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La-modified alumina-supported copper oxide and cobalt oxide catalysts were investigated. The catalyst samples
were prepared by impregnation of supports (y-Al,O3 or La-modified y-Al,O3) with a mixed aqueous solution of Cu and
Co nitrates. The samples were characterized by ICP analysis, X-ray powder diffraction (XRD) and BET method. The
catalytic reduction of NO by CO and the catalytic oxidation of CO and C¢H¢ by O, were carried out over non-modified
and La-modified catalysts. The modification of y-Al,O; support with La at a loading below 3 wt. % has a positive effect
on the catalytic performance of supported Cu-Co oxide catalysts. Lanthanum plays a stabilizing role on the specific
surface area of the carriers and Cu-Co oxide catalysts; the addition of La suppresses the a-transformation of the alumina
support and its interaction with the active Cu-Co oxide phase to produce aluminates. The modification of the support
with La prevents the intercalation of Cu ions into the y-Al,O3 during the impregnation with Cu-Co nitrates. Thus, the
active Cu-Co oxide spinel supported on La/Al,O5 has a higher Co:Cu ratio, which is close to that in the stoichiometric
CuCo,0, spinel. La-modified catalysts have higher activity in the NO+CO, CO+0, and C¢H¢+O, reactions, compared
to the non-modified catalysts. Incorporation of La into the support does not change the energy level of catalytically

active sites but rather increases the number of these sites.
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1. INTRODUCTION

Transition metal oxides are active catalysts for
a wide range of reactions for environmental
protection such as NO reduction, CO and
hydrocarbons (HC) oxidation [1]. On the other
hand, lanthanum oxide exerts considerable
influence on the thermal stabilization of alumina [2]
and modification by La leads to a high catalytic
activity in the CH, reforming with CO, [3]. It was
found out [4] that Mn and Cu performance was
better, when dispersed onto alumina in the presence
of La and that La increased the insertion of copper
into alumina. The addition of La,O3; promotes the
dispersion of the active phase all over the alumina
support [5-7], thus decreasing the degree of
crystallinity and decreasing the particle size.
Barrera et al. [8] established that the La,O; in the
Pd/Al-La catalysts, prepared by the sol-gel method,
promotes the oxidation of Pd and dissociation of
NO at low temperatures favoring the formation of
N,. A lanthanum-promoted Pd/Al,O; catalyst [9]
shows a higher activity for the hydrogenation of
phenol with H, than non-promoted Pd/Al,O3
catalyst and the dispersion of Pd could strongly
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depend on the dispersion of lanthanum on Al,Os. It
was found out that Cu-Co oxide spinels such as
CUXCO(g_X)O4 [10, 11] and CUCOQO4/"{'AIQO3 [12] are
catalysts demonstrating high activity in the
reduction of NO with CO. The presence of copper
ions in the impregnation solution sharply lowers the
adsorption capacity of alumina with respect to the
cobalt ion from solution in case of depositing Cu-
Co oxide spinels onto y-Al,O;3 [13]. As a result of
this the so called “chromatographic effect” appears,
which is due to the stronger selective adsorption of
one of the ions in the solution on the surface of the
support.

The purpose of the present work was to
investigate the process of copper oxide and cobalt
oxide deposition on alumina and on La-modified
alumina as well as the catalytic reactions of NO
reduction with CO and oxidation of CO and CgHs
by O, on these catalysts.

2. EXPERIMENTAL

Catalyst preparation

The support y-Al,O; (Rhone-Poulenc) has a
specific surface area of 260 m°g™. The La-modified
samples were prepared by impregnation of y-Al,Os
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(sieve fraction with grain size 0.3-0.6 mm) with an
aqueous solution of lanthanum nitrate (the content
of La was 1.31 g La/100 cm®). The catalyst samples
were prepared by impregnation of the supports (y-
Al,O; or La-modified y-Al,0O3) with a mixed
aqueous solution of the nitrates of Cu and Co. The
concentrations used were (7.04 g Cu + 13.98 g
C0)/100 cm® in order to ensure a ratio Co:Cu =
1.99, which is close to the weight ratio Co:Cu
1.85 for the stoichiometric CuCo,0, spinel.
Separate samples of the so prepared catalysts were
dried in air for 2 h at 120°C and calcined for 3h at
550°C and at 1050°C. In this way, the following
samples were obtained:

A_550, y -Al,0; — calcination at 550°C;

A_1050, vy -Al,O3 — calcination at 1050°C;

LA 550, obtained by impregnation of y-
Al,O; with aqueous solution of lanthanum nitrate
— calcination at 550°C;

LA 1050, obtained by impregnation of y-
Al,Os with agueous solution of lanthanum nitrate
— calcination at 1050°C;

SA 550, obtained by simultaneous
impregnation of y-Al,O; with copper and cobalt
present in the impregnating solutions — calcination
at 550°C;

SA 1050, obtained by simultaneous
impregnation of y-Al,O; with copper and cobalt
present in the impregnating solutions — calcination
at 1050°C;

SLA_550, obtained by impregnation of vy-
Al,Os with agueous solution of lanthanum nitrate
— calcination at 550°C — impregnation with
copper and cobalt present in the impregnating
solutions — calcination at 550°C;

SLA 1050, obtained by impregnation of y-
Al,Oz with agueous solution of lanthanum nitrate
— calcination at 1050°C — impregnation with
copper and cobalt present in the impregnating
solutions — calcination at 1050°C.

Catalyst characterization

The La, Cu and Co contents in the impregnating
solutions and in the synthesized catalysts were
determined using inductively coupled plasma
atomic emission spectrometry (ICP-AES) on a
spectral analyzer JY38 (Jobin Yvon, France).

X-ray diffraction (XRD) data were obtained
using a Bruker D8 Advance diffractometer with
Cu-Ka radiation and SolX detector.

The texture characteristics were determined by
low-temperature (77.4 K) nitrogen adsorption in a
conventional volumetric apparatus. The specific
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surface area was evaluated by the single-point BET
method.

Catalytic activity measurements

The catalytic activity experiments were carried
out in a continuous flow reactor described
previously [10]. The NO reduction with CO was
investigated in the temperature range 25-500°C.
The catalytic activity tests were performed with a
NO+CO+Ar feed gaseous mixture, containing 1200
ppm NO and 1200 ppm CO. Argon was used as a
carrier gas at a total gaseous hourly space velocity
of 433 cm®min® (GHSV 33 000 h%). A 1 cm?
sample of a catalyst (0.3 - 0.6 mm sieve fraction)
was charged in the reactor representing a quartz
tube of internal diameter d=10 mm. The
concentrations of NO and CO were continuously
measured by gas analyzers. The concentrations of
NO and CO in the converted mixture were
controlled using the UNOR 5 —Maihak and the CO,
— using the Infralyt 2106 gas analyzer. The
concentrations of NO, CO and CO, were
continuously measured by gas analyzers and the
data were collected on a CSY-10 personal data
station. Specord 75 IR spectrophotometer with a 1
m folded path gas cell (Specac) was used for
determination of the N,O content at the outlet. The
N, concentration in the outlet gas was determined
on the basis of the material balance with respect to
NO consumption. Before the catalytic activity test,
the catalysts were treated thermally in an Ar flow at
500°C for 1 h. Afterwards the catalyst bed
temperature was decreased down to room
temperature. The chronology of this set of
experiments involves a reaction step (NO+CO+Ar)
and an isothermal desorption step (Ar flow) carried
out at successively higher and higher temperatures
in the range from 50 to 500°C. Temperature
programmed reaction (TPR) experiments with
NO+CO+Ar feed mixture were carried out on the
same catalytic apparatus at a heating rate of
13°C/min in an Ar flow (440 cm® min™)
continuously fed into the reactor. The catalytic tests
for CO+0, and C¢H¢+0, reactions were performed
in an analogous flow apparatus at a carrier gas (Ar
flow) space velocity of 20 000 h™. The inlet and the
outlet concentrations of CO and CO, were
controlled on an Infralyt 2106, NDIR gas analyzer.
A Pye Unicam (UK) gas chromatograph with a FID
detector was used for the C¢Hg converted mixture
analysis. A dosing pump Ismatex MS2/6
(Switzerland) was utilized to control the feed
concentrations of CO and CgHe,
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Tablel. Chemical composition, BET specific surface areas and phase composition of the samples.

Metal content
Sample (wt. %) Co:Cu (H?ZBEH) cor:hgsi'on
[a | Cu | Co g POSI
A 550 - - - - 190 v-Al,03
LA 550 0.30 - - 172 v-Al,03
A 1050 - - - 40 0-Al,03, a-Al,03
LA 1050 0.20 - - - 109 0-Al,04
SA 550 - 5.69 | 4.68 0.82 129 v-Al,03, Co30,4
(CUCOZO4)
SLA 550 0.23 | 4.23 | 8.05 1.90 138 v-Al,03, CuCo,0,
SA 1050 - 2.74 | 3.65 1.33 32 a-Al,O3, CuAl,O,
and CoAl,O,
SLA 1050 0.15 | 252 | 3.98 1.58 69 0-Al,03, a-Al,O3,
traces of CuAl,O,
and CoAl,O,

3. RESULTS AND DISCUSSION

The data in Table 1 show that the Cu and Co
contents for the La-modified catalyst differ from
those obtained for the non-modified catalyst. The
Co:Cu weight ratio for the unmodified SA 550
sample (0.82) is lower than that in the (Cu+Co)
impregnating solution (1.99). This discrepancy in

the Co:Cu ratios was attributed to the so called
“chromatographic effect” of the support [12] and
was related to the different affinities of the Al,Os
support towards the Cu and Co ions in the
impregnating solution. Doping the support with La
prevented this effect and the Co:Cu ratio for La-
modified catalyst SLA_550 was 1.90, which was
close to that in the impregnating solution (1.99).

Therefore, the modification with La is an
efficient way to eliminate the selective adsorption
of metal ions during impregnation of alumina with
nitrate solution, which is important for the multi-
component oxide catalyst preparations. The data in
Table 1 clearly reveal the stabilization role of La on
the specific surface area of the carriers. The surface
area of a La-doped catalyst aged at 1050°C
(SLA_1050) is twice as higher than that of the
corresponding non-doped with La (SA_1050)
catalyst. The XRD data on the support (A_550)
indicate the presence of y-Al,O3 phase and this pure
v-Al,O3, treated at 1050°C (A _1050), is being
transformed into 6-Al,O; and a-Al,O3 phases. The
La-modified alumina (LA_1050) did not contain
any o-Al,O5 phase, as it can be seen in Table 1. No
La-containing phases are observable in the XRD
pattern of La-modified samples and the probable

reason for it is the low concentration of the well-
dispersed La on the surfaces of the supports [14, 6].

Reflections due to aluminates CuAl,O, and
CoAl,O, emerge from the XRD patterns of both
non-doped and La-doped Cu-Co catalysts.
However, aluminate formation is much less
pronounced in the case of the La-modified sample
SLA _1050. This implies that the modification with
La hampers the interaction of the parent alumina
with the active Cu-Co phase. This is in agreement
with the findings by Bettman et al. [15], who
reported that aluminate phases did not form at
temperatures lower than 1100°C, when the La,0;
content was less than 4 wt.%. The catalytic
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Fig. 1. Temperature dependence of the conversion
degree of NO with samples: La-modified - SLA_550 (m)
and SLA 1050 (e) and non-modified SA 550 (o) and
SA_1050 ().
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reduction of NO by CO and the catalytic oxidation
of CO and CgHg by O, were carried out on non-
modified SA 550 and SA 1050 samples and also
on La-modified SLA_550 and SLA_1050 catalysts.
The NO conversion — temperature data are
presented in Figure 1.The La-modified catalyst has
a higher activity in the NO+CO reaction, compared
to non-modified catalysts. The temperature T, for
the modified catalyst SLA 550 is by 100°C lower
than that measured with the unmodified catalyst
SA 550. Modification of the y-Al,O3 support with
La has a positive effect on the activity of Cu-Co
catalysts in the NO reduction reaction.

Figure 2 presents data from the temperature
programmed reaction (TPR) experiments with
(NO+CO) gaseous mixture, performed both with
the SA 550 and the SLA_550 catalysts. These
catalysts have close surface area values and similar
XRD patterns. The catalysts were initially treated
for 1h at 200°C with the same NO+CO+Ar reaction
gas mixture, which has been used for the catalytic
activity tests (Fig. 1). Thereafter the catalysts were
cooled down to room temperature in an Ar flow and
adsorption of NO+CO+Ar gas mixture was carried
out at the same temperature for 30 min.

