

To clarify this effect, ZnO films with TiO2 over-
layer have been studied. The new element here is 
investigation of the photocatalytic effect due to the 
combination of the two semiconductors, presented 
in different forms as nanowires and nanoparticles. 
This effect is checked in degradation of the com-
monly used organic dye Orange II in aqueous solu-
tion and compared using TiO2 and ZnO nanowire 
film. The aim is to prepare and characterize ZnO 
nanowire film and TiO2/ZnO photocatalyc film, 
suitable for application under illumination with UV 
and visible light irradiation.

EXPERIMENTAL

The reagents and materials used in the experi-
ments were: Zn (CH3COO)2.2H2O and 2 methox-

yethanol from Fluka, methenamine from Reidel de 
Haen, TiO2 anatase and Orange II (λmax = 484 nm) 
from Sigma Aldrich. Si substrates (50×50×2 mm) 
from ISO-LAB (Germany) were used as supports for 
the films. The ZnO nanorods used in this investiga-
tion were grown on Si substrates by chemical bath 
deposition (CBD). It is a two step process, on a sub-
strate treatment prior to the CBD growth. The first 
stage was ZnO seed deposition for next growth of 
nanowires. The pretreatment of the substrates is con-
ducted by spin-coating (spin coater KW-4A, Chemat 
Technology Inc, 2200 rpm). A substrate with a so-
lution of zinc acetate dihydrate (Zn(C2H3O2)22H2O), 
dissolved in pure ethanol with a concentration of  
5 mM, was used to control the diameter of ZnO nano-
rods. Then the seeded substrate was rinsed with dis-
tilled water, dried and annealed at 320 °C for 20 min. 
The next step was growth of ZnO nanowires on the 
as-prepared seeds. For this purpose the seeded sub-
strates were kept for 3h placed in aqueous solutions 
of zinc nitrate hexahydrate [Zn(NO3)26H2O, 99.9% 
purity grade] and methenamine (C6H12N4, 99.9% pu-
rity grade) containing also methenamine (25 mM). 
After that the substrates were rinsed with distilled 
water and placed again in new precursor solution. In 
the CBD growth, the concentrations of both reagents 
were fixed at 0.1M. The pretreated Si substrates were 
immersed into the aqueous solution, and ZnO was 
grown at an constant temperature of 93 °C. This step 
was repeated 8 times and the final films were dried in 
air [28]. The mixed films were prepared by impreg-
nation of the ZnO coating with TiO2 suspension in 
ethanol in selected ZnO:TiO2 ratio 3:1 (weight) [27].

The prepared ZnO and mixed films were charac-
terized by X-ray analysis (diffractometer Siemens 
D 500, CuKα source radiation at a step of 0.05Θ for 
2h and counting time 2 s/step) and scanning elec-
tron microscopy (SEM, JEOL JSM-5510).

Fig. 1. Band edge positions of common semicon-
ductor photocatalysts (data from [5–7])
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The photocatalytic action of the films was ex-
amined in photoinitiated degradation of the organic 
dye Orange II in water solution (10 ppm, 150 ml) 
under UV (Sylvania 18 W BLB T8 lamp, emit-
ting mainly in the range 315–400 nm) and visible 
(linear TUNGSRAM lamp 500 W K1R7 s, 9700 
Lm) light irradiation. Three series of experiments 
were performed with the powder and with the film 
samples: under UV and visible light irradiation. 
Photocatalytic experiments with commercial and 
prepared by us powder samples were conducted 
prior testing of the films. The detailed procedure of 
photocatalytic experiments is described elsewhere 
[29, 30]. Spectrophotometer (Jenway 6400) deter-
mined the change in the dye concentration within 
the time of photocatalysis.

RESULTS AND DISCUSSION

SEM analysis is used to study the morphology of 
as-prepared films. Figure 2 shows a schematic view 
of ZnO nanowires film produced by chemical bath 
deposition (CBD). The ZnO nanowires obtained 
are of hexagonal crystal structure. The SEM micro-
graphs show uniform films of high density (3.1×109 

Fig. 2. SEM images of top view of the ZnO nanowires

Fig. 3. SEM images of TiO2/ZnO nanowire arrays: (a), (b), (c) TiO2/ZnO arrays (top view) at different magnifications; 
(d) shows films cross section – TiO2/ZnO nanowire array with TiO2 nanoparticles film on the top

numbers of nanowires per cm–2). The ZnO nano-
wires grown on Si substrate are of approximately 
3–3.5 μm length and 100-150 nm in diameter.

The microscopic observations of the ZnO na-
nowires and TiO2 nanoparticles in the TiO2/ZnO 
film on Si substrate are shown in Fig. 3.

L. Krasteva et al.: Synthesis and characterization of ZnO and TiO2 powders, nanowire ZnO and TiO2/ZnO thin films...
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Figure 3 shows impregnated ZnO:TiO2 of weight 
ratio 3:1. Samples are 100% crystalline. TiO2 nano-
particles of about 0.05 μm average diameter can be 
clearly seen unevenly distributed between the ZnO 
nanowires along the entire films surface (Fig. 3a). 
The bottom layer of ZnO nanowires and upper layer 
of TiO2/ZnO nanoparticles can be clearly seen in 
Fig. 3b and 3c. Figure 3d shows the composite films 
cross section.

Figure 4 represents XRD patterns of commercial 
TiO2 anatase, ZnO powder from Aldrich and ZnO 
nanowire films.

It is clear from Fig. 4a that the nanowires can 
be classified as hexagonal wurtzite ZnO, and the 
dominating (002) peak at 34.4° indicates that the 
nanowire is well crystallized and grows in preferred 
orientation perpendicular to the substrate, which is 
in perfect agreement with the data from SEM obser-
vations. The XRD of mixed TiO2/ZnO powder and 
nanosized film with pointed characteristic peaks of 
anatase and zinc oxide is presented in Fig. 4b. The in-
tensities of the main peaks of ZnO differ from those 
of a mechanical mixture. After addition of TiO2, the 
two ZnO peaks (100) and (002) are the strongest, 
indicating a slight change of the preferred orienta-
tion. The size of crystallites is calculated following 
Sherrers equation for ZnO from the (100) peak and 
for TiO2 from the (101) peak (Fig. 4b) as they are 
relatively strong and single for the respective metal 
oxide. The crystallite size in direction perpendicular 
to the (101) plane remains the same (33.9 nm) as 
in the nanowire ZnO film, whereas the crystallite 
size in direction (100) changes from 33.0 before the 
preparation procedure to 35.9 nm after it.

The results from the photocatalytic experiments 
with commercial powders of TiO2 and ZnO sam-
ples are shown in Table 1. The adsorption degree 
of Orange II onto different catalysts surface at 30th 
minute of contact without any illumination are also 
presented. Blank experiments with pure dye solu-
tions, irradiated with the respective lamps (UV or 

Fig. 4. Comparative XRD patterns of (a) commercial 
ZnO powder to nanowire ZnO film and (b) XRD pattern 
of mixed TiO2/ZnO film of weight ratio 3:1

Table 1. Rate constants, adsorption and photodegradation degrees reached in the experiments with different 
photocatalytic samples. The duration of photocatalytic tests is 1 h for all powders (denoted as *) and 2.5 h  
for film samples (denoted as **)

Type of Illumination Darkness (0.5 h) UV VIS

Quantity
Sample Absorption, % Degradation, % Rate constant,

min–1 Degradation, % Rate constant,
min–1

Orange II 0 0 – 0 –
ZnO powder* 5 98 0.157 21 0.028
TiO2 powder* 2 100 0.162 2 –
ZnO nanowire film** 15 29 0.0015 35 0.0019
TiO2/ZnO nanowire film** 20 53 0.0038 73 0.0058

visible), are performed prior the photocatalytic 
tests. No significant photobleaching of the pollut-
ants solution is observed upon UV or visible light 
illumination, meaning that the direct dye photoly-
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sis of is negligible at the particular experimental 
conditions.

As seen from the experimental data, both TiO2 
and ZnO successfully degrade Orange II under UV 
illumination approximately – the achieved after 1 h 
of photocatalysis dye degradation is 100% and 98% 
respectively. Zinc oxide has also photocatalytic ac-
tivity under visible light irradiation (19% dye deg-
radation at 1st h of illumination).