As it is seen in the TPR patterns (Fig. 2) CO,
CO, and NO are being simultaneously desorbed
within a narrow temperature region 50-90°C with
both types of catalysts. The TD profiles and the
TDmaxz60°C for CO desorption from both catalysts
is similarly quite close. However, the integrated
surface area of the CO TD peak in the case of La-
modified sample, SLA_550, is twice as large as that
measured with the non-modified catalyst SA_550.
The TD pattern of CO, for the SLA_550 catalyst
has a wide peak with TD.x = 125°C, which is not
present in the pattern of the SA_550 sample. The
TD profile for NO desorption in the case of
SLA 550 catalyst is slightly widened towards the
lower temperatures. Therefore, on the basis of the
(NO+CO)-TPR data it can be concluded that the
main difference between the SA_550 and SLA 550
catalysts, is the increased amount of desorbed gases
from the latter catalyst. This means that the La-
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Figure 2. TD patterns of NO, CO and CO, obtained after
initial adsorption of a NO+CO+Ar gas mixture at 25°C.

modified catalyst has an increased number of active
sites for adsorption of NO, CO and CO,. Both
reactants, namely NO and CO, should be adsorbed
on the surface of the catalyst for the reaction to
occur. As it was discussed above, La ensures Co:Cu
ratios for the supported active CuCo-spinel, which
are close to that in the stoichiometric CuCo0,0,
spinel. The presence of bivalent catalytically active
sites playing the role of donor-acceptor pairs is a
well-established requirement for the activity of
oxide catalysts in different redox reactions [6, 16].
The results obtained for the oxidation of CO
by molecular O, are presented in Fig. 3. The
reaction conditions were as follows: 0.5 vol. %
CO, 1 vol.% O,, balance Ar and GHSV 20 000 h™.
Comparison of Ts, measured with non-modified
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Fig. 3. Comparison of the activity of non-modified and
La-modified Cu-Co oxide catalysts in the reaction of
catalytic oxidation of CO by O, 1-SLA_550, 2-
SA_550, 3— SLA_1050, 4-SA_1050.
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Fig. 4. Comparison of the activity of non-modified and
La-modified Cu-Co oxide catalysts in the reaction of
complete oxidation of C¢Hg by O,.

and La-modified catalysts clearly indicates the
beneficial role of La modification for thermal
stabilization of the catalytic activity with respect to
CO oxidation. A thermal treatment at 1050°C
strongly hinders the CO+O, reaction on non-
modified SA 550 catalyst causing a 50°C shift in
Tso towards the higher temperature. In the case of

La-modified catalyst SLA_550, thermal ageing at
1050°C leads to a Tsy shift of only 20°C to the
higher temperatures. Modification with La
improves the catalytic performance of Cu-Co
catalysts in the reaction of complete oxidation of
CsHs with molecular O, as well. The reaction
conditions were: 0.04 vol. % C¢Hsg, 1 vol. % O,,
ballast Ar and GHSV 20 000 h™. The promoting
effect of La concerns both the activity and the
thermal stability of catalysts, as it is seen in Figure
4. The temperature for 50 % conversion of NO in
the case of La-modified catalyst SLA 550 is with
30°C lower than Ts; measured for the unmodified
catalyst SA_550. The role of La-modification of
Cu-Co oxide catalysts is to prevent the interaction
of the active Cu-Co oxide phase with the alumina
support to form aluminates, and as a result of this to
preserve the surface area and the number of
catalytically active sites. The results of this paper
show that the simultaneous presence of Cu, Co and
La on the catalyst surface has a synergistic effect
with respect to the thermal durability of the Cu-Co
oxide catalysts supported on alumina and a positive
effect on the NO+CO, CO+0O, and CgHg+O,
reactions.

4. CONCLUSIONS

The modification of y-Al,O3 support with La at
a loading below 3 wt. % has a positive effect on the
catalytic performance of supported Cu-Co oxide
catalysts. Lanthanum plays a stabilizing role for the
specific surface area of carriers and Cu-Co oxide
catalysts; the addition of La suppresses the y—a
transformation of the alumina support and its
interaction with the active Cu-Co oxide phase to
produce aluminates. Modification of the support
with La prevents the dissolution of Cu ions into the
v-Al,O; during the impregnation with Cu-Co
nitrates. Thus, the active Cu-Co oxide spinel phase
supported on La/Al,O; has a higher Co:Cu ratio,
which is close to that in the stoichiometric CuCo,0,
spinel. The La-modified catalysts have higher
activity towards the NO+CO, CO+0, and CgHg+O,
reactions, compared to non-modified catalysts.
Incorporation of La into the support does not
change the energetic status of catalytic active sites
but rather increases the number of these sites.
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BJIMAHUETO HA La BbPXY AKTUBHOCTTA U TEPMUYHATA CTABUJIHOCT HA CU-CO
OKCUJHU KATAJIMZATOPN HAHECEHU BBHPXY HOCUTEJI OT AIBY AJIYMUWHUEB TPUOKCU

H. 1. CrosinoBa, I'. M. MBanos, M. C. Xpucrtona

WHucTHTyT 10 00112 ¥ HEOpTaHWYHA XUMHUS, bhIrapcka akagemus Ha HaykuTe, yi»Axan. I'. borues» 6. 11, 1113
Codust, berrapus

Ioctenmna va 29 HOemBpwH, 2010 r.; ogoOpena Ha 4 mapt, 2011 .
(Pesrome)

B pabortara ca mpexncraBeHd Cu-CO OKCHIHM KaTanu3aTopu BbpXy Mmomuduumpan ¢ La axymuHHeB HocHTel.
OO6pasiTe ca MONYyYeHH 10 METOAa Ha MMIIPETHHpPAHEe OT BOJHM Pa3TBOpPH Ha HuUTpatd chappkanm CuU m CO Ha
nocurenu (y-Al,O3 u Mmoaudunupan ¢ La Al,O3). Obpasiure ca oxapakrepusupanu upe3 |CP aHanus, peHtrenodazoBo
u 1o Meroaa Ha BET. Peakuuute na penykuus Ha NO ¢ CO u okucienneto Ha CO u CgHg ¢ O, ca ochlniecTBeHU BBPXY
Moaudumpanu W Hemoxuduimpanu ¢ La xaramuzatopu. Momuduimpanero Ha y-Al,O3 ¢ La mox 3tern.% uma
MO3UTHBEH e(DEeKT BhPXY KaTATUTHUHUTE OTHACsSHHS Ha HaHeceHUTe CU-CO OKCHIHM KaTalM3aTOPH, KaTo JT00aBSIHETO
Ha La notucka oOpaszyBanero Ha o-Al,O3 KakTo M BB3MPEIITCTBA B3aUMOJCHCTBHETO Ha akTHBHaTa Cu-Co okcuaHa
¢asza ¢ HocuTeNst ¥ 0Opa3yBaHETO Ha amyMHHATH. MoandumpaHeTo Ha Hocutels ¢ La npenoTBpaTsiBa BHEAPSIBAHETO
Ha Cu iionu B y-Al,O3 mo Bpeme Ha umnpernupanero ¢ Cu-Co uutparu. Taka aktuHuss CuU-CO OKCHIEH IIMHMHE,
naneceH Bbpxy La/Al,O; uma crotHomenne Co:Cu, koero € 6iu30 10 ToBa Ha crexuoMeTpuurus CuCo,0, mmnuHer.
Mopaudunupanure ¢ La katanuzaropu nmputexapat Bucoka akTuBHOCT 1o otHouienue Ha NO+CO, CO+0, u CgHg+0,
peakuuuTe, B CpaBHEHHE C HEMOAMW(DHIMpPAHHTE KaTalu3aropu. Brpaxmanero Ha La B HocuTenss He NPOMEHs
eHepreTUvHaTa IPHpoJa Ha KaTaJIUTHYHO - aKTHBHHUTE LIEHTPOBE, a M0-CKOPO YBelnuaBa Oposi Ha Te3W LIEHTPOBE.
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The absorption-desorption characteristics towards hydrogen of the composites 95wt.% Mg-5wt.% activated carbons
derived from bean pods and apricot stones, obtained by ball milling in argon atmosphere were investigated. Hydriding
of the composites was performed at temperatures 573 K and 473 K and pressure of 1 MPa and dehydriding - at T = 623
K and P = 0.15 MPa. Absorption capacity values of 5.43 wt.% and 6.13 wt.% (at T = 573 K and P = 1 MPa) were
reached for the composites containing activated carbons derived from bean pods and from apricot stones, respectively.
The hydriding/dehydriding characteristics of the studied composites were compared with those of pure magnesium. It
was established that the activated carbons derived from bean pods and apricot stones improved the hydrogen sorption

kinetics of magnesium.

Keywords: hydrogen storage materials; metal hydrides; mechanochemical processing; gas-solid reactions.

INTRODUCTION

Magnesium is considered as a promising
material for hydrogen storage due to its high
theoretical absorption capacity of 7.6 wit%,
volumetric density, availability and low cost. The
limitation of its practical application is due to two
main reasons: i) sluggish hydriding/dehydriding
kinetics and ii) high temperatures of hydrogen
absorption and desorption. The mechanochemical
treatment, along with the use of an appropriate
additive, could resolve these drawbacks.
Mechanical grinding in high-energy ball mills
consists of repetitive cold welding and fracturing.
Its application for the preparation of hydrogen
storage materials leads to an increase in the specific
surface area and appearance of different defects,
which modify the hydriding kinetics of the
composites. Several types of additives to
magnesium based materials were used, such as: 3d
metals [1,2], metal oxides [3-7], intermetallic [8,9]
and carbon containing compounds as: graphite [10-
15,17,18,20-22,24], multi and single-walled carbon
nanotubes [16-19, 24], carbon black [17,18, 23],
nanodiamonds [23], amorphous carbon soot [23]
and carbon nano-fibers [24]. Depending of the
nature of the additive the mechanism of its catalytic
effect is different.

Some aspects of the role of carbon containing

*To whom all correspondence should be sent:
© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

E-mail: egeorg@svr.igic.bas.bg

additives on the hydrogen sorption properties of
magnesium are not clarified in the literature. This
was discussed and well illustrated by V. Fuster et
al. [20]. Many authors agreed that carbon
containing additives improved the hydrogen
sorption properties of magnesium. Some of them
have proved that graphite protects magnesium from
oxidation and acts as a process controlling agent
during ball milling due to its lubricant properties.
There are some controversial opinions about the
catalytic role of graphite on hydrogen sorption
properties. As a conclusion it should be mentioned
that the effect of carbon containing additives to
magnesium is complex and not yet sufficiently
clarified.

Activated carbons are often synthesized from
precursors based on expensive and depleting fossil
fuels. They can also be prepared from biomass or
agricultural by-products with lower price.

The subject of the present work was to
investigate the effect of activated carbons prepared
from plant precursors as bean pods and apricot
stones on the hydrogen sorption properties of
magnesium. The hydriding/dehydriding
characteristics of the studied composites were
compared with those of pure magnesium.

EXPERIMENTAL

Activated carbons were prepared by steam
pyrolysis from apricot stones and bean pods. The
raw material was heated up to the carbonization
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temperature (873 K) and the solid product was
activated with water vapour for 60 min at 1073 K
for bean pods and 973 K for apricot stones. Details
on the preparation procedure of activated carbons
can be found in [25-28].

The mixtures of 95 wt% powdery Mg with
99.9% purity and 5 wt% activated carbons derived
from bean pods (BP) and apricot stones (AS) were
ball milled in the planetary monomill Fritsch
Pulverisette 6 for 30 min and 180 min under argon
with rotation speed 200 rpm and 1:10 sample-to-
balls weight ratio. Only the composite with 5 wt%
BP was subjected to prolonged ball milling. Further
in the text, these composites will be denoted as
follows: Mg-BP-30: 95 wt% Mg-5 wt% activated
carbon derived from bean pods after 30 min ball
milling; Mg-BP-180: 95 wt% Mg-5 wt% activated
carbon derived from bean pods after 180 min ball
milling and Mg-AS: 95 wt% Mg-5 wt% activated
carbon derived from apricot stones ball milled for
30 min. The purity of the argon and hydrogen gases
used was 99.998% and 99.999%, respectively.

All composites were characterized by X- ray
diffraction analyses on a Bruker D8 Advance
diffractometer using CuKo radiation and by
scanning electron microscopy on a Philips 515
electron microscope. The hydrogen
absorption/desorption measurements were
performed on a Sivert type apparatus. Particle size
measurements of the ball milled samples were
performed in distilled water using the Fritsch
Analysette 22 Compact device with ultrasonic
equipment. Textural characterization of the
activated carbons was carried out by measuring the
nitrogen adsorption isotherms in an automatic
apparatus (Tristar 3000, Micromeritics).

RESULTS AND DISCUSSION

The X-ray diffraction patterns of the activated
carbons are presented in Fig.1. The broad diffuse
peaks at 24 and 43 degrees 26 can be indexed as
002 and 100 lines in the graphite structure. Minor
guantities of inorganic compounds like CaCO; and
MgO were detected, notably in the activated carbon
derived from bean pods. The higher and narrower
peak at 24 26 (002) for the activated carbon from
AS in comparison with the activated carbon from
BP points to the higher degree of graphitization and
the more ordered structure of the former.

The X-ray diffraction patterns of the composites
Mg-BP-30, Mg-BP-180 and Mg-AS, obtained after
ball milling under argon, showed no substantial
difference (Fig.2). The main phase is magnesium
with traces of Mg(OH),. One of the composites
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(Mg-BP) was subjected to prolonged ball milling
under argon. Due to the decrease in the crystallite

¢ CaCoO,
* MgO

intensity (a. u.)

et

. * AC bean pods
.

20(degrees)

Fig. 1 X-ray diffraction patterns of activated carbon
derived from: a) bean pods and b) apricot stones

e Mg
* Mg(OH),

intensity (a. u.)

20 30 40 50 60 70 80

20 (degrees)

Fig.2 X-ray diffraction patterns of the composites
obtained after ball milling under argon a) Mg-AS); b)
Mg-BP-30min and c) Mg-BP-180 min.

size and the accumulation of lattice stresses and
defects, broadening of the Mg diffraction peaks
after prolonger ball milling could be expected.
Even after ball milling of the composite Mg-BP for
180 min, the diffraction peaks have the same shape,
position and intensity as for the composite ball
milled for 30 min. After hydriding at T=573 K and
P= 1 MPa, the X-ray diffraction patterns of the
composites showed main phase of MgH,, small
amount of unreacted magnesium and presence of
MgO (Fig.3).

The kinetic curves obtained at temperatures 623
K for the first cycle and 573 K for the fifth cycle
and pressure of 1 MPa are given in Fig 4. The
effect of ball milling duration on the hydrogen
sorption properties of the composite Mg-BP was
investigated. The sample ball milled for 180 min
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showed easier activation than that, ball milled for
only 30 min. Nevertheless, after few cycles of
hydriding/dehydriding, no substantial difference in

v vMgH,
* Mg
oMgO
v
) v
< v
2 o v v
z el LA X e BTl
L oA ‘ | b
— - AN - ‘ip, M A b
M JUAL ‘ [ A .
T T T T T i T
10 20 30 40 50 60 70 80

20(degrees)

Fig. 3. X-ray diffraction patterns of the composites
obtained after hydriding at T= 573 K and P= 1 MPa a)
Mg-AS; b) Mg-BP-30min and ¢) Mg-BP-180 min.

the hydriding curves was observed. The two
composites reached about 5.4 wt.% hydrogen
storage capacity after 60 min hydriding at
temperature 573 K and a pressure of 1MPa. The
samples Mg-BP-30 and Mg-BP-180 displayed
better absorption Kinetics and reached higher
hydrogen absorption capacity than pure magnesium
at the same conditions.