A comparison of the photocatalytic tests, con-
ducted with prepared by us ZnO nanowire and 
mixed TiO2/ZnO films is presented in Table 1. As 
seen from the Table, the ZnO films have not very 
high efficiency: 28% of Orange II degradation is 
reached for the UV and 35% for the visible light 
photocatalysis at 2.5 h of irradiation. The composite 
TiO2/ZnO films express more efficient degradation 
of Orange II in aqueous solutions in both cases of 
UV or visible illumination. Highest degree of dye 
degradation for UV (53%) and for visible light 
(72%) irradiation, are achieved with the mixed 
TiO2/ZnO photocatalytic films.

The observed higher rate of degradation with 
mixed TiO2/ZnO than that with ZnO films is a 
complex result of at least two effects and can be 
explained by the change in the surface morphology 
as represented in the scheme of the mixed photo-
catalyst below (Fig. 5). As seen from the scheme, 
the addition of titania nanoparticles to the dense na-
nowire structure drastically increases the amount of 
illuminated catalysts surface and allows more effi-
cient utilization of ZnO nanowires in the photocata-
lytic reaction. On another hand, the combination of 
two nanosized semiconductors with close band gaps 
(Fig. 1) in form of wires and particles increases the 
contact between TiO2 and ZnO and favors effective 
charge separation of the photogenerated charge car-
riers under light excitation and therefore reduces the 
losses of recombination.

CONCLUSIONS

Nanowire TiO2/ZnO films of 3–3.5 μm thick-
ness are prepared on Si substrate. The zinc and 
titania oxides are present in the composite film as 
wurtzite and anatase respectively. The films exhibit 
a good homogeneity and nanocrystallinity as shown 
by SEM and XRD analysis. The average diameter 
of ZnO nanowires is 100–150 nm, as determined 
by SEM. The as-prepared films (pure and mixed 
with TiO2) are tested in light induced degradation 
of the organic dye Orange II from water solutions. 
Significant rise in the photocatalytic efficiency is 
established with the composite TiO2/ZnO nanowire 
film. The trend is confirmed under both sources 
of illumination – UV and visible light and is due 
to composites morphology and successful charge 
separation.
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синтез и характеризиране на прахОве От ZnO и TiO2, тънки филми  
От ZnO нанОжички и TiO2/ZnO за фОтОкаталитични прилОжения

л. к. кръстева1, к. и. папазова1, а. с. Божинова1*,  
н. в. кънева1, а. а. апостолов2

1 Лаборатория по наука и технология на наночастици, катедра Обща и неорганична химия,  
Факултет по Химия и Фармация, Софийски университет, София 1164, България 

2 Лаборатория по структура и свойства на полимери, катедра Приложна органична химия,  
Факултет по Химия и Фармация, Софийски университет, София 1164, България

постъпила февруари, 2013 г.; приета май, 2013 г.

(резюме)

Обект на настоящата работа са филми от вертикално подредени ZnO наножички върху Si подложка, как-
то и такива дотирани с TiO2. изследваните образци са получени по метода на химично отлагане чрез дву-
етапна процедура, включваща зародишообразуване и последващ кристален растеж на наножичките от ZnO. 
тънките филми от ZnO и TiO2/ZnO са характеризирани със сканираща електронна микроскопия (сем) и 
рентгенова дифракция. Определената със сем дебелина на филма е 3–3.5 μm, а средният диаметър на нано-
жичките от ZnO е 100–150 nm. получените от нас филми (от чисти ZnO наножички и дотирани с наночастици 
TiO2) са изпитани за фотокатализа и действието им е сравнено с това на каталитични прахове от TiO2 и ZnO. 
фотокаталитичните експерименти са проведени в цилиндричен стъклен реактор при облъчване с Ув или видима 
светлина. изходната концентрация на замърсителя Оранжево II е 20 ppm за суспензия и 10 ppm за фотокатализа 
с филми. фоторазграждането на багрилото е проследено спектрофотометрично. дотираните с TiO2 филми от 
ZnO наножички показват значително повишена фотокаталитична ефективност. наблюдаваният ефект се дълми 
на успешно реализирано разделение на фотогенерираните заряди в синтезираните TiO2/ZnO филми.

L. Krasteva et al.: Synthesis and characterization of ZnO and TiO2 powders, nanowire ZnO and TiO2/ZnO thin films...
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The behaviour of osmium ions in the tetrahedral oxygen coordination
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In this work, the absorption spectrum of Bi12SiO20:Os is investigated. The crystal changes its state from the un-
treated to the illuminated. The experiment is conducted at the room temperature in the spectral region 1.6–2.2 eV. The 
energetic diagram of the electron transitions in Os5+ is presented. The Schrödinger equation is solved for the Os5+ ions 
which are chemically bonded with the oxygen ions.

Key words: Schrödinger equation, doped sillenites, transition metal ions.

INTRODUCTION

The sillenite-type Bi12SiO20 (BSO) crystals dis-
play optical activity and a strong photochromic 
effect. They are applied in dynamic holography, 
optical information processing, optical phase con-
jugation and real-time interferometry [1, 2]. This 
is the reason for the investigation of their optical 
properties. The determination of the valence and the 
local symmetry of the involved dopants in the crys-
tal structure is very important for the optimization 
of the synthesis conditions of these materials. That 
is why the aim of the present work is to present the 
energy level diagram of Os5+ in BSO:Os.

EXPERIMENTAL

The crystals were prepared from a stoichiomet-
ric solution using the Czochralski method. The pu-
rity of the starting oxides used was 99.9999% for 
Bi2O3 and SiO2. The structure of the sillenite is the 
final result from Si4+ tetrahedrons and Bi3+ octahe-
drons. The dopant was placed in the melt solution 
in the form of the oxide OsO4.The concentration of 
the ruthenium ions in the crystal lattice was Os – 
6.33×1020 cm–3. The maximum ruthenium concen-
tration in the melt was established by several experi-
ments which determined the optically homogeneous 
doped crystals without other phase inclusions. The 

diameter of the synthesized crystals was 30–45 mm 
and their lenght was 70–100 mm. The experimental 
set up for the measurement of the absorption  co-
efficient in the visible region consisted of the fol-
lowing: a halogen lamp with a stabilized 3H-7 recti-
fier, a SPM-2 monochromator, a system of quartz 
lenses, a polarizer, a crystal sample holder, and a 
Hamamatsu S2281-01 detector. The investigation 
was carried out with an untreated sample that has 
been illuminated with UV light for 30 min. 

RESULTS AND DISCUSSION

The absorption coefficient of the investigated 
samples has been measured to be between 564 and 
775 nm (Figs.1a and 2a). The first derivative of 
the absorption coefficient at photon energy is cal-
culated to be in the 564–775 nm spectral region. 
The [dα/d(hν)] determines only the number of elec-
tron transitions in а Os5+ ions and it does not give 
an exact information about the energy position of 
these transitions (Figs.1b and 2b). This is the rea-
son for the calculation of the second derivative of 
the absorption coefficient [d2α/d(hν)2] (Figs.1c and 
2c). The absorption coefficient is calculated us-
ing the formula: (1) α = (1/d)ln(I0/I),where I0 is the 
intensity of the incident light, I is the intensity of 
the passing light and d is the sample thickness. The 
components of the Os5+ structure that are connected 
with the electron transitions are 4T1g(4F) → 4T2g(4F) 
(Fig. 3). Our assumption is that Os5+ replaces Si4+ in 
the silicon tetrahedrons. The ionic radius of Os5+ 
ion is 0.575 Å and the ionic radius of Si4+ ion is 
0.40 Å. Thus the oxygen tetrahedrons are shortened 
along z axis and Jahn-Teller effect is bigger than the 
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Fig. 1. a) The absorption coefficient α(E), b) first deriva-
tive dα/dE and c) second derivative d2α/dE2 for the un-
treated Bi12SiO20:Os

Fig. 2. a) The absorption coefficient α(E), b) first deriva-
tive dα/dE and c) second derivative d2α/dE2 for the illu-
minated Bi12SiO20:Os

spin-orbit interaction there. If the Os5+ ion is caught 
by a one-dimensional hole than its potential can be 
described as: 1) V = 0, a≤x≤b (a, b are the borders 
of the hole) and 2) V = ∞ in the other cases. In the 
first case the Schrödinger equation has the follow-
ing form: (2) Eψ(x) = – (ħ2/2m)*(d2ψ/dx2) [3]. If  
k = (2mE)/ħ2 after some transformations we will 
find that (3) (d2ψ/dx2) + k2ψ = 0. The solution of the 
last equation is (4) ψ(x) = Asin(kx) + Bcos(kx). The 

constants A and B are determined by normalizing 
the wavefunction i.e.