The effect of activated carbons as additives on
the hydriding properties of magnesium at 573 K
and 1 MPa is illustrated in Fig.5. The specific
surface area may be considered as an important
characteristic which has a positive effect on the
hydrogen sorption properties of Mg. The specific
surface area of activated carbon derived from bean
pods is about three times lower (280 m?/g) than that
of activated carbon derived from apricot stones
(960 m?/g). Improved kinetics was observed for the
composite containing activated carbon with higher
specific surface area. With advance of hydriding
process the rate of reaction for Mg-BP-30 and Mg-
BP-180 decreased in comparison with the Mg-AS
sample. The composites reached maximum
hydriding capacity of 5.43 wt% for Mg-BP-30; 5.35
wit% for Mg-BP-180 and 6.13 wt% for Mg-AS. At
T = 473 K the kinetics of the hydriding reaction for
all samples decreased and the hydrogen absorption
capacity values after 60 min of hydriding were
close to 1 wt%.

The composite Mg-AS desorbs 50% of the
absorbed hydrogen within 17 min (Fig.6). The

desorption curves of Mg-BP-180 and Mg-AS are
quite similar up to 20 min. The worst hydrogen
desorption properties manifests pure magnesium
followed by Mg-BP-30. When the processes of

6.0 {=5— Mg-BP-180
5.5.]—"—Mg-BP-30
x —%—pure Mg |
1 =573 K 5" cyele /"/‘
45 T=573K i
4 .'./‘l
40 //
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£ 354 a e
2 304 .
Ior. 2‘5: // P=1MPa T=623K
15-.‘ ;.»1'{ /v/
104 W -
0.5-W " //_]
4 el
(T o == - e —
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t,min

Fig. 4 Kinetic curves at the first and fifth cycles of
hydriding of the composites Mg- BP ball milled 30 min
or 180 min and pure magnesium.
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Fig. 5 Kinetic curves of hydriding of the composites Mg-
BP-30, Mg-BP-180, Mg-AS and pure magnesium.
hydrogen dissociation and recombination during
desorption are faster, the hydrogen molecules
should diffuse through the growing metal layer and
the rate controlling step should change earlier. The
growing metal layer during desorption plays the
role of a diffusion barrier. The desorption curves of
the composite ball milled for a longer time indicate
a slightly faster rate of the reaction at the beginning
of the process and a lower hydrogen absorption
capacity, which could explain the earlier tendency
of saturation.
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As it is evident from Figs. 4, 5 and 6, the
addition of activated carbons derived from apricot
stones more favourably affects the hydrogen
sorption characteristics than activated carbon from
bean pods. It should be noted that compared to pure
magnesium, the composites under consideration
have better absorption/desorption characteristics.

T=623 K
1 P=0.15 MPa )
o - —"
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y »
o
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t. min

Fig. 6 Kinetic curves of dehydriding of the composites
Mg-BP-30, Mg-BP-180, Mg-AS and pure magnesium.

Both the destruction of the MgO layer covering
magnesium and the presence of more defects and
active sites help and accelerate hydrogen
dissociative chemisorption and nucleation. The
activated carbon derived from apricot stones has a
more favourable effect on the hydriding kinetics of
magnesium probably because of the more effective
destruction of the MgO layer and the prevention of
its restoration, hindering oxygen back diffusion
(Fig.4).

It should be noted that the activated carbons
were prepared from various precursors and they
differed not only by specific surface area. It was
shown in the literature that the electrochemical
hydrogen storage is favoured in carbon materials
with a well developed porosity and a low content of
surface oxygen complexes [29]. The ash content
was 22.8 % for activated carbon derived from bean
pods and 2.0 % for activated carbon derived from
apricot stones. The functional groups on the surface
of the activated carbons have a strong effect on the
adsorption properties. The surface of both activated
carbons is of basic nature. The amount of acidic
groups determined by Boehm’s method, was higher
for AC derived from apricot stones than that for AC
derived from bean pods [25- 28]. According to Su
et al. [30], the adsorption capacity of activated
carbon for non-polar molecules such as hydrogen,
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increased with the increase in the amount of surface
acidic groups. Moreover, Gergova et al. [25]
established that higher amount of chemical groups
containing oxygen (or another heteroatom) on the
surface of activated carbons derived from apricot
stones and other agricultural by-products provided
higher concentrations of active sites. The micropore
volume of the activated carbon derived from apricot
stones (AS) is higher than that of the activated
carbon derived from bean pods (BP). AS has the
highest microporosity and total pore volume. The
relatively high microporosity of the carbon from
apricot stones may be partly attributed to the higher
cellulose content of this precursor. On the other
hand, the activated carbon derived from bean pods
is characterized by meso- and macroporous
structure [27, 28].

a7

Fig. 7 SEM microphotographs of the composites: a)
Mg-BP-30; b) Mg-BP-30 hydrided at 573K; ¢) Mg-BP-
180; d) Mg-BP-180 hydrided at 573 K; ) Mg-AS after
ball milling and f) Mg- AS hydrided at 573K

In Fig. 7 scanning electron microscopy images
are presented for the composites after ball milling
and hydriding. For all samples the size of the larger
particles is from 20 to maximum 50 pm and for the
smaller particles - a few um. More small particles
are visible in the sample ball milled 180 min with
activated carbon derived from bean pods. After
hydriding, the particles of the two samples with
activated carbon derived from bean pods displayed
similar size and shape. After hydriding of the
composites, the surface was not so flat and some
roughness and cracks are visible.

In Table 1 the particle size distribution of the
ball milled composites is given. For all composites
the median diameter dgs is almost the same. Only
for the composite Mg-AC-180 a lower dy; value
was registered. The span (dge-do1/dos) for this
sample slightly increases compared to the other
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composites ball milled for 30 min which have the
same particle size distribution. These results are in
good agreement with the scanning electron
microscopy images showed in Fig. 6. The dyg value
for all composites is about 50 pm. The increase in
the duration of ball milling of Mg-BP lead to some
Table 1. Particles size distribution, measured in water.
The do; and dog is the maximal diameter of 10 and 90%
of the particles. The dg s is the median diameter.

Sample do1 dos doo span
(um) (um)  (um) do.o-0o.1/do s

Mg-BP-30 8.5 226 521 1.9

Mg-BP-180 5.1 209 53.8 2.3

Mg-AS 8.6 226 499 1.8

Mg-BP: 95wt% Mg-5 wt% activated carbon derived
from bean pods, ball mill 30 min and 180 min; Mg-AS:
95wt% Mg-5 wt% activated carbon derived from apricot
stones.

diminution of the particle size and probably to
better reduction of the oxide layer on the surface.
These facts could explain the easier activation
during the hydriding process and the better
hydrogen desorption properties of the sample ball
milled for 180 min. Despite their close particle size
values, the composites ball milled for 30 min
displayed different hydrogen sorption properties.
These observations confirmed the assumption that
the carbon containing additives to magnesium not
only acted as process controlling agents to diminish
cold welding during ball milling, but their effect
appears to be much more complex.

CONCLUSIONS

The role of new carbon based additives
synthesized from agricultural by-products on the
hydrogen sorption characteristics of magnesium
was studied. The 95wt% Mg-5 wt% activated
carbon derived from apricot stones reached the
maximum value of hydrogen absorption capacity of
6.13 wt% at 573 K and 1 MPa after 60 min of
hydriding. The composite containing activated
carbon derived from apricot stones showed a more
pronounced positive effect on the hydrogen
sorption characteristics of magnesium. Ball milling
for 180 min under argon for the composite Mg-BP-
180 lead to easier activation, but after few cycles of
hydriding/dehydriding, the absorption kinetics of
the two samples ball milled for a longer or a shorter
time did not show any difference.

The higher specific surface area of the activated
carbon additive reflected favourably on the
hydrogen  sorption  kinetics. ~ Some  other

characteristics of activated carbons, such as surface
chemistry and porosity, also affected these
processes. It was established that the activated
carbons derived from bean pods and apricot stones
improved the hydrogen sorption Kkinetics of
magnesium.
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BJIMAHUE HA TOBABKATA OT AKTMBHM BBIJIEHU IIOJIYHEHN OT
CEJICKOCTOITAHCKH ITPOAYKTHU BHPXY CBOUCTBATA HA MAT'HE3UA
3A CbXPAHEHUE HA BOJOPO/

E. Ipuroposa™, []s. Manmxykoa®, M. Xpucros®, [lersp L{peTkos® i Boiiko [unmapcki’

“ Uucmumym no obwa u neopeanuuna xumus, bvreapcka akademus na nayxume,

yia. Akao. I'. Bownues, 6ok 11, Copus 1113
g Hucmumym no opeanuuna xumust ¢ yenmvp no gumoxumust, bBvacapcka axaoemus na naykume, yi. Axao. I'. Bonues,
ook 9, Cogpusn 1113

[ocrermna va 15 despyapn, 2011 r. ; npuera Ha 4 anpu, 2011 .

(Pestome)

WzcnenBann ca abCOpPOIMOHHO- JIECOPOLIMOHHHUTE XapaKTEPUCTHKH II0 OTHONIEHWE Ha BOJOPOJ Ha
kommno3zuture 95 mac.% Mg- 5 mac.% akTHBeH BBIVICH, CHHTE3UpaH OT KaliCHEeBU KOCTHIIKU MM OOOCHHM INYILIYJKH,
MIOJIYYEHU Upe3 MeXaHOaKTHBUpaHe 1Mo aproH. [IporechT Ha XuapupaHe € U3BbpIIeH npu temmneparypa 573 K u 473
K u namsrane 1 MPa, a Ha nexugpupane - npu T = 623 K u P = 0.15 MPa. [locturHatute CTOHHOCTH Ha
abcopOrmoHHMs KamanuTeT ca 5.43 mac.% 3a KOMIO3WTa, ChABPKAIl aKTHBEH BBIVIEH OT 0000BM mIymynku u 6.13
Mac.% 3a KOMITO3WTa, CBHIbPKAIl aKTHBEH BBIJIEH OT KaicweBu koctiiaku (mpu 1 = 573 K uw P = 1 MPa).
XapakTepuCTUKUTE Ha XHUIpUpPaHE/IeXUIpUpaHe Ha W3CJICJBAHUTE KOMIIO3HUTH Ca CpPaBHEHH C Te3M HA YUCTHUS
MarHe3uid. Y CTaHOBEHO €, Y€ aKTHBHHTE BBIJICHH, IIOJIydYeHH OT 000OBH IIYIIYJIKH U KalCHeBH KOCTHIIKH, OA00psBaT
COpOIMOHHUTE XapaKTEePUCTHKH Ha MarHe3us 110 OTHOLIEHHE Ha BOJOPO/Ia
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The main goal of this short review is to present the most valuable attempts that have been made in the past decades to
shift the absorption of TiO, from UV- to the visible-light region by lanthanide doping. In order to understand the other
factors by which doping of TiO, with lanthanides can increase the photocatalytic activity under solar irradiation, the
first short chapter is devoted to the physical mechanisms responsible for the degradation of organic pollutants by
lanthanide oxide doped titania under UV-light exposure. This aspect has been studied for a long time and is better
understood. The second chapter deals with the same features, but extended for the visible-light exposure of catalysts.
The most typical observations for bathochromic shift, effect of co-doping and organic dye sensitizing on the

photocatalytic activity of lanthanide oxide doped titania are considered in detail.

Key words: photocatalysts, titania, lanthanides-doped titania, visible light.

INTRODUCTION

The heterogeneous photocatalysis based on
oxide semiconductors is a promising technology for
remedying environmental pollution and solving
energy depletion and has become one of the most
active research fields in recent years. So far,
researchers have developed many materials that
have the potential to act as photocatalysts for a wide
range of applications including TiO,, WOs, SrTiOs;,
a-Fe,03, Zn0 and NaBiOz;. Among them, TiO, has
proven to be a benchmark catalyst for detoxification
of organic pollutants [1-4]. The photoexcitation of a
semiconductor leads to the formation of an electron-
hole pair. The excited-state conduction band
electrons can: recombine with the holes and
dissipate the input energy; get trapped in surface
states; react with electron donors and electron
acceptors adsorbed on the semiconductor surface
[5].

In particular, because of their unique 4f-
electronic configuration and spectral characteristics,
lanthanides are ideal dopants for modifying the
crystal structure, electronic structure, optical
properties and surface adsorption of TiO, and
forming a series of novel promising photocatalysts.
On the other hand, as a group of elements that both
resemble each other and show particular differences
between them, lanthanides provide an opportunity
for an in-depth study of the electronic structure that

* To whom all correspondence should be sent:
E-mail: DTsenov@wmail.chem.uni-sofia.bg

can influence the performance of TiO,
photocatalysts [6]. However, as a wide band gap
oxide semiconductor (E; = 3.23 eV), anatase TiO,
shows a photocatalytic activity only under UV-light
irradiation (A < 384 nm), which accounts for only a
small fraction of the solar energy (~5%). The sun is
an abundant source of photons, where visible light
accounts for a large fraction of spectrum (~45%) [7].
Therefore, how to effectively utilize sunlight is the
most challenging subject for extensive application
of TiO,. The main goal of the present article is to
consider the most important attempts that have been
made in past decades to shift the TiO, absorption
from the UV region to the visible-light region. In
order to understand all factors that can increase the
photocatalytic activity under solar irradiation, the
first short part of this review is devoted to the
physical mechanisms  responsible  for the
degradation of organic pollutants by lanthanide
oxide doped titania under UV-light exposure.

1. PHYSICAL MECHANISMS
RESPONSIBLE FOR THE DEGRADATION
OF ORGANIC POLLUTANTS BY
LANTHANIDE OXIDE DOPED TITANIA
UNDER UV-LIGHT EXPOSURE

1.1 Enhancing of the photocatalytic activity
of TiO, powder by suppressing electron-hole
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recombination with trapping of photogenerated
electrons at the interface

Li et al. [8] have studied the effect of electrons,
shallowly trapped by Gd* in nanocrystalline
La; sGdy5Ti,07 solid solution and in Gd3+—doped
TiO,, on the photocatalytic activity in the liquid
phase. They claim that the half-filled f-shells of
Gd* ions play a mechanistic role because it is more
stable and when such a configuration is destroyed, it
has a strong tendency to return to the original stable
state. This particular characteristic of a dopant ion
with a half-filled electronic configuration can
promote the charge transfer and efficiently separate
the electron-hole pairs by shallowly trapping
electrons. Even though other metal ions can also
trap the photo-excited electrons, the detrapping is
more difficult on these ions.

Rengaraj et al. [9] have discovered the
synergetic effect of neodymium ions deposited on
the TiO, surface, which behave as sites where
electrons and sacrificial electron donors such as
formic acid accumulate. The transfer of photo-
induced electrons from the TiO, conduction band to
the metallic Nd particles at the interface is
thermodynamically possible because the Fermi level
of TiO, is higher than that of Nd metal [10].The
proposed mechanism of the effect of both Nd
particles and formic acid added as a hole scavenger
is shown in Fig. 1.

- .
HOO —=— OH

il
(UVv)

.
OH

H204gd.OHsg.
Fig. 1. Mechanism of the photocatalytic reaction on a
Nd-TiO, catalyst under UV [9].

The metallic Nd particles at the interface will act
as electron traps, enhancing the electron—hole
separation and the subsequent transfer of trapped
electrons to the adsorbed O, or Cr(VI) acting as an
electron acceptor. This can be explained by the
surface electronic effect induced by neodymium.
This reaction enables the positive photoholes p* to
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react with adsorbed OH™ species in order to create
*OH radical, as shown in the sequence of Egs. (1-3):

(TiOy)) +hv > e +p* Q)
Nd+e —eng 2
OH +p"— "OH (3)

The *OH species formed from the holes will be
accepted by HCOOH specially added for that

purpose (Eg. (4)):
*OH+HCOOH — intermediates -CO, + H,O (4)

By this way HCOOH suppresses the electron—hole
recombination process and increases the reduction
efficiency. In the presence of formic acid, the
Cr(VI1) reduction reaction can be described as
follows:

Cr,0- +14H" +6e" > 2Cr*+7H,0  (5)

In this reaction, 1 mol of Cr(VI) requires 3 mol of
electrons to be reduced to Cr(lIl), which needs an
equivalent of 3 mol of HCOOH to scavenge the
holes. The enhanced reduction of oxygen through
better electron-hole separation in Nd-TiO, particles
compared to pure TiO; increases the rate of HCOOH
degradation while simultaneously increasing the rate
of reduction of Cr(VI).

Yang et al. [11] have studied the
photocatalytic activity of CeO,/TiO, mixed oxide
nanoparticles. They claim that the Ce*/Ce* redox
couple increases the separation of electron-hole
pairs. Doped cerium only may be present as the so-
called second phase on the surface of TiO,. CeO,
can trap photo-generated electrons at the interface
while reducing to Ce®*" according to the reaction (6):

e +Ce* - ce* (6)

In this case, the role of Ce* is the removal of
electrons from electron-hole recombination sites
with simultaneous production of oxidizable species.

Mele et al. [12] have wused lanthanide
diphthalocyanine sensitizers on a polycrystalline
anatase TiO, surface. These sensitizers work
because of the positions of conduction and valence
band energy levels of anatase TiO, relative to the
redox potentials of the sensitizers allow charge
transfer by injection of an electron from the excited
sensitizers to the conduction band of TiO, and from
the conduction band of TiO, to the sensitizers.

Jiang et al. [13] have studied TiO, composite
nanoparticles doped with low amount of Yb**; the
doping increases the number of hydroxyl groups on
the TiO, surface because Ti*" replaces Yb** in the
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Yb,0; crystal lattice and creates a charge imbalance.
In order to restore the charge balance, more
hydroxide ions will be adsorbed on the surface,
which could enhance the lifetime of electron-hole
pairs.

Okte and Yilmaz [14] have investigated the
synergy between ZSM-5, TiO, and La,O; of
lanthanum loaded TiO,-ZSM-5 photocatalysts
where TiO, and La,Os; nanoparticles are dispersed
on the support surface. The benefit of La** ion
incorporation is due to the capability of these ions to
trap electrons, inhibit electron—hole recombination
reactions and concentrate pollutant molecules on the
catalyst surface. ZSM-5 acts as a hole trap (ZSM is
abbreviation for Zeolite Sieve of Molecular
porosity). This is possible because the high Si/Al
ratio in ZSM-5 presents a limited number of Lewis
acid sites in the framework. This property decreases
the electron-delocalizing ability, but simultaneously
allows capturing of photogenerated holes of TiO..

1.2 Enhancing of the photocatalytic activity of TiO,
powder caused by the different effect of mesoporous
walls

Peng et al. [15] have suggested that the presence
of lanthanum ions in the TiO, mesostructure
increases the photoactivity due to the larger surface
area and more active sites for combining with
molecules of the pollutant. The high degree of
crystallinity also plays an important role in the
photoactivity of TiO,.

Zhao et al. [16] have shown that the absorption
edge of TiO; shifts to the visible light range and the
band-gap narrows, when TiO, is doped with Nd**.
The Nd species are distributed in the bulk of
nanoparticle instead of concentrating on its surface.

Q TiO, Band gap: 3.2eV
| 0-2p

arb.units

20

Energy (eV)

Density functional theory calculations are used to
interpret the narrowing of the band-gap. The density
of states (DOS) profiles of the undoped TiO, and
Nd**-doped anatase TiO, are shown in Fig. 2. The
calculated value of the band-gap for undoped TiO,
is 3.20 eV, which is in good agreement with the
experimental value of 3.22 eV. The band-gap is
formed between the O 2p orbitals and Ti 3d orbitals.

The main contribution to the valence band comes
from O 2p orbitals, while the states at the
conduction band are predominantly Ti 3d orbitals. A
NdTi;Og super cell models the Nd**-doped anatase
with Nd atoms in the substitutional sites. The DOS
for this structure is shown in Fig. 2 b with a much
smaller band-gap value (1.93 eV) calculated.
Obviously, the existence of DOS of Nd 4f orbitals
means that some electronic states are introduced into
the band-gap of TiO, by Nd 4f electron levels
located close to the lower edge of conduction band
to form new LUMO (lowest unoccupied molecular
orbitals). Consequently, the photoexcited electron
for Nd-doped material can be transferred from O 2p
to Nd 4f instead of Ti 3d, which is different from the
situation of undoped TiO..

1.3 The effect of co-doping on the photocatalytic
activity

Shi et al. [17] have found a marked
improvement of the photocatalytic activity of TiO,
by co-doping with Fe** and Ho®*. Fe**-doping
improves the photoutilization of TiO, and generates
more electron—hole pairs under photoirradiation,
which helps to improve the photocatalytic activity
of T|02

b NdTi 0, Band gap: 1.93eV
: 0-2p
oL i Ti-3d
or - Nd-4f
'(5
-
= 20
=
=
-
10|
ﬂ L 1 1 1
-8 -6 6 8 10

Energy (eV)

Fig. 2. Theoretically calculated density of states for undoped (a) and Nd-doped (b) TiO, [16].
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The crystal expansion and matrix distortion of
TiO, caused by Ho*-doping creates oxygen
vacancies, which generate shallow energy states in
the bottom of conduction band and serve as electron
trap sites in nanocrystalline TiO,. Meanwhile,
shallow energy states introduced by the rare earth
ions in the top valence band serve as hole trap sites.
The separation of charge carriers is attributed to
such trapping. Subsequently, the charge carriers
transfer to the surface of photocatalyst to cause there
redox reactions so that the photocatalytic activity of
doped TiO, is promoted. When both Fe*+ and Ho**
are co-doped into the nanocrystalline TiO, particles,
a synergistic effect will be produced. Fe**-doping
broadens the absorption profile, improves the
photoutilization of TiO,, and thereby generates more
electron-hole pairs. Ho**-doping prevents the
increase of grain sizes, leads to a crystal expansion
and matrix distortion and retards the recombination
of photoexcited charge carriers. The photocatalytic
activity of TiO, co-doped with Fe** and Ho® is
markedly improved.

1.4 The effect of intrinsic surface properties on the
photocatalytic activity

Zhang et al. [18] have investigated the poperties
of Dy,Ti,O; prepared by two different methods:
citric-acid sol-gel soft chemistry and solid state
reaction route. Dy,Ti,O; nanocrystals prepared by
the citric acid method have an oxygen content that is
much lower than the theoretical value; the oxygen-
deficiency on the Dy,Ti,O; surface is about 40%.
This oxygen deficiency helps the catalyst to absorb
more O, and is very benificial to achieve a good
photocatalytic activity. Both the morphology and
the degree, by which it can be dispersed, are quite
different from those of samples produced by the
solid state reaction. The Dy,Ti,O; crystals of
samples obtained by the citric acid method are
guadrilateral and have a good dispersibility, while
the average crystal size is about 50 nm. It is very
difficult to identify the morphology of Dy,Ti,O;
produced by the solid state reaction and its
dispersibility is quite low. The BET surface area of
Dy,Ti,O; prepared by the citric acid method is 25
m?/g, which is much larger than that of samples
prepared by traditional solid state reaction (2 m’/g)
and other soft chemistry routes. The good physical
properties of the sample obtained by the citric acid
method result in a better photoactivity than that of
the sample prepared by solid state reaction. For the
first, the photodegradation of methyl orange is
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98.6% within 60 min, whereas for the second, the
degree of decomposition is only 16.0%.

2. PHYSICAL MECHANISMS RESPONSIBLE
FOR THE DEGRADATION OF ORGANIC
POLLUTANTS BY LANTHANIDE OXIDE
DOPED TITANIA UNDER VISIBLE-LIGHT
EXPOSURE

The effects of lanthanide doping on the
electronic structures and optical properties of
anatase TiO, are studied by Zhao and Liu [6]. They
presented electronic structures and optical properties
of pure anatase TiO, and lanthanide-doped TiO,,
based on calculations of the crystal structures. The
results indicate that the lanthanide doping could
remarkably improve the photocatalytic activity of
TiO,, and that the effect of improvement is sensitive
to the atomic electronic configuration and ionic
radius. Most lanthanide doping could narrow the
band gap of TiO,, so the fundamental absorption
edges shift to the visible light region and
simultaneously maintain strong redox potentials. In
terms of the correlation of electronic structure and
optical properties, the ref. [6] describes that there
are three kinds of electronic transitions in
lanthanide-doped TiO,: intraband transition in
lanthanide 4f states, interband transition between O
p. states and lanthanide 4f states and interband
transition between IELs and valance band maximum
or conduction band minimum (IELs is abbreviation
for imputity energy levels).

2.1 Shift of the absorption from UV-light region to
visible-light region by lanthanide doping

Parida and Sahu [19] have found a high
photocatalytic activity for the reduction of
hexavalent chromium and methylene blue
degradation under visible light by La**-TiO,
containing 0.4 mol% lanthanum, prepared by
incipient wetness impregnation method and
activated at 400°C. The photocatalytic activity of
TiO, doped with lanthanides is shifted to the visible
part of the spectrum (bathochromic shift). It was
observed (see Fig. 3) that the absorption edges of
La* doped TiO, shift slightly towards a longer
wavelength (red shift) compared to that of pure
TiO,, for which the samples are active under visible
light of the solar spectrum.
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Fig. 3. UV-vis spectra of pure and La*" doped TiO, [19].

Xiao et al. [20] have studied the visible light
photocatalytic decomposition of methylene blue by
0.5 mol% Sm** doped TiO, produced by sol-gel
auto-combustion synthesis. To investigate the
optical absorption properties of their catalysts, they
have examined the diffuse reflectance spectra (DRS)
of TiO, and Sm*'-doped TiO, in the range of 220
850 nm. They have found that while TiO, has no
absorption in the visible region (>400 nm), Sm*'-
doped TiO, shows a significant absorption between
400 and 500 nm, which increases with increasing
the samarium ion content. The photocatalytic
activity of Sm*'-TiO, is higher than that of undoped
TiO,, which is consistent with the larger specific
surface area of Sm**-TiO, compared to undoped
TiO,. However, it is noticeable that the larger
specific surface area of Sm**-TiO,, resulting from a
higher samarium ion dosage does not lead to a
higher photocatalytic activity, which might be
limited by a lower separation efficiency of electron—
hole pairs.

CB (Ti 3 _
Ee {113d) Mo
O, =y Defectlevel (Ti*) s
oD .
2 Ln 4flevel O O
A & )
UV light Visible light O:
ke < |<—
Ev

VB (O 2pof TiO3)

Ground staté (O 2pof Cea0y)
Fig. 4. The photoluminescence emission mechanmisms
of TiO, and Ce**-TiO, catalysts at 77 K [21].