                                                        .

In our situation A = √(2/a) and B = √(2/b). When 
ψ(a) = 0 than ka = nπ and kb = (2n+1)π. Thus k 
= [(n+1)π]/(b–a), n = 1, 2, … Therefore the final 

P. Petkova et al.: The behaviour of osmium ions in the tetrahedral oxygen coordination
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form of the solution (4) is ψ(x) = Asin{[(n+1)π]/
(b-a)} + Bcos{[(n+1)π]/(b-a)}. When the Os5+ ion 
is caught by a one-dimensional hole than its wave-
function is ψ(x) = 0.0592*sin{[(2+1)π]/(775-564)} 
+ 0.51*cos{[(n+1)π]/(b-a)} or in the end ψ(x) = 

0.0592*sin(0.0446x) + 0.51*cos(0.0446x). This is 
the way to calculate ψ(x) at each minimum on the 
Figs. 1c and 2c. The values of the wavefunction are 
respectively ψ3(2.06) = 0.4817; ψ2(1.92) = 0.4754; 
ψ1(1.81) = 0.4693 for the untreated BSO:Os and 
ψ3(1.98) = 0.4783; ψ2(1.83) = 0.4704; ψ1(1.73) = 
0.464 for the illuminated doped sample. The energy 
of the basic state of Os5+ ion is E1 = (π2*ħ2)/[2m(b–
a)2] and the energy of the first excited state is E2 
= [22*(π2*ħ2)]/[2m(b–a)2]. The difference between 
these two energies is ΔE = 8.7 cm–1. The distance 
between the energy levels 4T1g(4F) and 4T2g(4F) is the 
same (Fig. 3).

CONCLUSIONS

The illumination with UV light leads to the shift-
ing of the energy position of the electron transitions 
to the bigger wavelengths. 

Jahn-Teller effect is bigger than the spin-orbit 
interaction in the oxygen tetrahedrons.

The Schrödinger equation is solved in the spec-
tral region of the osmium absorption structure.

The values of ψ(x) decrease with the increasing 
of the wavelength in the spectral region of the Os5+ 
structure.
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(резюме)

в тази работа е изследван спектъра на поглъщане на Bi12SiO20:Os. състоянието на кристала се променя от 
нетретирано в осветено. експериментът е проведен при стайна температура в спектралната област 1.6–2.2 eV. 
представена е енергетичната диаграма на електронните преходи в Os5+. решено е уравнението на Шрьодингер 
за йоните Os5+, които са химически свързани с обкръжаващите ги кислородни йони. Облъчването с ултрави-
олетова светлина води до отместване на енергетичното положение на преходите на електроните към по-голе-
мите дължини на вълната. ефектът на ян-телер е по-голям в сравнение със спин-орбиталното взаимодействие 
в кислородните тетраедри. стойностите на ψ(x) намаляват с нарастване на дължината на вълната в спектрал-
ната област на абсорбционната структура на Os5+.

P. Petkova et al.: The behaviour of osmium ions in the tetrahedral oxygen coordination
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In this work, we investigate nanosized Fe-ZnO thin films, deposited on glass substrates by sol-gel method and 
dip-coating technique. The precursor sol is prepared by dissolving of Zn(CH3COO)2.2H2O and Fe(NO3)3.9H2O in 
2-methoxyethanol with addition of monoethanolamine as surfactant. The Fe content in the ZnO thin films is selected 
to be 0.25, 0.5 and 1 wt.%. Thin nanostructured films with two different coatings structures are prepared for the pho-
tocatalytic tests. The first one is formed by deposition of Fe-doped layer by 5 dip-coating cycles on standard micro-
scopic glass slides. The second type of hierarchically structured films is deposited onto glass substrates by two – step 
procedure. The photocatalytic efficiency of the prepared films is tested using a textile dye, Reactive Black 5 (RB5) in 
aqueous solutions at different initial dye concentration, under UV or visible light irradiation. The dependence of pho-
tocatalytic activity on the (i) Fe content, (ii) presence or absence of ZnO sublayer under Fe doped layer, (iii) frequency 
of irradiation and (iv) initial concentration of dye are investigated. For explanation of the observed results a compre-
hensive AFM investigation including fractal analysis of surface topography is performed. The relationship between 
the observed photocatalytic behavior of the film samples and the obtained by AFM surface features is discussed.

Key words: ZnO:Fe thin films, sol gel, photocatalysis, Reactive Black 5, UV and visible light.

INTRODUCTION

In the last decades, a large number of research 
groups worldwide focused their attention on inves-
tigations on the use of sunlight, (5–7% UV, 46% 
visible and 47% infrared radiation) as a beneficial 
natural energy source for photocatalytic applica-
tions [1, 2]. Nowadays, there is a large problem in 
water purification from harmful pollutants (such 
as dyes, drugs, hormones, heavy metals traces) in 
low concentrations. The most widely used photo-
catalyst TiO2, has a relatively large band gap (for 
anatase modification Eg=3.2 eV) and is low a cost, 
natural, chemically stable and nontoxic material [3]. 
Zinc oxide has similar band gap (Eg=3.2 eV) and is 

favored is favored in comparison to TiO2, in some 
applications due to its higher quantum efficiency 
[4–6]. However, the band gap of the above men-
tioned semiconductors require near UV irradiation 
for their photoactivation. Therefore, different meth-
ods have been used to achieve an efficient visible 
light photocatalysis by these oxides, such as doping 
and co-doping with nonmetals [7–9] and transition 
metals [10, 11], surface modification [12, 13] and 
composite materials [14–16]. However, no matter 
of its unique optical [17–20], magnetic [21, 22], 
electrical [23] and gas-sensing properties [24–27], 
only few investigations have reported on the photo-
catalytic photodegradation of organic contaminants 
with Fe-doped ZnO [28, 29].

There are a large number of commonly used dyes 
available at the market. Between them, the most 
used are reactive azo dyes. Additionally, these dyes 
are the most problematic pollutants in textile waste-
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waters. The reason is that after the reactive dyeing 
process is finished, more than 15% of the textile 
dyes is lost in wastewaters during dyeing operation 
[30]. So, in this work, we have selected Reactive 
Black 5 dye (RB5), one of the most used reactive 
dyes for textile finishing, as representative azo dye 
pollutant for contaminated wastewaters from textile 
manufacturing.

Textile wastewaters are large problem for con-
ventional treatment plants in the entire world. The 
release of these wastewaters into enviroment is 
harmful to aquatic life and mutagenic to human 
beings. The removal of organic pollutants from 
wastewater by heterogeneous photocatalysis is an 
important method in environmental protection. As 
a well-known photocatalyst, much attention has 
been paid to ability of ZnO in degradation and 
complete mineralization of dyes and other envi-
ronmental pollutants.

In this study we present for the first time nano-
sized hierarchical Fe-ZnO (Fe-content 0.25, 0.5 and 
1 wt.%) thin photocatalytic films, deposited on glass 
substrates via sol-gel method and dip-coating tech-
nique. The aim of this research is to investigate and 
establish the dependence of photocatalytic activity 
on the: (i) Fe content; (ii) existence or absence of 
ZnO sublayer under Fe doped layer; (iii) frequency 
of irradiation and (iv) initial concentration of dye.

EXPERIMENTAL

Materials and reagents

The following materials were used to manu-
facture ZnO thin films: zinc acetate dehydrate, 
Zn(CH3COO)2.H2O, (≥99.5%), 2-methoxyethanol 
(≥99.5%), monoethanolamine (≥99.0%) and iron 
nitrate hydrate, Fe(NO3)3.9H2O, (≥99.0%) from 
Fluka. The glass slides (ca. 76×26 mm) for substrates 
of ZnO films were from ISO-LAB (Germany). 
Reactive Black 5 (C26H21N5Na4O19S6, λmax=595 nm, 
dye content ca. 55%) was from Sigma-Aldrich. 
Distilled water was used in the preparation of dye 
solutions.

ZnO and ZnO:Fe synthesis

Zinc oxide thin films with different concentra-
tions of Fe3+ doping (0.25, 0.5 and 1 wt.%) were 
deposited on glass substrate by sol–gel meth-
od. The precursor sol is obtained using zinc ac-
etate dihydrate, 2-methoxyethanol and monoeth-
anolamine. As starting materials, zinc acetate 
dihydrate [Zn(CH3COO)2.2H2O] and iron nitrate 
hydrate [Fe(NO3)3.9H2O] were dissolved in 2-meth-
oxyethanol. Then, sol stabilizer, monoethanolamine 

(MEA) equimolar to the [Zn2+ + Fe3+], was added 
to the above solution. The substances were mixed 
together in a round-bottom flask and stirred at room 
temperature for 15 min. The obtained clear solution 
was heated up at 60 °C upon magnetic stirring for 
60 min and let to age overnight. The resultant solu-
tion was clear and homogenous to serve as the coat-
ing substance for films. No visible changes were 
observed in the sol upon standing of the precursor 
at room temperature for at least 2 months.