Li et al. [21] have found enhanced
photocatalytic activity of Ce*~TiO, prepared by a
sol-gel process for the degradation of 2-
mercaptobenzothiazole in aqueous suspension for
odor control. They have investigated the optical
absorption properties of TiO, and Ce*-TiO,
catalysts in the range of 220-850 nm and have
found that while TiO, has no absorption in the
visible region (>400 nm), Ce**-TiO, has a
significant absorption between 400 and 500 nm,
which increases with increasing the cerium content.
CeO; is a n-type semiconductor with a band gap of
about 3.2 eV [22,23]. Therefore, the absorption at
400-500 nm can not be attributed to CeO,, but
should rather be due to Ce,O;. In contrast to the
closed shell of Ce**-ion (4f°), the Ce**-ion possesses
a single optically active electron with the ground-
state configuration in the 4f'-orbital. Within this
configuration, there are only two electronic levels,
the F-, excited state and the ?Fs, ground state. The
Af—4f transitions attributed to Ce®* can only be
observed in the infrared spectral region. However,
Ce* has a first state configuration 5d* that is rather
close in energy. The electronic dipole transitions 4f*
< 5d" may occur in either the UV or visible region.
Based on the valence band of Ce*-TiO, as
determined by XPS, the authors propose that
electron hole pairs are generated in both types of
catalysts (Ce*-TiO, and Ce,0;) by two mechanisms
shown in Fig. 4. According to Eqg. (7) , an electron
can be excited from the valence band of Ce*-TiO,
into the Ce 4 f-level when the energy of the photon
is more than (Ecess — Ey). Equation (8) shows the
excitation of an electron from the ground state of
Ce,03 into the Ce 4 f-level.

Therefore, the red shift of the absorption
edge for Ce*-TiO, is explained by the following
two reactions. The Ce 4f levels may play a crucial
role in generating electron-hole pairs under visible
light illumination.

Ce’' —TiO2 + hv—e +h' )

CEEO_@ + hv—e +h" (8)
The optimal dosage of cerium under visible light
illumination is found to be 0.7%, while for UV
illumination it is 1.2%. lkeda et al. [24] have
proposed that the rate of electron-holes escaping
from their recombination should be proportional to
the light flux of excitation and to the probability of
light absorption to produce an electron-hole couple
(F). This means that the optimal dosage may be
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dependent on the reaction conditions. The value of F
under visible light illumination is much lower than
that under UV illumination in this study. The lower
F value might lead to a lower Ti** content.
Therefore, the optimal dosage of ceria under visible
light illumination is lower than that under UV
illumination at these experimental conditions.

2.2 The effect of co-doping on the photocatalytic
activity

Xu et al. [25] have prepared Ce, C-codoped
TiO, nanoparticles through a modified sol-gel
method under mild conditions and have studied
their photocatalytic activity under visible light. The
UV-vis spectra of the TiO, samples (plotted in Fig.
5) show that Ce, C-codoped titania has a greatly
improved absorption of visible light.

a Titana
b C-doped Titania
¢ Ce, C-codoped Titania

Absorbance (a.u.)

00 40 00 60 ?fw
Wavelength (nm)
Fig. 5. UV-Vis spectra of Ce, C-codoped titania particles
[25].

3
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The authors claim that the distance of charge
transfer between the f-electrons of the cerium ions
(or the C dopant) and the conduction or valence
band of TiO, is narrowed, thus allowing visible light
absorption. The energy level of Ce*/Ce® is 1.8 eV.
The introduction of such energy level in the band-
gap can give rise to the red-shift in the band-gap
transition. The Ce 4f level also plays an important
role in the interfacial charge transfer and elimination
of the electron-hole recombination.

2.3 Shift of the absorption from the UV region to the
visible light region by organic dye sensitizing

Xie and Yuan [26] have demonstrated an
effective photodegradation of reactive brilliant red
dye (X-3B) with the reaction system dye/Ce**-
TiOy/visible-light prepared by chemical
coprecipitation—peptization  and  hydrothermal
synthesis. The optical band gap energy of TiO, sol
is estimated to be 350 nm by measuring the UV-Vis
spectra for TiO, and Ce**-TiO, sol. Both TiO, and
Ce*-TiO, sols have similar UV-Vis absorption
spectra except for the absorption intensity at the
maximum wavelength (Amax = 202 nm). There was
no apparent absorption in the visible-light range (4 >
400 nm). This means that the sol-sol system cannot
be directly excited by visible light irradiation. The
absorption band shows a blue shift, which is due to
the quantum size effect of sol nanoparticles. The
experimental results, however, show that the dye
photobleaching reaction occurs on Ce**-TiO, (both
sol and nanocrystalline system) under visible light.
The photosensitized  photocatalysis  reaction
mechanism of dye bleaching in the Ce**-TiO, sol
system is shown in Fig. 6.

. hy S [ .
dye(Sy) = dye*(S, i —»dye*(T))
dye* -¢ = dye”

Ce*'ve—= Ce™
-0, ce*-0,7
dye” —»dyc +h’

dye'/dye h'+H,0—OH+H'

2 W

dye +0, (0,7 or *OH)
— peroxide or hydroxyl intermediates
—» degraded or mineralized products

Fig. 6. Photosensitized photocatalysis mechanism of the Ce**-TiO, sol system [26].
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Fig. 7. Sensitized photocatalysis mechanism in the Nd**~TiO, sol system (S, = singlet ground state, S; = first excited
singlet, T, = first excited triplet state, ISC = intersystem crossing) [27].

It can be seen from Fig. 6 that the Ce**-TiO, sol
particles are physically adsorbed on the surface of
sol particles and a dye molecule is excited by the
absorption of a visible-light photon. The dye
molecule in the excited state can then transfer
electrons to the Ce** ion. Meanwhile, the positively
charged vacancies (h*) remaining on the dye
molecule can extract electrons from hydroxyl
species in the solution to produce hydroxyl radicals
(HO’). These radicals are strong electrophiles
capable of oxidizing and destroying organic
molecules in aqueous media. In this process, the
Ce*" species act as electron scavengers to trap the
excitation electrons of the excited dye molecules. In
this way they behave as being apparently superior to
the oxygen molecule (O,) which is also able to do
that. The electrons trapped in Ce* sites are
subsequently  transferred to the adsorbed
surrounding O,. The presence of Ce** on the surface
of sol nanoparticles may promote the following
reactions: Ce* + e — Ce** and Ce*" + 0, — Ce* +
O™,. This is then also followed by the destruction of
dye molecules with the interaction of holes (h*) and
hydroxyl radicals (HO").

Xie and Yuan [27] have also studied the
enhanced photocatalytic activity of active brilliant
red dye X-3B in a hydrosol reaction system of
Nd**-TiO, sol in comparison to TiO, sol. They have
ascribed the obtained enhancement to the electron
trapping effect of the modified Nd** ions on TiO,
sol particles. The neodymium-ion modified titania
sol is prepared by a chemical coprecipitation—
peptization and its photoactivity is studied by
investigating the photodegradation efficiency of
active dye X-3B in the hydrosol reaction system.
Under visible light irradiation (4 > 400 nm), Nd*'—
TiO, sol shows a higher photocatalytic activity than

the TiO, sol, which is ascribed to the electron
trapping effect of modified Nd** ions on the TiO,
sol particles. The photosensitization-photocatalysis
mechanism is also discussed; the authors have
proposed that the mechanism starts with the
excitation of a X-3B dye molecule with visible light,
followed by electron injection or electron transfer
from the excited dye molecule to the conduction
band of the semiconductor TiO,, as shown in Fig. 7.

In this sol photocatalysis system, a dye molecule
physically adsorbed on the surface of a sol particle
is excited by the absorption of a suitable visible
light photon. The electron from the excited dye
molecule can be injected into the conduction band
of TiO,. Then these electrons can be trapped by
electron scavengers (usually oxygen molecules).
However, the electrons are also extremely
susceptible for recombination with the cation
radicals if the injected electrons accumulate in the
conduction band of TiO,. Therefore, the electron
trapping and electron transfer are the two key steps
to inhibit electron—cation radical recombination. The
cation radical (dye™) produced by the electron
injection is less stable than the ground state of the
compound (dye). As a result, the unstable cation
radical of dye may either directly degrade to
products or react with superoxide radical anion
(O,7) to produce degradation products. The
photocatalysis of TiO, sol and P25 TiO, powder can
be explained by the above reaction mechanism.
However, in the photocatalysis with Nd*-TiO, sol
system, the Nd** species can act as effective
electron scavengers to trap the conduction band
electrons of TiO, that have been injected from the
excited dye molecules. Nd** ions, as a Lewis acid,
apparently are superior to oxygen molecules (O,) in
their ability to trap electrons. The electrons trapped

495



D. Tz. Dimitrov et al: Lanthanide oxide doped titania photocatalysts for degradation of organic pollutants...

on Nd** sites (Nd*") are subsequently transferred to
the surrounding adsorbed O, by an oxidation
process. The presence of Nd** on the surface of
TiO, sol nanoparticle may promote the following
processes: Nd** +e —Nd*" and Nd** +0,—-Nd**
+0,". More effective electron trapping and
transferring will produce more cation radicals,
which are more active to undergo degradation.
Therefore, Nd** TiO, sol shows a superior
photocatalytic activity in comparison with the TiO,
sol and P25 TiO, powder.

Xie and Yuan [28] have also studied the activity
of Nd**~TiO, nanocolloids for the photodegradation
of phenol in water solution by visibile light, and
have explained the observed enhancement with self-
sensitization and sub-band gap overlapping. The
AFM micrograph and XRD show that sol particles
(10 nm in size) are well developed in the whole
dispersion system and have a semicrystalline
structure. The difference in ion radius (1.13 nm for
Nd** and 0.64 nm for Ti*) means that the
neodymium(Ill) ion is unlikely to be built
effectively into the crystal lattice of bulk TiO, when
the Nd*-TiO, sol crystallizes at 62°C. However,
during the peptizing and digesting processes, Nd**
can bond with non-bridging oxygen ions at the
surface of —Ti-O-Ti—-O— bulk network structure.
After crystallization, the sol system forms with

b ¢ conduction band
c ] —
———(Nd,)"™ cluster
=———cnergy levels
TiO, [E;>3.2ev €
bandgap E,<3.2ev
UV Light sub-bandgap———1
' Visible Light
Ev h

h*valence band

individual TiO, particles crosslinked  with
neodymium cations at the surface, which form
NdOCI molecules. NdOCI is sensitive to visible
light, but its discrete energy levels cannot be split
into well divided band gaps. Due to the character of
electronic arrangement of neodymium with partially
filled atomic d or f shells, electrons can be excited
and transferred from the Nd** 4f-orbitals by
absorbing visible-light photons of the right energy.
The surrounding Nd** ions may react with the Nd**
produced by a self-sensitization process, thus
forming a positively charged neodymium cluster
(Nd,)™ (m > 3n). This neodymium cluster has
empty multi energy levels below the conduction
band of crystalline TiO,. Their presence allows a
new electronic transition from the TiO, valence
band to the empty energy levels of neodymium
cluster known as a sub-band gap. This transition
requires less energy than the TiO, valence-
conduction band transition (3.2 eV) and can be
induced by visible light. Simultaneously, the
positively charged vacancies (h*) in the TiO,
valence band can extract electrons from the
hydroxyl species to produce hydroxyl radicals
("OH), by which organic molecules as well as other
oxidizable species can be degraded. Figure 8 shows
the photocatalytic reaction mechanism in the Nd*'—
TiO, sol system.

NdOCl— NdOCI'= Nd*" +

OCI+ e (self-sensitization)

pNd* + gNd* == (Nd )™

O™~ &= 0™+ (TiOy) b’

{Ndn}m- te _-_(Ndn)[m—l]-

h' +H,0 = «OH + H’

phenol+O,(0, " or *OHLD

—= peroxide or hydroxyl intermediates

2 its of i . :
2p orbits of oxygen anion —» degraded or mineralized products

Fig. 8. Photocatalytic mechanism of Nd**~TiO, sol/visible light system [28].

Xie et al. [29] have then studied photosensitized
and photocatalyzed degradation of azo dye using
Ln™-TiO, sol in aqueous solution under visible light
irradiation. They have developed a new method of
chemical coprecipitation—peptization to synthesize a
crystalline TiO, sol at a low temperature (<100°C),
which is attractive to further improve the
photocatalytic activity of TiO, catalysts. Compared
to most TiO, powders, these TiO, sol catalysts have
several advantages: (1) finer particle size with more
uniform distribution and better dispersion in water;
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(2) stronger interfacial adsorption ability; and (3)
easy coating on different supporting materials
including substrates with a poor heat resistance such
as polymers, optical fibers, plastics, wood, and
paper.

It is generally believed that pure TiO, can not be
directly excited by visible light due to its high band-
gap of 3.2 eV. The system X-3B dye/Ln*-TiO, has
an entirely different mechanism of photo-excitation
under visible light illumination. The X-3B dye
sensitization process involves the excitation of dye
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molecules by absorbing visible light photons,
followed by the electron injection from excited dye
molecules to the TiO, conduction band. Then the
electrons are transferred from the conduction band
to the working electrode (ITO conductive film) and
finally form out-circuit. In such as system
(dye/Ln™-TiO,/vis  hydrosol), the Ln™-TiO,
particles act as a bridge band connecting the X-3B
dye and the working electrode. Some key reactions
are shown in Egs. (9-14):

Dye +hv — dye* 9)
Dye* + TiOy — TiOs(e™) + dye®*™ (10)
TiOy(e7) + 02— 0°” +TiO gy
Lo"t 4+ TiOx(e ") — La® V¥ 4 Tio, 12)

Ln(n— 1+ +0; =0, + L't (13)
0,*” +dye*™ — intermediates or final products (14)

In the above reactions, the dye can be excited
under visible light illumination (Eq. 9). The dye
molecule in the excited state can then transfer
electrons into the conduction band of TiO, (Eg. 10)
that may be trapped by the electron scavengers such
as oxygen molecule that usually surround the
sample (Eg. 11). If the transferred electrons
accumulate in the conduction band of TiO,,
recombination between cationic radicals and the
electrons is extremely likely. Therefore, the electron
trapping (Eg. 12) and electron transfer (Eq. 13) are
two key steps to inhibit electron-cationic radical
recombination. The cationic radical (dye™) produced
by electron injection is less stable than the probe

Injection

Ln"" cluster

molecule in the ground state. As a result, the
unstable dye cationic radicals can be directly
degraded into decomposition products by reacting
with super-oxidizing anionic radials or other active
oxygen (HO', HOO' and O,") (Eg. 14). The
lanthanide ion that TiO, is doped with plays an
important role in promoting  significantly the
electron trapping and electron transfer in the
dye/Ln*-TiO, hydrosol system. The
photosensitization reaction mechanism and potential
states in the dye/Ln™-TiO,/vis system are further
illustrated in Figs. 9 and 10.