Preparation of the coating solution

The dip coating is a simple and cheap technique 
for deposition of thin oxide films. The deposition 
of a layer of oxide material can be optimized by 
controlling precisely the immersion and withdrawal 
speed, number of dipping cycles and solution vis-
cosity for the purpose of deposition of a layer of 
oxide material.

The ZnO films were prepared by dip coating, 
drying and sintering of the material. Glass surfaces 
(5×5 cm) were coated with the coating solution by 
means of dip coating apparatus and withdrawing it 
at rates of 0.9 cm/min at room temperature depos-
ited the gel films. It was found that higher with-
drawal rates result in films of lower quality. The 
films were dried for 15 min at 80 °C in air after 
each successive coating. The as-prepared gel films 
were annealed at 500 °C for 60 min in order to 
obtain the final ZnO films.

Thin nanostructured films with two different 
coatings configurations were prepared for the pho-
tocatalytic tests. The first one was formed by depo-
sition of the Fe doped layer by 5 dip-coating cycles 
onto standard microscopic glass slides. For produc-
ing of the second configuration, the glass slides are 
covered firstly with a pure ZnO layer formed by  
2 dip-coatings, prior the deposition of doped with 
Fe ZnO layer produced by 3 dip-coating cycles. The 
final iron doped films had slight orange-brownish 
coloration, typical for the formation of Fe2O3, as 
expected at the particular experimental conditions, 
applied for films preparation.

Characterization of the films

The as-obtained at different annealing tempera-
tures ZnO thin films were analyzed by scanning 
electron microscope (SEM) JSM-5510 (JEOL), 
operated at 10 kV of acceleration voltage. Before 
imaging, the investigated samples were coated with 
gold by JFC-1200 fine coater (JEOL). The surface 
morphology of ZnO films (pure and doped with 
iron) was additionally examined by atomic force 
microscopy (AFM) using an INTEGRA Therma 
scanning probe microscope (NT-MDT, Zelenograd, 
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Russia). Tapping mode imaging was performed in 
air using silicon cantilevers (Type NSG01, NDT-
MDT, Zelenograd, Russia). In this work, fractal di-
mension analysis was performed by means of the 
Open Source Software Gwyddion 2.21 [31] using 
two different approaches: the cube counting method 
and the triangulation method [32]. The crystalline 
phase identification and unit cell parameters evalu-
ation was performed by X-Ray diffraction analysis 
using Siemens D 500 diffractometer (CuKα source 
of radiation at a step of 0.05 deg for 2Θ and count-
ing time 2s/step).

Photocatalytic degradation tests

The photocatalytic performance of the films was 
examined using the degradation of Reactive Black 
5 dye in aqueous solution. Nanostructured films 
with two different configurations of the coating 
structures were studied and compared for decolori-
zation of textile dye (initial concentration was 3, 5 
or 10 ppm).

The measurement was conducted in cylindri-
cal glass vessel of 150 ml volume, equipped with 
a magnetic stirrer and UV-lamp above (maximum 
emission at 370 nm). The light power density at the 
sample position was 0.66 mW/cm2. The light irra-
diation was measured with research radiometer of 
Ealing Electro-optics, Inc. The lamp was fixed at 
~15cm above the treated solution. The decolori-
zation process of RB5 was monitored by UV-Vis 
absorbance spectroscopy after aliquot sampling at 
regular time intervals. Each aliquot sample was re-
turned back to the reaction vessel immediately after 
the spectrophotometrical measurement. All photo-
catalytic tests were performed at a constant stirring 
rate (500 rpm) and room temperature (23±2 °C). 
The effect of initial concentration of RB5 (3, 5 and 
10 ppm) on the photocatalytic performance of the 
films was also investigated. In all experiments the 
optical absorbance spectra were measured by spec-
trophotometer Jenway 6400 in the wavelength range 
from 400 to 800 nm. Control experiments without 
any illumination (the reaction system was kept in 
darkness) were also performed. The decolorization 
rate of RB5 is followed with time spectrophotomet-
rically at a wavelength of 595 nm (the wavelength 
of maximum absorbance).

The degradation degree of Reactive Black 5 (%) 
was calculated as:

(1)

Here C0 is the initial concentration of dye and 
Ci is the concentration of the dye after irradiation at 
selected time interval ti.

To investigate the photoinstability of pure and 
doped ZnO films, produced in the current work, 
some of the photocatalytic experiments were repeat-
ed three times, using a new dye solution with the 
same initial concentration in each measurement. All 
the results were reproducible. The absence of pho-
tocorrosion was also checked by Scanning Electron 
Microscopy after finishing of all the three photo-
catalytic experiments of the samples. No changes of 
the ganglia-like hills and wrinkled morphology of 
the films was observed, which make us to conclude 
that this kind of structure may increase somehow 
photostability of the films and this is the subject of 
our future investigations.

RESULTS AND DISCUSSION

Structure characterization

Recent review [33] summarizes the main chemi-
cal routes used in the sol–gel synthesis of ZnO thin 
coatings and highlights the chemical and physical 
parameters (precursors nature and concentration, 
type of additive, coatings method, pre- and post-
heat treatment) influencing films structural prop-
erties. SEM images of the films, prepared by first 
method were investigated in order to show how 
their surface morphology influences the photo-
catalytic properties (Fig. 1). The morphology is 
homogenous with the ganglia-like hills of a width 
0.5–1 µm, length ~5 µm and height about 1µm 
(Fig. 1a). The Fe-doped ZnO films express similar 
morphology, as seen from the surface micrographs 
of samples with 0.25–1 wt.% Fe3+ (Fig. 1b and 
1c). In the case of Fe-containing films, the gan-
glia are of a typical width 0.1–0.5 µm, length from  
1 µm to 5 µm and height of about 2.5–3 µm. The 
increase of Fe3+ content leads to decrease of the 
volume and size of ganglia-like hills, which look 
more distorted and branched at their ends. The 
ganglia-like hills are smaller and the morphology 
is not homogenous. 

Fig. 2 shows the AFM-images of the samples 
recorded in tapping mode. It is well known that 
AFM provides already a digitized image suitable 
for numerical evaluation. Surface texture is char-
acterized by the height of its peaks, the depths of 
its valleys and the distances that separate them. 
Surface topography is usually described in terms 
of surface roughness. Sometimes the root mean 
square roughness (RMS) is associated to grain size 
of film. However, surface roughness is solely a 
function of height, that is, information about later-
al topography is lost. The calculation of the fractal 
dimension gives a more general description than 
the RMS surface roughness alone.

N. Kaneva et al.: Surface and photocatalytic properties of nanostructured ZnO thin films doped with iron
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Fig. 1. SEM images of ZnO films prepared by first meth-
od at different concentrations of Fe3+ doping: (a) 0%;  
(b) 0.25%; (c) 0.5% and (d) 1%

Fig. 2. AFM images of ZnO doped with Fe3+: (a) 0%,  
(b) 0.25 wt%, (c) 0.5 wt% and (d) 1 wt%

A fractal is a set for which the so called fractal 
dimension Df always exceeds the topological di-
mension, but it is smaller than Euclidian dimension 
of the space where the fractal is embedded. Fractal 
dimension of a line in two-dimensional space char-
acterizes the ratio of the change in detail to the 
change in scale of a fractal pattern [32].

a)

b)

c)

d)

a)

b)

c)

d)

(2)

where N is the number of sticks measured using 
the scaling factor ε. Surfaces in three-dimensional 
spaces are approximated using scaled cubes or tri-
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angles. In case of film growth on a two-dimensional 
substrate, the fractal dimension lies within the range 
2 ≤ Df ≤ 3, where a flat surface has a value Df = 2 
and an increasing value of Df represents an increas-
ing surface roughness [32]. An advantage of AFM 
images is that they are already digitized as required 
for numerical evaluation of fractal dimension. Here, 
the scaling factors range from pixel size to half of 
the scan length of the image.

Fractal analysis of AFM-images allows detect-
ing surfaces local fractal dimensions. Due to a self-
affine surface (self-affinity refers to a fractal whose 
units are scaled by different amounts in the x- and y-
directions), a local fractal dimension appears which 
characterizes the increase in surface size compared 
to a smooth surface.

The surface topography plays a crucial role in 
predicting catalytic properties [32]. Obviously, 
the larger surface area and roughness provide 
greater number of activation centers which can fit 
on it. Therefore the higher value of fractal dimen-
sion can indicate higher catalytic activity. Both the 
cube counting and triangulation methods of fractal 
analysis [31, 32] gave similar values. All roughness 
characteristics the arithmetic average roughness 
(Ra), the root mean square roughness (RMS) and 
the fractal dimension (Df) are significantly affected 
by Fe3+ fraction. These parameters decrease with the 
increasing of iron content (Table 1). The decrease 
of fractal dimension with increasing of Fe3+ content 
is correlated with results of photocatalytic activity 
investigation, as described below.

The XRD spectrum (Fig. 3) of the clear ZnO 
thin film consists of well-defined diffraction peaks 
showing good crystallinity. The (100), (002), (101) 
diffraction peaks of the sol-gel films appear clearly 
at the annealing temperature, which can be attrib-
uted to the hexagonal wurtzite structure of ZnO. 
The thin films consist in this case of polycrystal-
line grains with no preferential growth observed. 
The calculated by Scherer crystallite size is 30 nm. 
Nanostructure doped films contains a small amount 
of iron (0.25, 0.5 and 1 wt.%), which is not captured 
by the X-ray diffraction.

Photocatalytic activity

In this work we photodegrade the dye Reactive 
Black 5 (RB5), one of the most used reactive dyes 
for textile finishing, as a representative dye pollut-
ant for industrial wastewaters. The bleaching rate of 
RB5 is followed with time spectrophotometrically 
at a wavelength of 595 nm (the wavelength of maxi-
mum absorbance).

The photodegradability of the dye is investigated 
by exposing the dye solution under UV light in the 
presence of undoped and doped ZnO photocatalyst, 
prepared by the two different methods. The depend-
ence of the degradation rate on time under UV-light 
is illustrated in Fig. 4. The figure compares the ki-
netic curves of RB5 decolorization of undoped and 
doped ZnO photocatalyst with the irradiation time. 
The pure ZnO films have the highest decoloriza-
tion percentage under UV-light illumination (more 
than 90% in 180 min of irradiation). The ZnO doped 
with Fe3+ samples (0.25 wt%, obtained by the first 
method) have higher photocatalytic efficiency 
and faster mineralization RB5 (D = 68.75%) than 
those, prepared by the second method (D = 52.25%,  
Fig. 4). Therefore, we investigated more completely 

Table 1. Fractal dimensions and the roughness characteristics of ZnO  
nanocomposites in dependence on iron doping concentration

Composition Ra, µm RMS, µm Df

Pure ZnO 0.412 0.513 2.47
ZnO+0.25 wt% Fe 0.293 0.373 2.43
ZnO+0.5 wt% Fe 0.250 0.306 2.41
ZnO+1 wt% Fe 0.159 0.190 2.37

Fig. 3. XRD spectra of clear ZnO films annealed for 1 h 
at 500 °C.
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the photocatalytic properties of the films, obtained 
by the first method.

Fig. 5 shows bleaching kinetics of RB5 in aque-
ous solutions by ZnO and ZnO:Fe films under UV 
and visible light illumination. The reaction kinet-

ics is revealed by plotting the natural logarithm of 
concentration ratio, ln(C/C0), versus the irradiation 
time, t. The solid lines indicate that the reaction is of 
first order kinetics. They are plotted following the 
equation below:

(3)

where, Co is the initial absorbance of dye solution, C 
is the absorbance at time t, and k is the reaction rate 
constant. The value k is evaluated from the respec-
tive logarithmic plots of the experimental data.

As seen from Fig. 5, the pure ZnO film has 
the highest photocatalytic activity, which corre-
sponds to a highest k value (under UV and vis-
ible, k1 = 0.0153 min–1 and k2 = 0.0095 min–1). The 
photocatalytic activity of the doped ZnO is rather 
low. It is interesting to note that the k values of 
composite film with ZnO:Fe (under UV and vis-
ible, k1= 0.0013 min–1 and k2 = 0.0008 min–1) is 
considerably lower than that of pure ZnO. These 
experimental results are obtained for two inde-
pendent series of experiments – under UV or vis-
ible light illumination.

Fig. 4. Photocatalytic degradation of the Reactive Black 
5 concentration (3 ppm) in aqueous solutions under UV-
light illumination of ZnO and ZnO-Fe (0.25 wt%) films, 
deposited by two methods

Fig. 5. Bleaching kinetics of RB5 in aqueous solutions by ZnO and ZnO-Fe films under (a) UV and (b) visible light 
illumination. The initial concentration of dye was 3 ppm
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Nanostructured ZnO films degrade faster the 
dye (under UV and visible, D1 = 97.76% and D2 = 
78.45%) and have the better photocatalytic prop-
erties compared to ZnO films doped with 1 wt.% 
iron. They degrade 21.88% of RB5 under UV-light 
illumination at the end of the process (180 min). 
The experimentally established results that the pure 
films are better catalysts compared to ZnO:Fe are in 
good agreement with the observed difference in the 
surface morphology for these samples (SEM im-
ages in Fig. 1).

The results confirm that the prepared films with 
significantly developed surface are better photocat-
alysts, as the higher surface area favors the rates of 
the heterogeneous photocatalytic reaction.

Decolorization of RB5 by ZnO films  
in darkness

The results from experiments without any illu-
mination (Fig. 6) are compared with respect to the 
apparent rate constant k. The concentration of RB5 
decreases also without illumination, but much slow-
er in comparison with the respective photocatalytic 
counter parts. As seen from the data in Fig. 6, the 
rates of dye decolorization are very low for all the 
investigated samples. Among them highest degree 
of RB5 bleaching is achieved with the ZnO film – a 
trend, similar to the observed from photocatalytic 
experiments. This fact leads to the conclusion that 
the absorption stage plays significant role in pho-
tocatalytic reactions on ZnO surface. In case of ex-
periments without illumination there is no crucial 
dependence of the rate constant k on the percent of 
the dopant, as well as on the initial dye concentra-
tion (C0). As seen, linear fits for first-order kinetics 
are not much appropriate in this case. The decrease 
of RB5 concentration in these cases can be con-
sidered as the interplay of at least two processes:  
(i) adsorption of RB5 on the ZnO films surface and 
(ii) some kind of dye destruction process, taking 
part on the ZnO films even without illumination. 
This assumption needs further proofs and will be 
a subject of future studies. Despite these complica-
tions, we assume the simplification to fit the experi-
mental data (from the experiments in darkness) as a 
single reaction process with rate constant k in order 
to compare this result to the results from the photo-
catalytic experiments. 

CONCLUSIONS

Pure and iron doped ZnO films with two differ-
ent coating configurations structure are deposited 
by sol–gel via dip coating technique. The films were 
characterized by SEM, AFM and UV-Vis spectro-

scopy. Nanostructured films manufactured by the 
first method demonstrate higher photocatalytic ef-
ficiency and faster mineralization of RB5 in com-
parison with these, prepared with the one of the sec-
ond procedure. The addition of 0.25–1 wt.% of Fe3+ 
ions to the precursor modifies the film morphology 
(decreases the ganglia-like hills) and reduces the 
photocatalytic activity of ZnO. The kinetics of pho-
tocatalytic reaction is systematically studied under 
UV or visible light illumination and in darkness at 
different system parameters – amount of iron doping 
and the initial concentration of Reactive Black 5 in 
aqueous solution. The photocatalytic efficiency of 
pure ZnO films is higher than the activity, achieved 
by iron doped film under UV-light illumination, 
with a rate constant of 0.0153 min−1 (ZnO) much 
greater than that of 0.0013 min−1 (ZnO:Fe(1%)). 
The undoped films have the highest photocatalytic 
activity in comparison with the doped ones under 
visible light illumination. Our results are promising 
for the development of doped ZnO photocatalysts 
and their future application under visible light.
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н. кънева1, A. пономарева2, л. кръстева1, д. димитров1, A. Божинова1*,  
K. папазова1, г. сучанек2, в. мошников3,4

1 Лаборатория по наука и технология на наночастици, катедра Обща и неорганична химия,  
Факултет по химия и фармация, Софийски университет, София 1164, България 

2 Лаборатория по електроника на твърдото състояние, ТУ Дрезден, Дрезден 01062, Германия 
3 Катедра „Микро-наноелектроника“, Държавен университет по електротехника,  

Санкт Петербург , 197376, Русия 
4 Катедра „Интегрирана електроника“, Санкт Петербург, Държавен политехнически  

университет, Санкт Петербург, 195251, Русия

постъпила февруари, 2013 г.; приета май, 2013 г.