Su et al. [30] have studied the visible light
photocatalysis ~ on praseodymium(lll)-nitrate-
modified nanocrystalline TiO, 5 nm in particle
diameter, that is prepared by an ultrasound method
in a sol—gel process at low temperature. The UV-vis
diffuse reflectance spectra of the Pr(NO;);-TiO, and
undoped TiO, samples show that both samples have
a strong absorption at wavelengths below 400 nm,
which is attributed to the transitions of electrons
from the valence band to the conduction band of
TiO,. Visible light absorptions at 444, 469, 482 and
590 nm are observed for Pr(NO;);-TiO, only, which
are attributed to the 4f-transitions °H, —°P,,
3H4—)3P1, 3H4—)3P0 and 3H4—):LD2 of
praseodymium(lIl) ions. This absorption feature
suggests that the photocatalyst can be activated
throughout the visible wavelengths where the light
absorption occurs. The sample shows a high activity
and stability in the decomposition of rhodamine-B
(RhB) and 4-chlorophenol (4-CP) under visible light

Visible light

Fig. 9. Proposed mechanism of photosensitization reaction in the system dye/Ln™-TiO,/vis [29].

497



D. Tz. Dimitrov et al: Lanthanide oxide doped titania photocatalysts for degradation of organic pollutants...

Electron Energy

-3
2,047V *
- 2 A dye
- y
= !
= E(CB)= 0.5V Nd* " Ng?* VIS
% 0 C'B F‘ui'__-F_u“"':Z::::
[0 R T B b L R L dve
Z. . el +H.313V g
; +1 T|D'J UV il I+ T+
= - . E(Nd"/Nd" ) =-040 V
2 Ce™/Ce™ o mmn EYEu*/Eu’) =035V
VB E%0,/0,) = +0.338 V
3 VR= y | - |‘ 3+ .
i E(VB)=+2.T% Bl Cet iCe’ ) = +1.76 V

Fig. 10. Schematic illustration of the valence and conduction band potentials of TiO, and excitation and ground state
potentials of the X-3B molecule along with the standard reduction potentials of lanthanide ion pairs [29].
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Fig. 11. Postulated mechanism for the visible light-

induced oxidative degradation of RhB in aerobic aqueous
media on TiO, (A) and Pr(NOs)s-TiO, (B) surfaces [30].

irradiation. From the investigation of photoinduced
conversion of RhB, carried out under visible light
illumination at wavelengths greater than 420 nm in
aqueous Pr(NOs)s-TiO, dispersions, one can
conclude that RhB photodegrades by a pathway that
is distinct from the pathway prevailing in the pure
TiO, dispersion. The latter pathway is related to
self-photosensitization of RhB as shown in Fig.
11A.

The results presented above reveal that a
completely different mechanism of charge
generation must operate for the Pr(NOz)s-TiO,
photocatalysts. The authors postulate as a working
hypothesis a simple mechanism depicted in Fig.
11B. The local excitation of praseodymium(lll)
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nitrate under visible light irradiation yields a metal-
to-ligand charge-transfer transition 4f(Pr*")(*H,
—%,, %Py, Py and 'D;) —» w* (NOj3), which
produces Pr** and NO,*-intermediates. The labile
NOs*>  anion intermediate will rapidly transfer
electrons to the conduction band of TiO,. The strong
oxidizing Pr** ions (standard redox potentials of
Eo(Pr**/Pr*") = +2.86 V, and Ey(TiO,) = +2.7 V)
attract electrons from either the surface OH™ groups
and/or the surface H,O molecules to produce
hydroxyl radicals through the reaction depicted in
Fig. 11B (evidence for this is found in the ESR
spectrum). This electron transfer leads to efficient
charge separation and effectively suppresses the
recombination between Pr(IV) and NO;* by the
surrounding TiO, matrix. In the absence of
Pr(NOs)s, the titania cannot be directly excited by
visible light due to its 3.2 eV band-gap, but the
photobleaching reaction still occurs in the
TiO,/dye/visible light system due to the dye
molecule acting as a photosensitizer. Molecular O,
adsorbed on TiO, acts as an electron scavenger to
trap the excitation electrons of the excited dye
molecules, thus producing superoxide radical (O,™),
so that the extent of photoactivity is somewhat
lessened. The difference in ESR spectra observed
with respect to the kind of active oxygen species
produced between the Pr(NO3)s-TiO, and TiO,
dispersions is then understandable. In addition to the
local excited photocatalysis, the dye assisted
photosensitization also plays an important role in
the photo-oxidative degradation of RhB in the
dye/TiO, system. The produced superoxide radical
is reduced by the electron from NO,* to form "OH,
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as shown in Fig. 11B. Therefore, the photocatalysis
and photosensitization simultaneously occur under
visible light irradiation. It is clearly shown that the
photocatalytic  oxidation is superior to the
photosensitized oxidation, and the photocatalytic
process will surely help to improve the overall
photodegradation efficiency and make the bleaching
reaction more feasible.

Mele et al. [12] have compared the
photocatalytic activity of TiO, samples impregnated
with lanthanide diphthalocyanines with those
impregnated with Cu(ll)-porphyrin. The
photocatalytic degradation of 4-nitrophenol (4-NP)
in agqueous suspension is used as a probe reaction.
Commercial anatase TiO, is impregnated with
home-prepared  double-decker  phthalocyanine
complexes of the lanthanide metals, such as Ce, Pr,
Nd, Sm, Ho, and Gd. In particular, the impregnation
with Ho, Sm, and Nd complexes, acting as
sensitizers, proves beneficial for the photoactivity of
studied systems. Significant improvements of the
TiO,-based catalytic system seem possible in terms
of lower impregnation loading, enhanced
photoreactivity under solar light irradiation, as well
as chemical, thermal, and photochemical stability of
the sensitizers in comparison with those using
Cu(ID-porphyrin.

No appreciable shift of the band gap edge of
TiO, can be observed for all of the samples from the
diffuse reflectance spectra of bare TiO, and some
LnPc,-loaded TiO, photocatalysts recorded in the
range of 250-800 nm. Nevertheless, all of them
reflect less light than the bare support, and the
absorption increases with increasing of loading. All
of the spectra of the LnPc,-TiO, samples present
quite similar patterns, independent of the
coordinated lanthanide metal, showing absorption
maxima at nearly the same A- value. The
characteristic bands are due to the strong absorption,
particularly within the Q-range (ca. 650-680 nm), by
the LnPc, particles deposited on the TiO, grains.
The bands are relatively broad compared to the
respective solution spectra, and all of the studied
samples show similar large absorptions that cover
the visible range fairly well. Moreover, the spectra
of SmPc,, GdPc,, and HoPc, show distinct
absorption peaks at ca. 460 nm, similar to the pesaks
in dichloromethane and in nujol suspension. The
LnPc, sensitizers probably enhance the absorption
of studied samples also within the near-UV range
(ca. 300-350 nm, B band).

sens ¢ sens®

gens = Cul'p: hv (A 42000m)

sens = LnPey by (& 650 - 680 nm)

sens [ sens

Eg=32eV

VB h

2.3

E vs NHE
Fig. 12. Conduction Band (CB) and Valence Band (VB)
energy levels of anatase TiO, at neutral pH and redox
potentials of the various sensitizers considered in this
study [12].

Figure 12 shows the conduction band and the
valence band energy levels of anatase TiO, along
with the redox potentials of some sensitizers similar
to those used in this study and reported in the
literature, as well as the possible charge transfer
processes involving an injection of an electron from
the excited sensitizers to the conduction band of
TiO, and from the conduction band of TiO, to the
sensitizers.

The presence of two phthalocyanine
macrocycles in LnPc, favors probably a better
delocalization of the positive charges during certain
stages of the radical photocatalytic mechanism
compared to  “classic”  porphyrins  and
phthalocyanine  systems previously used as
sensitizers. However, it is not easy to obtain a direct
experimental evidence for this hypothesis. In
addition, the formation of singlet oxygen ['0,(*A)]
in higher quantities, promoted by the photoexcited
LnPc, sensitizers (sens), as shown bellow by egs 15
and 16, and suggested elsewhere, may not be
excluded.
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mtersystem crossing

(1sc)

[sens] LA [sens]* 3[sens]* (15)

*[sens]* + *0, — [sens] + '0,('A) (16)

3. CONCLUSIONS

This review presents a summary of the attempts
made by different researchers in the past decades to
shift the absorption of TiO, from UV-light to the
visible light region by lanthanide doping. To
understand the factors, by which TiO, doping by
lanthanides can increase the photocatalytic activity
under solar irradiation, the first chapter presents
brieflly the physical mechanisms responsible for the
degradation of organic pollutants by lanthanide
oxide doped titania under UV-light exposure. Some
typical examples are presented, where the
enhancement of photocatalytic activity of TiO,
powder is due to the suppression of electron-hole
recombination with trapping of photogenerated
electrons at the interface, the different effects of
mesoporous wall, the co-doping and the intrinsic
surface properties. Based on these findings, the
second chapter presents the ways of increasing the
photocatalytic activity of catalysts under visible-
light exposure. The shift of photocatalytic activity of
catalysts towards visible-light by bathochromic
shift, co-doping and organic dye sensitizing of
lanthanide oxide doped titania are presented.
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TUTAHOB JUOKCH/ C JOBABKU OT JJAHTAHONAMN KATO ®OTOKATAJIM3ATOP 3A
PA3TPAXKIAHE HA OPTAHUYHU 3AMBPCUTEJIN TP OBJITBYBAHE C YJITPABUOJIETOBA 1
BUAVMA CBEJIMHA

A. L. Jumutpos*, M. M. Munanoga, P. I1. KpandeBcka

Kameopa Obwa u neopeanuuna xumus, Xumuuecku gpaxynmem, Coguiicku ynusepcumem, oyi. [owcetime Bayuwp 1,
Cogus 1164, bvreapus

Hoctenmna vHa 2 HoemBpu 2010 r.; Ilpepaborena Ha 5 stHyapm 2011 1.

(Pesrome)

OcHOBHATa 11eJ1 MOCTaBeHA IIPH HAIIMCBAHETO Ha TO3W KPaThK 0030p € 1a MpeCTaBU Haii-3HAUMMUTE H3CIICABAHNUS,
KOHUTO 0OsXa MPOBEACHM Ipe3 IMOCICTHHUTE IECETUIICTHs, CBBP3aHH C M3MECTBAHETO Ha morisinanero Ha Ti0O, ot
YIATPaBUOJICTOBaTa BBB BUIMMaTa o0JiacT upe3 JoOaBKu OT JaHTaHoHIH. C Lel [ja ce BHece SICHOCT B IPYTHUTe (aKkTopH,
Ype3 KOMTO BHACSHETO Ha naHTaHouau B T10, yBennuaBa HeroBata POTOKATATUTHYHA AKTUBHOCT MPU OOTBYBAHETO MY
¢ BUJMIMa CBETJIMHA, ITbPBaTa 4acT Ha 0030pa € MoCcBeTeHa Ha (PM3HMYECKUTEe MEXaHU3MH, NPUUMHSBAIIN Pa3rpaXK1aHeTo
Ha OPraHUYHH 3aMBPCUTEIHN OT MOAUUIMPaH ¢ TaHTaHOUIH 110, IpH 0OIBYBAHETO MY C YITPABHOJETOBA CBETIIHHA.
Ta3u Tema e m3cieBaHa MHOTO II0-OTJaBHA U MO-100pe M3ydeHa. Bropara yacT Ha mpencTraBeHHs 0030p IpecTaBs
OTHOBO T€3M MEXaHH3MH, HO IPH OOJ'bYBaHE Ha KaTajlM3aTopa ¢ BUAMMA CBETJIHHA. TaM MoIpoOHO ca pasriieiaHd Hai-
TUIUYHATE W3CICIBAHMSA CBBP3aHH C HaMaSIBAaHETO HAa INMPHHATa Ha 3a0OpaHeHaTa 30Ha Ha [10,, edekra Ha
CBHBMECHOTO MOIU(HUIIMpPAHE STHOBPEMEHHO C JIBe J0OABKU U e(eKTa Ha CEHCHUTH3HPAHETO ¢ MOMOIITA Ha OPraHHYHU

OLIBETUTCJIN IIPpH MOZ[I/I(i)I/IL[I/IpaHI/IHT C JJaHTaHOW AW TUTAHOB JUOKCHI.
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A culture predominantly consisting of the Pseudomonas species was isolated from a sewage treatment plant
and was utilized to study phenol degradation and culture growth kinetics. The culture was capable of completely
degrading phenol at a maximum initial concentration up to 400 mg/l in a simple batch stirred tank reactor. The
maximum time taken to degrade phenol at this concentration level was 194 h. Kinetics of phenol degradation at various
initial concentrations in the media largely exhibited zero order rate with a maximum value of the coefficient of
determination (R? = 0.99 at 400 mg/l of phenol. Deterministic models such as those of Haldane, Han-Levenspiel,
Luong, Edward, Yano and Koga, Tseng and Wayman were employed to fit the data of substrate inhibition on the
kinetics of culture growth and phenol degradation. All models tested, except the Tseng and Wayman model fitted well

the experimental data.

Keywords: Batch stirred tank reactor; biodegradation; phenol; substrate inhibition models; Pseudomonas sp.