(резюме)

в настоящата работа изследваме наноразмерни Fe-ZnO тънки филми, отложени върху стъклени подлож-
ки чрез зол-гел метод и техника на потапяне на подложката (dip-coating). прекурсорният зол е получен чрез 
разтваряне на Zn(CH3COO)2.2H2O и Fe(NO3)3.9H2O в 2-метоксиетанол, с добавка от моноетаноламин като по-
върностно активен агент. съдържанието на желязо в ZnO тънки филми е 0.25, 0.5 или 1 мас.%. тънките на-
ноструктурирани филми са с две различни покрития за фотокаталитичните тестове. първите са получени чрез 
отлагане на 5 слоя от дотиран с желязо зол върху стандартни микроскопски стъкла. вторият тип йерархично 
структурирани филми се отлагат върху стъклени подложки чрез двуетапна процедура. фотокаталитичната 
ефективност на получените филми е тествана върху текстилно багрило, реактично черно 5 (RB5) във во-
ден разтвор при различни начални концентрации на багрилото, при облъчване с Ув или видима светлина. 
изследвана е зависимостта на фотокаталитичната активност спрямо (i) съдържанието на желязо, (ii) наличие-
то или отсъствието на ZnO подслой под Fe дотирания слой, (iii) честотата на облъчване и (iv) началната кон-
центрация на багрилото. за обяснение на наблюдаваните резултати са извършени цялостни афм изследвания 
включително и фрактален анализ на повърхността (топография). Обсъдена е връзката между наблюдаваното 
фотокаталитично поведение на филмите и получените афм повърхностни характеристики.
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The changes, after heat treatment, in the microstructure and hardness of copper-aluminum alloys, additionally 
alloyed with Ni and modified with Mo are investigated and described in the present study. The changes in the 
microstructure largely are determined by the presence of Ni in the composition of the alloy. The investigations 
were made for a case when the content of additional alloying element is fixed on 3%. Modification was made by 
addition of 0.1% Mo.

Key words: copper-aluminum alloys, modifiers, heat treatment, structure.

INTRODUCTION

The increase of aluminum content, in two-phase 
(duplex) Cu-Al alloys, from 8% up to10% leads to a 
progressive strengthening, due to the appearance of 
harder, body centered cubic beta-phase, which ad-
ditionally makes the bronzes more suitable for hot 
working and casting. Ni alloyed, heat treated alu-
minum bronzes are ones with the highest strength 
among the nickel-bearing aluminum bronzes. They 
exhibit excellent yield and compressive strength, 
high hardness and adequate elongation. They are a 
good load-bearing material, suitable for heavy-duty 
machine details and such exposed of high impact. 
The additional increase of the strength is achieved 
through a heat treatment. The material exhibits ex-
cellent corrosion and heat resistance, good machina-
bility and weldability. It is used for bushings and 
bearings of heavy duty, gears, and wear parts. It find 
application in the marine as pump parts, machine 
tool parts, aircraft parts, as well for military applica-
tions. The most often is used in the aircraft landing 
gear as bearing components [1, 2, 6, 8].

The primary fine-grain structure in aluminum 
bronzes are achieved by adding different refractory 
elements during the casting process. The changes in 
the microstructure (the magnitude and shape of the 

metal grains) of the alloys are provoked by modifying 
effect of these elements, and to large extent from the 
presence of Fe in the alloys. The optimum concentra-
tion of modifiers, according to the data cited in popu-
lar scientific literature, is between 0.05 to 0.5%. 

EXPERIMENTAL EQUIPMENT,  
METHODS AND MATERIALS

Melting of the charge materials (electrolytic cop-
per, aluminum, nickel and molybdenum) was car-
ried out in a laboratory induction furnace MRA8-25 
with graphite crucible. The casting temperature was 
1130–1140 °C. The produced samples are cylindri-
cal, with diameter 25 mm.

The effect of nickel alloying and molybdenum 
modifying was evaluated on the obtained alloys of 
a type CuAl9. Data for changes in the structure and 
hardness of the specimens as well for the effect of 
different heat treatments (Fig. 2–5) have been ob-
tained, as these characteristics change in the cases 
of alloying (Fig. 1b–5b) and modifying with mo-
lybdenum (Fig. 1c–5c). The samples are prepared 
for examina tion by a standard technique [4] and 
micro-photographs of the alloys were made at a 
magnification 63x. 

HEAT TREATMENT

The heat treatment of samples was conducted in 
a laboratory electric resistance furnace in several 
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stages. Initially, they were subjected to quenching, 
then to artificial aging regimes [7–9] (annealing 
temperatures) shown in Table 1:

INVESTIGATION OF THE STRUCTURE

Nickel-aluminum bronzes, generally, are two-
phase duplex alloys containing aluminum and addi-
tionally nickel for increase of the strength. The differ-
ent aluminum content of the cast alloys (Fig. 1a–1c) 
and alloying with 3% Ni (Fig. 1b–5b) and on the 
other hand alloying with 3% Ni and modifying by 
molybdenum (Fig. 1c–5c) resulted in markedly 
different microstructures. Hence, seemingly small 
variations in composition can lead to changes of the 
phases, developing in the stucture.

ESTIMATION OF THE HARDNESS

The hardness was determined to Brinell meth-
od (BS 1SO 6506). Measurement was made by a 
sphere with a diameter 2.5 mm, 187.5 kgf (1840N). 
Graphically, on Fig. 6 are presented measurements 
of the hardness for different regimes of heat treat-

ment of investigated cuprum-aluminum alloys. The 
analysis of the results shows that the hardness tends 
to increasing with the increase of ageing tempera-
ture for specimens in cast, well as in quenched con-
dition. This most likely is due to the partial dissolu-
tion of the phase, obtained in a time of the primary 
crystallization of the (α+γ) eutectoid, whose hard-
ness and brittleness are higher.

RESULTS AND DISCUSSION

The subject of this paper was the evaluation of 
the effect of a small change in composition of alu-
minum bronzes on the microstructure, as well the 
evaluation  the effect of alloying with Ni, modify-
ing by Molybdenum and heat treatment on the hard-
ness . Based on only three compositions and four 
regimes of heat treatment we make the next primary 
conclusions: Nickel alter and improve uniformity of 
the cast structure, raises hardness, and act as micro-
structure stabilizer. Nickel-aluminum bronzes are 
complex alloys in which small variations in com-
position can result in the development of markedly 
different microstructures, which can, in turn to re-
sult in wide variations in properties. Specifically:

Table 1. Regimes of heat treatment on the investigated alloys

Regimes Heat treatment Temperature Time Cooling

1 Quenching 875 °C 60 min In water
2 Ageing 300 °C 120 min In furnace
3 Ageing 400 °C 120 min In furnace
4 Ageing 500 °C 120 min In furnace

Fig. 1. Microstructures of investigated alloys in cast condition
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Fig. 2. Microstructures of investigated alloys in quenched condition

Fig. 3. Microstructures of investigated alloys after ageing at 300 °C for 2 hours

Fig. 4. Microstructures of investigated alloys after ageing at 400 °C for 2 hours
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Fig. 5. Microstructures of investigated alloys after ageing at 500 °C for 2 hours

The analysis of the structures shows, that for • 
the basic CuAl9 alloy (Fig. 1a–5a) after the differ-
ent heat treatments the structure becomes finer and 
with a relative decrease in the amount of the eutec-
toid component. 

Adding of nickel in aluminum bronze (Fig. 1b– • 
5b) leads to a change in the form of eutectoid crys-
tals - they elongate and acquire form similar to 
Widmanstatten structure plus intercepts of marten-
site or bainite between releases of the second phase 
(Fig. 2b–5b). This can be confirmed with certainty 
at higher microscopic magnification and by meas-

uring the micro-hardness of the different structural 
elements. (These studies will be the subject of our 
next work).

The modification of a nickel-aluminum bronze • 
with molybdenum leads to keeping the acicular na-
ture of the structure and visible refinement of the 
eutectoid component (Fig. 1c–5c).

In regard to the hardness, adding of nickel in • 
the aluminum bronze leads to an overall increase of 
the hardness (Fig. 6) compared with the base alloy. 
The explanation is that nickel hampers the eutectoid 
decomposition. The β-phase is kept, and the struc-

Fig. 6. Influence of the alloying with Ni and modifying with мо on the hardness of copper-aluminum alloy
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ture became fine-grained. Modification of the alloy 
with molybdenum causes refinement of the struc-
ture, a base for further increase of the hardness. The 
tendency of hardness increasing with the increasing 
of ageing temperature to 400 °C is kept.

At high temperature aging – 500 °C, and hold-• 
ing time 2 hours, the measured hardness values 
marked fall. This fact shows that the optimal mode 
of heat treatment after quenching of alloys of this 
type should not exceed 400 °C.
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изследване на стрУктУрата и свОйствата след термичнО 
ОБраБОтване на меднО-алУминиеви сплави, дОпълнителнО 

легирани с Ni и мОдифицирани с Mo

р. гаврилова, р. петков 

Химико-технологичен и Металургичен университет – София,  
1756 София, бул. „Кл. Охридски“ № 8

постъпила февруари, 2013 г.; приета май, 2013 г.

(резюме)

настоящото проучване установява промените в микроструктурата и твърдостта, настъпили в резултат 
на термично обработване на медно-алуминиеви сплави, допълнително легирани с 3% Ni и модифицирани с 
0.1% мо. закаляването на легираните с никел алуминиеви бронзи води до общо повишаване на твърдостта 
в сравнение с базовата сплав, а допълнителното модифициране с молибден предизвиква издребняване на 
структурата и също води до повишаване на стойностите ѝ. в резултат на приложените различни режими на 
отвръщане, в изследваните структури са констатирани промени по отношение на едрината и разпределението 
на отделената втора фаза, а стойностите на твърдостта значително се повишават.

R. Gavrilova, R. Petkov: Researches on the structure and properties of heat treated, nickel alloyed, molybdenum modified...
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This study is focused on preparation, characterization and photocatalysis with ZnO, TiO2 and nanocomposite thin 
films of ZnO/TiO2, prepared by spin coating method from suspensions of the commercial metal oxide powders in 
ethanol, with addition of PEG as stabilizer. The content of ZnO in the composite samples is selected to be 90%. The 
phase composition and morphology of the ZnO, TiO2 and mixed composite thin films of ZnO/TiO2 is characterized by 
X-Ray Diffraction and SEM analysis. The photocatalytic efficiency of the prepared films is tested in photooxidation 
of organic azo dye Orange II from aqueous solutions under irradiation with UV and visible light. The influence of the 
number of coated layers on the efficiency of dye photodegradation is also investigated. Comparative photocatalytic 
experiments with ZnO and TiO2 films are performed. It is found out that the nanocomposite film of 90% ZnO content 
with 3 coated layers manifests the highest photocatalytic efficiency under UV irradiation.

Key words: ZnO/TiO2 composite film, spin coating, photocatalysis, Orange II, UV, visible light.

INTRODUCTION

Heterogeneous photocatalysis is an attractive ad-
vanced technology for removal of organic pollutants 
from water and air under light illumination. Titania 
and zinc oxide are the most popular semiconductor 
oxides used as photocatalysts due to their unique 
blend of properties [1]. The coupling of two semi-
conductors, possessing different energy levels for 
their corresponding conduction and valence bands, 
provides an approach to achieve a more efficient 
charge separation, an increased lifetime of the charge 
carriers and an enhanced interfacial charge transfer 
to the adsorbed species favoring their photooxidation 
and further mineralization [2]. There is significant 
interest in the scientific research on nanostructured 
ZnO/TiO2 composites with different configurations 
and morphologies in order to obtain more efficient 
photocatalytic degradation [3–5]. In addition to clas-
sical mechanochemical processing used to manufac-
ture nanoparticulate (TiO2)x(ZnO)1–x photocatalytic 

powders [6], the photocatalityc performance is in-
vestigated for coated with titania shell ZnO nanorods 
[7], junction type p-ZnO/n-TiO2 powder photocata-
lyst [8], powdered ZnO–TiO2 nanocomposites pre-
pared by wet chemical methods [9–11], nanosized 
ZnO/TiO2 [12] and Zn-TiO2-ZnO [13] nanocom-
posite films. To the best of our knowledge, we have 
not found in the available literature, investigation on 
ZnO/TiO2 films, prepared via spin coating method 
from suspensions.

In this study we present a procedure for obtain-
ing thin solid films of TiO2/ZnO from slurry by spin 
coating and their characterization as a first step to 
enhance the photocatalitic efficiency of the com-
posite film under UV-light. For this reason, our goal 
is to find the conditions for preparation of good and 
reproducible coatings by studying the influence of 
different factors on the photocatalytic properties of 
the composite films.

EXPERIMENTAL

The reagents and materials used in the ex-
periments were as follows: TiO2 anatase from 
KRONOS-Germany, ZnO and Orange II (O II) 
(C16H11N2NaO4S, dye content ~85%, absorption 
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maximum at λmax = 484 nm) from Sigma Aldrich. 
Absolute ethanol and PEG (2000) were purchased 
from the Institute of Pure Substances, University of 
Sofia. Standard microscopic glass slides of dimen-
sions 75×26×1 mm (Isolab, Germany) were used 
as substrates of the coatings. The glass slides were 
preliminary cleaned thoroughly with detergent and 
then consecutively rinsed with isopropanol, acetone 
and ethanol in order to eliminate organic residues 
and assure better adhesion of the coatings [14].

The coating suspension, containing commercial 
TiO2 or ZnO powders, was obtained by addition of 
the corresponding metal oxides (7% weight ratio) 
to ethanol. The ZnO content in the composite TiO2/
ZnO film samples was selected to be 90% with re-
spect to titanium oxide, based on our previous in-
vestigation [15]. To assure better films adhesion 
and porosity, 7% (weight) polyethylene glycol 2000 
was also added to the slurry [16]. Then the coat-
ing suspension was homogenized by ultrasonic bath 
(IKEDARIKA BU95001) for 20 minutes and was 
let to age overnight. The substrates were coated us-
ing spin-coater (KW-4A, Chemat Technology Inc) 
at two speeds of rotation: first – 1000 rpm (3 sec) 
and second – 2000 rpm (30 sec). Three series of film 
samples of each composition were prepared – with 
one, two and three coated layers. The films were 
allowed to dry at 100 °C for 10 min between the 
successive coating cycles. The as-coated substrates 
were finally annealed in a high temperature oven 
(Barnstead Thermolyne, Furnace 1400) for 1.5 h at 
500 °C in air atmosphere to obtain complete organ-
ics decomposition and crystalline films.

The phase composition and crystallinity of as-
prepared thin films was established by Siemens 
D 500 diffractometer (CuKα source of radiation 
at a step of 0.05 deg for 2Θ and counting time 
2s/step). The surface morphology of the samples 
was observed via scanning electron microscope 
(SEM) (JSM-5510 JEOL). The film thickness was 
determined by weight method for series of films 
from ZnO, TiO2 and TiO2/ZnO, prepared with 1, 
2 and 3 spin coated layers.

The as-prepared ZnO, TiO2 and TiO2/ZnO films 
were tested in photodegradation of Orange II from 
water solution by a standard testing procedure [14]. 
The volume of dye solution was 100 ml. The ini-
tial O II concentration was 8 ppm. The sources of 
irradiation were as follows: UVA lamp (Sylvania 
18W BLB T8, emitting mainly in the range 315–
400 nm) placed 10 cm above and a linear Tungsram 
lamp (500 W K1R7s 9700 Lm, maximal emission at  
700 nm) for the visible irradiation fixed at 25 cm 
above the investigated solution. Aliquot samples 
were regularly taken from the dye solution at fixed 
time intervals and analyzed for absorption at the 
maximal absorption of O II by UV-VIS spectro-

photometer (Thermo scientific, Type Evolution 
300 BB). After absorption measurement, the aliq-
uots were immediately returned back to the treated 
solution. The solution was constantly stirred by 
electromagnetic stirrer at constant rotation speed 
of 400 rpm. All photocatalytic experiments were 
conducted at constant temperature of 23±2 °C.