1. INTRODUCTION

Synthetic organic chemicals like phenols and its
derivatives lead to severe environmental
contamination due to their toxicity towards aquatic
biota. In particular, various types of industries such
as pulp and paper mills, herbicides and fungicides
production, etc., discharge phenols in their aqueous
effluents [1,2]. The growing need of controlling the
discharge of wastewater containing phenols and
other organics into the environment has led to the
search for better wastewater treatment methods.

Among the available methods for treating
phenols in wastewater before its discharge into the
environment, microbe based degradation of phenols
seems more promising. Aerobic degradation of
phenol using pure microbial cultures has been
studied extensively; for example, Pseudomonas
putida has been widely studied for its phenol
biodegradation potential [3-5]. Aerobic degradation
with a mixed culture may be advantageous in
complete degradation of phenols without leaving
any hazardous residues in the processed medium.
Moreover, investigating the degradation kinetics of
phenol in a suitable reactor system using mixed

* To whom all correspondence should be addressed
E-mail: pichiahsaravanan@gmail.com

microbial culture further leads to its better
applicability in a given wastewater treatment
facility.

In order to evaluate the potential of a mixed
microbial culture, isolated from a sewage treatment
plant, in phenol degradation, batch experiments
were performed in a simple stirred tank reactor with
an objective to investigate the culture growth and
degradation Kinetics in the system and its modeling.

2. MATERIALS AND METHODS

2.1 Chemicals and reagents

Phenol was of analytical grade and was
purchased from Merck®, India. Glucose and
inorganic salts used in preparing microbial growth
media were of reagent grade, obtained from Sisco
Research Laboratories, India.

2.2 Microorganism and culture conditions

A mixed microbial culture, capable of phenol
degradation, was isolated and enriched from a
sewage treatment plant located in Guwahati, India.
The isolation procedure, as reported by Nuhoglu
and Yalcin [6], was adopted in this study. The

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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culture was identified as a mixture of Pseudomonas
species according to the biochemical tests; scanning
electron microscopy also confirmed the results. It
was initially grown in a 250 ml Erlenmeyer flask
containing 100 ml of mineral salt medium (MSM)
of the following composition: (NH,),SO4 230 mg/l,
CaCl, 7.5 mg/l, FeCl; 1.0 mg/l, MnSO,4-H,O 100
mg/l, MgSO,-7H,0 100 mg/l, K;HPO, 500 mg/I,
KH,PO4 250 mg/l and glucose 2 g/L at pH 7.0
under agitation (150 rpm). The culture was then
acclimatized for a period of one month to grow in
MSM containing phenol as the sole carbon source
up to a concentration of 800 mg/I.

2.3 Experimental setup

The experimental setup used in this phenol
biodegradation study consisted of a 5-liter glass
vessel fitted with an impeller driven by a DC
motor. Ports for sampling, liquid addition and
withdrawal (phenol in MSM) through peristaltic
pump, and thermometer for monitoring the
temperature inside the vessel were provided in the
setup. A schematic of the setup is illustrated in Fig.
1.

DC motor with
controller

Temperature
D — probe

!

Sampling
port

—

Stirer +————
—> Glass vessel
Phenol in
MSM

Fig. 1. Schematic of the simple batch stirred tank
reactor.

2.4 Batch biodegradation study

Four batches of experiments were conducted
with initial phenol concentration varying from 100
mg/l to 400 mg/l and a working volume of 4 liters
of MSM using Milli-Q Elix® water. These
concentration levels were chosen based on the total
time taken Dby the culture for complete
removal/degradation of phenol in the media. The
experiments were carried out under batch mode at a
constant temperature of 29° C £+ 2° C with
continuous stirring at 150 rpm. Samples were
withdrawn at regular time intervals (approximately

6 hours). Samples were thereby centrifuged (10
000xg for 3 min) and analyzed for residual phenol
concentration (Biofuge Pico, Rota N0.3328,
Heraeus). Each experiment was repeated until the
residual phenol concentration in the media was
reduced to nearly 0 mg/l. For each concentration
duplicate experiments were performed under the
same conditions and average values of each
experiment were reported.

2.5 Analytical methods

Samples were centrifuged at 10 000xg for 3
min to separate the biomass. The phenol content in
the biomass samples was determined quantitatively
on a Perkin Elmer High Performance Liquid
Chromatograph (HPLC) with a UV-Visible detector
and C18 column. The dimensions of the column
used were 250%4.6 mm and the particle size of the
packing was 5 pm. The eluent used was a mixture
of acetonitrile:water (80:20). The flow rate of the
eluent was kept at 1 ml/min and the detection
wavelength was 275 nm. The retention time for
phenol was 3.05 min. Cell concentrations in the
samples were measured as optical density at 600
nm (ODgy) wavelength using a Diode Array
Spectrophotometer (Spekol 1200, Analytik Jena,
Germany) and correlated to biomass concentration.

3. RESULTS AND DISCUSSION

In order to establish the potential of the
culture in higher-scale phenol degradation, the
kinetics of phenol degradation and growth of the
culture in a simple batch stirred tank reactor of
higher volume were investigated.

3.1 Biomass growth and phenol degradation at
different initial phenol concentrations

Fig. 2(a-d) shows the time profile of biomass
growth (ODgy) and phenol degradation by the
culture. It is seen that the time taken by the culture
to degrade phenol was dependent on the initial
phenol concentration in the media. The culture
could, however, degrade well up to a maximum
concentration of 400 mg/l phenol in the media,
which took a maximum time of about 194 hours.
Comparing this result with our earlier batch
degradation study [7] conducted in small-volume
shake flasks (100 ml MSM), the time taken by the
culture for complete degradation in batch stirred
tank reactor was found to be much higher. The
quantity of biomass (ODgg) produced was also less
compared to the previous study. It should be
mentioned here that in order to do a fair comparison
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between the two modes of study (shake flasks and
batch reactor), no attempt was made to control the
main environmental parameter, the pH of the
media, though it was continuously monitored.
Although the same amount of inoculum (in %) and
temperature were
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Fig. 2. Time profiles of biomass output (ODgg) and
phenol degradation at different initial phenol
concentrations: (a) 100 mg/l, (b) 200 mg/l, (c) 300 mg/I
and (d) 400 mg/l.

maintained in the two studies, the time taken in this
scaled up study was considerably higher than in the
previous shake flasks study. This large difference in

504

time could have been probably avoided by
improving contact between the substrate and the
microbes and/or by proper aeration of the system
[5]. But this aspect needs further investigations to
confirm.

Phenol has a significant inhibitory effect on the
growth of microorganisms at its higher initial
concentration [4, 5]. Therefore, acclimatization of
the mixed culture, isolated from the sewage
treatment plant, was carried out by allowing it to
grow in presence of phenol as the sole carbon
source. Maximum concentration of phenol, used for
the above purpose, was 800 mg/l. Initially glucose
was fed during acclimatization stage to boost up the
initial growth of biomass; however the culture was
grown only in presence of phenol in the later stage.
From Fig. 2 (a-d) showing biomass concentration
(ODggy) of the mixed culture at different initial
concentrations of phenol, it was observed that
phenol concentrations between 100 and 300 mg/I
have no inhibitory effect on the microorganisms, as
indicated by the nearly lacking lag phase. However,
the maximum absorbance of the culture obtained at
these phenol concentrations was found to be lower,
as compared to that grown at a phenol
concentration of 400 mg/l. Moreover, within this
concentration range (100 - 300 mg/l), a stationary
phase was reached and the time taken for this
occurrence depended upon the initial concentration
of phenol in the media. For example, at an initial
phenol concentration of 300 mg/l the time taken by
the culture to reach stationary growth phase was
higher than that at lower initial concentrations of
phenol. As regards the culture growth at 400 mg/I
of phenol, the inhibition was found to be distinct
and the culture took much longer time for its
growth (maximum 194 h). However, the amount of
biomass (ODggo) produced at this concentration was
high, indicating that the mixed culture was capable
of utilizing phenol very efficiently. From the
findings on the biomass (ODggo) output at different
times for various initial phenol concentrations, it is
quite reasonable to state that both phenol and
biomass amounts corresponded nearly well with
each other indicating that phenol was well utilized
in the process [4, 5].

3.2 Kinetics of culture growth and phenol
degradation

To test the kinetics of phenol degradation by the
mixed culture, the time profile of degradation, at all
initial concentrations of phenol, was applied to
growth associated and non-growth associated
kinetic models, which are used to describe
degradation of organics by microorganisms [8]. The
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different types of models and their validity, in
relation to initial substrate concentration, S,, and
half-saturation constant, K, are given in Table 1.
Among the six different models tested, only the
non-deterministic zero-order kinetic model could fit

the data well with coefficient of determination (R?)
values greater than 0.97 at/above 200 mg/l initial
phenol concentrations. However, for initial phenol
concentration of 100 mg/l, the zero-order model fit

Table. 1. Kinetic models tested with the data on phenol degradation

Model Mathematical form Valid for
Zero order S =5, -kt Se>>Ks
Non-growth associated First order S =3, exp(—k) Sp<<Ks
Monod with no S
growth K, InS—+S =Sy =kt So~Ks
0
( k2 = lumax XO)
S =Sy + Xo [1—exp(tt) ] So>>Ks
Logarithmic
S— SO + XO So<< Ks
Growth associated Logistic +%[exp(K(So +X,)0]
0
Monod with S X
growth K, Ins_:(SO+X0+Ks)|nx__(80+xo):umaxt So~Ks
0 0
was slightly poorer as determined by its R value of
0.79, which could be explained by the fact that the oot L
zero-order kinetic model is best valid for values of oore | P et B
S, >>Kg; where Ks in this study, as presented later, / P

was found to be ~40 mg/I.

All the other models gave a poor fit with R?
values less than 0.5 at all initial concentrations of
phenol. Although by fitting the zero-order Kinetic
model the culture proved complete degradation of
phenol at/above these concentrations, a relationship
between the rate of culture growth and phenol
degradation could not be found. Therefore, in order
to relate the pattern of phenol degradation with the
culture growth in the system, the kinetics of these
two phenomena were analyzed. This was achieved
by calculating the specific growth rate (u, h™) and
specific substrate degradation rate (q, h™) from the
biomass output and phenol degradation profiles,

respectively, according to the following
relationships:
Specific growth rate:
_ 1 dx (1)
T

0.014 + —+ 0.014

0.012 + + 0.012
0.01 + + 0.01

0.008 + T 0.008

Specific growth rate,1/hr

0.006 1+ T 0.006

0.004 + T 0.004;

Specific substrate degradation rate,1/hr

0.002 + T 0.002

0 + + + 0
o] 100 300 400

200
Time,hours

Fig. 3. Comparison of specific growth and specific
substrate utilization rates at different initial phenol
concentrations.

Specific substrate degradation rate:
1ds

2)
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where X and S are the biomass and phenol
concentrations in mg/l at a time, t in hours.

Model Mathematical form Reference Tablg.
5 Model
IleaX
Haldane H=—"T"" " Wang and Loh, [17] s for
S substra
Ki+S+— e
Ki A
inhibit
ion on
= it growth
Yano-Koga H= n
- Yano and Koga [18 rate of
(K, /8)+1+ Y (S/K})! 9a [18] rate of
- rganis
ms
Edward U= S Mulchandani and Luong,
war 'S K, +(S?/K)(A+S/K) [12]
Tseng-Wayman
g-way U=, S<S* Tseng and Wayman [16]

Luong

S n
s[1->
qmax{ SJ

K,+S {1—5}
Sm

Han-Levenspiel q=

Luong [10]

Han and Levenspiel [5]

Fig.3 illustrates a plot between the two rates
calculated at different initial phenol concentrations
in the media. This figure clearly indicates that both
these rates correlate well with each other. However,
the two rates declined after an initial rise thus
revealing substrate inhibition characteristics in the
system [9].

3.3 Modeling the kinetics of culture growth and
phenol degradation

Because the rates of culture growth (n) and
phenol degradation (q) indicated substrate
inhibition characteristics due to phenol, the
variations of these two rates with respect to the
phenol concentrations were modeled using suitable
deterministic models, based on substrate inhibition
on growth of microbial cultures, reported in the
literature. These model equations are listed in Table
2 and a brief summary of each of these models is
mentioned, as follows.

The earliest model on microbial growth
kinetics, the Monod model, relates growth rate of
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microorganism to the concentration of a single
growth controlling substrate as = f(S) via two

parameters, maximum specific growth rate (Wmax)
and half saturation constant (Ks), represented by the
equation:

_ MnwS
# Ks+S ®)
Since growth is a result of catabolic and
anabolic enzymatic activities, these processes, i.e.,
substrate degradation or growth—associated product
formation, can also be quantitatively described on
the basis of Monod growth model [10]. But this
model fails to explain substrate inhibition on either
growth of microorganisms or substrate degradation.
Haldane, cf. ref. [17], proposed the first and most
popular model for substrate inhibition Kinetics. This
model was utilized by most of the researchers for
growth inhibiting substrates like phenols and
phenolics. Meric et al. [11] and Yano&Koga [12]
models are based on a theoretical study on the
dynamic behavior of single vessel continuous
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fermentation subject to growth inhibition at high
concentration of rate limiting substrate, e.g., acetic
acid fermentation from ethanol, gluconic acid
fermentation from glucose, tannase fermentation
with tannic acid as the sole carbon source,
bacterium production from pentane, etc. The model
resembles the Monod kinetic model with a slight
modification [12].

Edward, cf. ref. [12] proposed a kinetic model,
which is a modification of the Haldane model.
After extensive evaluation he found that this model
didn’t show better results when compared to
Haldane model and moreover, the value of the
parameter K was very large [13].