RESULTS AND DISCUSSION

The crystalline phase of the prepared ZnO, TiO2 
and TiO2/ZnO films, identified by X-ray diffraction 
analysis is represented in Fig. 1. It is clear from the 
XRD pattern that zinc oxide is well crystallized and 
can be classified as hexagonal wurtzite modification, 
with dominating (101) peak. The titanium dioxide, 
in the thin films, is of anatase form (with main peak 
at (101)). The diffractogram of mixed TiO2/ZnO 
composite film with pointed characteristic peaks of 
anatase and zinc oxide is presented also in Fig. 1. 
The intensities of the main peaks of ZnO and TiO2 
in case of composite do not differ from those in case 
of pure ZnO or TiO2 film – both oxides are present 
in the composite as separate phases, there is no indi-
cation for formation of mixed compound. The size 
of crystallites is calculated following Sherrers equa-
tion (k = 1.5406 Å) for ZnO from the (101) peak 
and for TiO2 from the (101) peak (Fig. 1) as they 
are relatively strong and single for the respective 
metal oxide. The sizes of crystallites are found to be  
40.7 nm for TiO2 and 24 nm for ZnO.

The surface morphology of TiO2 and TiO2/ZnO 
composite film is represented in Fig. 2. From the 
SEM images in Fig. 2 is seen that the films are uni-

Fig. 1. Comparative XRD pattern of TiO2, ZnO and com-
posite TiO2/ZnO thin films

S. A. Siuleiman et al.: Nanosized composite ZnO/TiO2 thin films for photocatalytic applications
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form and homogeneous. The size of the particles in 
the films is calculated following the equation:

(1)

Where N is the number of observed particles, and 
Dav, Dmax and Dmin are the average, maximum and 
minimum diameter of the particle, respectively. In 
our case N=300–500. The average particle size is 
found to be 0.2 μm for TiO2 and 0.45 μm for ZnO in 
all the prepared films. The observed film thickness 
by SEM is 2.5 μm.

Series of experiments are made in order to ob-
tain the optimal number of coated layers of the pre-
pared films. The dependence of the film weight on 
the number of spin coating cycles is presented in 
Fig. 3. As seen from Fig. 3a, in case of ZnO and 
TiO2 films, the weight of the first layer is greater, 
compared to that of the next ones. The second and 
third coatings, for each of the pure oxide films, have 
approximately equal weigh. In general – the ZnO 
films have greater weight (0.49 μg.cm–2 per 3 coat-
inds), than these of TiO2 (0.43 μg.cm–2) due to the 
different density of the respective oxides (ρZnO = 5.6 
g.cm–3, ρTiO2 = 3.9 g.cm–3). The average film weight 
in case of 3 coated film of TiO2/ZnO composite 
(Fig. 3b) is found to be 0.43 μg.cm–2.

The photocatalytic action of the titania, zinc ox-
ide and titania/zinc oxide nanocomposite films is 
investigated, as mentioned above, in the photo initi-

Fig. 2. SEM images of the prepared catalysts in form of thin films at different 
magnifications

Fig. 3. Weight of the successive coatings for the films of: 
(a) TiO2 and ZnO; (b) thin composite films of 90% ZnO 
content. The experimental data points represent the aver-
age from three independent measurements; the error bars 
show the respective deviations

S. A. Siuleiman et al.: Nanosized composite ZnO/TiO2 thin films for photocatalytic applications
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ated decomposition of Orange II from 8 ppm water 
solutions. The photocatalytic experiments are car-
ried out with films coated by 1, 2 and 3 spin coated 
layers. The results of the photocatalytic experiments 
after 180 min of UV illumination are shown in  
Fig. 4. The experimental data in case of TiO2 and 
TiO2/ZnO composite films show clear tendency for 
higher photocatalytic efficiency with the number 
of film coatings. The effect is most expressive for 
the TiO2/ZnO composite films. The photocatalytic 
activity of ZnO films undergoes maximum (62% 
dye degradation) for the film prepared with 2 spin 
coatings and then slightly decreases. Higher degree 
of pollutants photodegradation (65%) is observed 
with TiO2 films, prepared with 3 layers. The ti-
tania/zinc oxide films, prepared with 3 coatings, 
manifest the best photocatalytic efficiency (72% O 
II degradation) under UV irradiation due to suc-
cessful charge separation in the prepared compos-

ite and therefore avoiding losses from recombina-
tion of the photogenerated charge carriers.

The experimental results from the photocata-
lytic tests at the 180th minute of visible light il-
lumination are presented in Fig. 5. Generally the 
photocatalytic activity of all film samples under 
visible light is lower, compared to the results ob-
tained upon UV irradiation. In this case a trend, 
reverse to the case of photocatalysis under UV 
light, is observed for the TiO2 and TiO2/ZnO film 
samples – the photocatalytic activity decreases 
with the number of coated layers. Here the TiO2 
and TiO2/ZnO films have lower efficiency in 
comparison with the ZnO films. In case of films 
of zinc oxide, the photodegradation efficiency 
regularly increases with the number of the film 
coatings. The ZnO films prepared with 3 coated 
layers have the highest efficiency – 14% Orange 
II photodegradation.

The apparent rate constants of photocatalytic 
process are determined following the equation:

(2)

where C is the concentration of the dye solution at 
the moment t, Cin – the initial dye concentration and 
t is the illumination time in minutes.

The rate constants values (K), calculated by  
Eq. (2) with the data, obtained from the photocata-
lytic experiments under both types of illumination, 
are plotted in Fig. 6. From the figure one can see, 
that highest rate constants values are observed in 
case of photocatalysis under UV light with TiO2/ZnO  
nanocomposite films, where the process of photoca-
talysis is the most effective.

Fig. 4. Comparison of the achieved degree of photocata-
lytic decomposition of O II in 8 ppm water solution with 
all film samples at 3th h of UV light irradiation

Fig. 5. Degradation degree (%) of Orange II after 3 h photo-
catalysis with the different film samples under visible light 
illumination. The initial dye concentration is 8 ppm

Fig. 6. Rate constants of photocatalysis versus number of 
the films coatings

S. A. Siuleiman et al.: Nanosized composite ZnO/TiO2 thin films for photocatalytic applications
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CONCLUSIONS

Nanocomposite films of TiO2/ZnO are prepared 
using for the first time dip coating method from etha-
nol suspensions. The films exhibit a good homogene-
ity and nanocrystallinity as shown by XRD and SEM 
analysis. The titania and zinc oxides in the composite 
film exist as separate phases in form of anatase and 
wurtzite modification, respectively. The determined 
by weight method composite film weight is found 
to be 0.43 μg.cm–2. The photocatalytic action of the 
TiO2/ZnO films is tested and compared with that of 
ZnO and TiO2 films in UV and visible light induced 
purification of aqueous solutions from the organic 
dye Orange II. Most efficient dye photodegradation 
is achieved with the composite films of TiO2/ZnO un-
der UV irradiation. The investigation will be devel-
oped further upon visible light illumination, where a 
better photocatalytic performance of the composite 
TiO2/ZnO films might be expected.
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нанОразмерни кОмпОзитни тънки филми От ZnO/TiO2  
за фОтОкаталитични прилОжения 

Ш. а. сюлейман, д. в. райчев а. с. Божинова*,  
д. ц. димитров, к. и. папазова

Лаборатория по наука и технология на наночастици, катедра Обща и неорганична химия,  
Факултет по химия и фармация, Софийски университет, София 1164, България

постъпила февруари, 2013 г.; приета май, 2013 г.

(резюме)

представеното изследване е насочено към синтез, характеризиране и фотокаталитична активност на ZnO, 
TiO2 и нанокомпозитни тънки филми от ZnO/TiO2, отложени по метода на центробежно въртене (spin coating) 
от етанолни суспензии на търговските прахове метални оксиди, съдържащи стабилизираща добавка от поли-
етиленгликол. избраното съдържание на ZnO в композитните проби е 90%. фазовият състав и морфологията 
на ZnO, TiO2 и смесените композитни тънки филми от ZnO/TiO2 са характеризирани с рентгенова дифракция 
и сканираща електронна микроскопия. фотокаталитичното поведение на получените филми е изпитано при 
фотоокислението на органичното азо багрило Оранжево II във воден разтвор при облъчване с ултравиоле-
това и видима светлина. изследвано е и влиянието на броя на покритията върху ефективността на фотораз-
граждане на багрилото. проведени са сравнителни фотокаталитични тестове с филми от чистите ZnO и TiO2. 
Установено е, че филмите със съдържание на 90% ZnO и 3 покрития показват най-висока фотокаталитична 
ефективност под действието на ултравиолетова светлина.

S. A. Siuleiman et al.: Nanosized composite ZnO/TiO2 thin films for photocatalytic applications
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