Tseng&Wayman [14] in their model described
substrate inhibition Kinetics by accounting for the
fact that below a threshold substrate concentration,
S*, there is no growth inhibition. However, for
concentrations above S*, microbial growth
decreased linearly with respect to the concentration
(S - S*) [13]. However, the discontinuous nature of
the model is a major drawback. Luong [15] model,
which appeared to be useful for representing the
kinetics of substrate inhibition, is of generalized
Monod type but accounts for substrate stimulation
at its both, low and high, concentrations. The model
has the capability to predict the values of S, the
maximum substrate concentration, above which the
growth is completely inhibited [15].
Mulchandani&Luong [13] stated that description of
the microbial growth by the Haldane model did not
prove that a similar mechanism is operative in the
microbial growth. They particularly stressed on the
importance of critical and maximum substrate
concentrations  [13]. Han&Levenspiel  [16]
proposed a model to express substrate degradation
rate. This model involves a delay function, which
has an exponential form and incorporates the
critical product or substrate concentration
corresponding to the inflection point on the growth
[16].

The substrate inhibitions model equations were
solved by the nonlinear regression method using
MATLAB® 7.0 and were applied directly on the
experimental data on specific growth rate of the
mixed culture at different phenol concentrations.
For applying the models to predict the specific
substrate degradation rates, the term p was replaced
with g and then solved, as before. The fitness of
these models in predicting the specific growth and
specific substrate degradation rates is depicted in
Figs. 4 and 5 respectively. From the figures, it
could be seen that except the Tseng - Wayman

model, all other models fit the data very well. The
biokinetic constants of growth of the culture
obtained from these models along with Root Mean
Square (RMS) error between experimental and

0.018

=[x perimental
—&—Edward
—B—Haldane
—e—Luong
—¥—Han - Levenspiel
—&— Yano - Koga
——Tseng - Wayman

0.016 4

0.014

I/hr

0.012 4
0.01

0.008 +

Specific growth rate,

0.006 4

0.004 | |

0.002 1 &

T T T T .3

0 50 100 150 200 250 300 350 400 450
Initial phenol concentration,mg/1
Fig. 4. Experimental and predicted specific growth rate

of the culture according to the different models.
0.018

—®— Experimental
—l— Haldane

—&— Edward

—34é— Han - Levenspiel
—2— Luong
—&— Yano ga
—&—Tseng - Wayman

0.016

0.014 A

0.012

0.01 4

0.008 -

0.006

Specific substrate utilisation rate.1/h

0.004 4 |

0.002 - Jf

0 50 100 150 200 250 300 350 400 450
Initial phenol concentration.mg/l
Fig. 5. Experimental and predicted specific substrate
degradation rate obtained by applying different substrate
inhibition models.

predicted values are shown in Table 3. These values
of the constants obtained from the different models,
but with the same set of experimental data, agree
quite closely with each other except in case of the
Tseng — Wayman model, which did not fit properly
(RMS error >70x107°). Edward, Haldane and Yano-
Koga models predicted the substrate inhibition
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Table. 3. Biokinetic constants estimated by fitting the various substrate inhibition models on the data on growth rate of

the culture
Model o () K(mgdm?) Ki(mgdm?) Sy(mgdm®) n m K RMS error (x107)
Edward 0.0290 63.77 100.00 - - - 6 1.15
Haldane 0.0324 40.57 140.65 - - - 1.86
Luong 0.0238 46.67 - 400 21 - 5.24
Han-Levenspiel ~ 0.0257 40.55 - 400 06 * 5.62
Yano - Koga 0.0358 47.78 - - 1 - 125 1.79
Vrlse”g - 0.0123 16.74 ) ) - 77.70
ayman
constant (K;) value, above which the specific ko, ks zero, first order rate constants
growth and substrate degradation rates decline, K positive constant in Yano — Koga
more accurately and correlated well with the K constant in Edward model
experimentally obtained value of 200 mg/l. Luong . .. 1
and Han - Levenspiel models also predicted the Ks half saturation coefficient (mg dm™)
critical substrate concentration (Sy), at which Ki, Ks  substrate inhibition constants (mg dm™)
critica! growth rates fall to zero, to be_ ~ 400 mg/l, m, n empirical constants
but this value was observed to be different from - . 1
that obtained in the experiments. Similar 9 specific substrate degradation rate (h™)
observations on the specific substrate degradation Omax maximum specific substrate degradation
rate. were found to be valid for its biokinetic rate (h™)
constants estimated from the models by applying S substrate concentration (mg dm '1) at
the data on specific degradation rates, as well. time t
Overall, the ~different models, despite their g~ substrate concentration (mg dm ™) at which
dlﬁe_rences in be}ckground of origin, could well specific growth rate is maximum
predict the behaviour of the system and the values S, substrate concentration (mg dm™®) at time
of biokinetic constants obtained using these models t=0
revealed a fairly high potential of the g critical inhibitor concentration (mg dm
microorganism in degrading phenol in a §|mpl_e 1) above which the reactions stops
batch stirred tank reactor such as that used in this /
study. t time (h) 1
4 CONCLUSIONS X t)ilr?];n?ss concentration (mg dm ) at
The kinetics of phenol degradation was Xo biomass concentration (mg dm ™) at t=0
studied using a mixed microbia_tl cult_ure, isol_ated p specific growth rate (h‘l)
from a sewage treatment plant, in a simple stirred ) . 1
tank reactor operated under batch mode. The  “ma  Maximum specific growth rate (n”)
kinetics of phenol degradation was best explained
by a non growth associated zero-order model with a REFERENCES
maximum coefficient of determination value of 1. M. Latkar, K Swaminathan, T. Chakrabarti,
>0.99 at 400 mg/l initial concentration of phenol in Bioresource Technol., 88, 69 (2003).
the media. The culture specific growth and phenol 2. M. Kulkarni, A. Chaudhari, Bioresource
specific degradation rates correlated well with each Technol,, 97, 982 (2006). 5
other at all initial phenol concentrations. In the 3. T. Abuhamed, E. Bayraktar, T. Mehmetoglu, U.
. . Mehmetoglu, Process Biochem., 39, 983
conpe_ntratlon range _st_u¢ed, phenol ‘was found to (2004).
exhibit substrate inhibition characteristics on _thege 4. A Kumar, S. Kumar, S. Kumar, Biochem. Eng.
two rates, at 200 mg/l. The values of the biokinetic J., 22, 151 (2005).
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KMHETHUKA HA PA3JIATAHE HA ®EHOJI 1 PACTEX HA ITPEOBJIAJJABAILI BUIOBE
PSEUDOMONAS B ObBMKHOBEH PEAKTOP C IIEPMO/IMUYHO PASEbPKBAHE

I1. CapaBanan’’, K. HaxmnpazmcaHz, I1. Caxa®

! Kameopa no cmpoumenno unocenepcmeo , Yuusepcumem Manas, Kyana Jlymnyp — 50603, Manaiizus
2 Kamedpa no unocenepna xumus, Hnouticku mexronozuuen uncmumym I'veéaxamu, I'veaxamu — 781039,
Hnous
3Kame()pa no buomexuonoeuu, Unouticku mexuonoeuuen uncmumym I yeaxamu, I'yeaxamu — 781039, Hnous

ITony4ena Ha 8 aBryct 2010; npueta Ha 21 deBpyapu 2011

(Pe3srome)

Kynarypa, cpabppikaina npeainMHoO BugoBe Pseudomonas, u3onupaHa oT 3aBoJ 32 TpETUPAHE Ha KaHAJIHU BOAH,
ce M3I0JI3yBa 3a M3CJie/IBaHe Ha KWHETHKATa Ha pa3yiaraHe Ha ()eHOJ M pacTex Ha KynTtypata. Kynrtypara e cnocobHa na
pazioxu (EeHON ¢ MaKCHMallHa HadaiHa KoHueHTpauus 10 400 mg/l B 0OMKHOBEH pPeakTOPEeH ChI C MEPHOTUYHO
pa30bpkBaHe. MakcMMaaHOTO BpeMe, HEOOXOIMMO 3a pa3iaraHe Ha (PeHoJI ¢ TakoBa KOHIICHTPallMOHHO HHBO, Oere
194 h. Kunerukara Ha pas3naraHe Ha ()eHONa NpU pa3iM4HA HavalHa KOHIEHTpalWs B cpelaTa MoKa3Ba MPEeAUMHO
CKOPOCT OT HYJIEB MOPSIBK C MAKCHMaJHA CTOMHOCT Ha Koeduimenta Ha ompexenenoct (R?) = 0.99 mpu 400 mg/l
¢deHon. JleTepMUHUCTHYHNA MOJICIH Kato Te3u Ha Xannein, Xau-Jlesentnuen, Jlyour, Enyspa, Slno u Kora, Llenr u
VYeiiMaH ca M3MOJN3BaHM 3a ONHMCAHHE HA JAaHHWUTE 3a MHXHOMpaHE OT cyOcTpaTa B 3aBHCHMOCT OT KHMHETHKaTa Ha
pacTexx Ha KyinTypata M pasznarane Ha (eHona. Benuku m3nmpoOBaHM MOJEIM ONMUCBAT A00pE EKCIIePUMEHTATHUTE
JTaHHU ¢ U3KJTIOUeHHE Ha Mojienia Ha [lenr u Yeiiman.
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Study on thermal stability of composite mixtures on the base of wood ash
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The results from thermogravimetric and differential thermal analysis (TG-DTA) of nine composite mixtures, based
on ash from burning of wood biomass, green lye from pulp production and ammonium sulphate ((NH,),SO,) — by-
product from cleaning of industrial waste gases, are presented. The content of different nutrients and the alkaline
reaction of ashes are premise for their use as soil improvers. It is found that oxidation destruction and other reactions
take place during the treatment and transformation of some compounds in the primary raw materials. The chemical
reactions permit to assess the mixture behaviour in soil systems that refers to nutrients assimilation through the plants
roots.

The determined temperature intervals for the transformation of the studied mixtures show that up to 70 °C no
gaseous components are released by the nutrients and the studied products are relatively stable. The temperature
intervals of the destruction processes occurring by oxidation or dehydration of the mixture components are determined.
It is specified that destruction processes take place at higher temperatures, which could be achieved in the soil systems
only after incidents with some chemicals or risk situations like fires.

Keywords: wood ash, composite mixtures, thermogravimetric and differential thermal analysis (TG-DTA), waste, soil

improver

1. INTRODUCTION

The generation of solid and liquid wastes
during  thermal, = mechanical-biological  or
physicochemical treatment of different raw
materials or wastes, which include biodegradable
components, specify the necessity to search for
possibilities for their utilization as a secondary raw
material or appropriate components for soils
conditioners, with the aim to improve soils
characteristics and productivity. Different methods
and technologies for treatment and use of wastes
from thermal processes of vegetable mass are
proposed in some publications of Mladenov et al.
[1], Artiaga-Diaz [2], Li [3], Soares and Menezes
[4], [5], Petkova and Pelovski [6]. Brown [7] has
used TG-DTA techniques to study the thermal
stability and decomposition processes of some
wastes.

In the present work the results of the TG-
DTA investigations of composite mixtures based on
wood ash, green lye and ammonium sulphate are
presented.

2. EXPERIMENTAL

Research object are nine composite mixtures,
obtained in quantities of 1 kg each, in presence of

different contents of wood ash (WA) and green lye
(GL). The wood ash contains: moisture — 0.40 %j;
organic substance (dry substance) ~ 0.37 %;
nutrient elements (in the dry substance) - 0.032 %
N, 0.72 % P,0s, 2.19 % K0, 48.7 % CaO, 1.3 %
MgO; heavy metals (in the dry substance) - 2.79
mg/kg Cd, 88.5 mg/kg Pb, 22.45 mg/kg Cr, 17.35
mg/100g Ni, 154 mg/100g Cu, 201.5 mg/kg Zn,
11.25 mg/kg As; others (in the dry substance): 81.5
mg/100g CI, 500-1000 mg/100g SO, and 30 - 300
mg/100g Na. Green lye contains: 5-6 % of organic
mass, 17-18 % of active calcium and magnesium
oxide, 15-16 % of other oxides. In the latter six
mixtures different quantities of ammonium sulphate
(AS) were added to compensate for the alkaline
character of wood ash. The content of elements in
ammonium sulphate used is presented in Mladenov
et al. [1]. The content of different components in
the obtained mixtures is shown in Table 1. All
components are previously mixed by mechanical
treatment for achieving the needed homogeneity.
Apparatus “MOM”, 1500 D is used for the
experiments. The apparatus is working in dynamic
heating regime. The studies are performed in the
temperature interval from 20 to 1 000 °C, with a
heating rate of 10 °C/min. The range of the mass

*To whom all correspondence should be sent: © 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

e-mail address: mladenov@uctm.edu.
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Table 1. Components content in the obtained mixtures

N WA, WA, GL, GL, AS, AS,
g % g % g %

500 50 500 50 0 0
550 55 450 45 0 0
600 60 400 40 0 0
300 30 400 40 300 30
450 45 350 35 200 20
500 50 400 40 100 10
350 35 300 30 350 35
500 50 250 25 250 25
550 55 200 20 250 25

U)U)U)U)(‘/)UJUJU)U)
Co~NoulhkhowWwNPE

balance is 500 mg, and the sensitivities of the
recording device are — 500 pV for the TG curve,
500 pV for the DTG curve and 250 pV for the DTA
curve. o-Al,O; (Merck, Darmstadt, Germany) is
used like as reference material. The sample mass is
500 mg.

RESULTS AND DISCUSSION

The obtained TG-DTA relationships are
presented on Figs. 1-9, and the main results derived
from them are given in Table 2.
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For the mixtures with wood ash and green lye
(Figs. 1-3) two main temperature intervals of mass
losses are representative — from 45 to 280 °C,
where the mass losses are 29.9-30 % and from 790
to 860 °C, where the losses are 2-5 %. The
thermogravimetric dependences for the initial
temperature interval are typical for auto-
accelerating processes, at which mass losses
decrease for a lower content of the green lye in the
mixtures. The exothermic character of the thermal
effect in this temperature interval shows that the
mass losses are mainly related with oxidation and
generation of gas emission from the organic
components in the green lye. Higher mass losses at
higher temperatures are registered. Mass losses
increase in the same way when the ash content is
higher, due to the dehydration and decarbonisation
mainly of calcium compounds in the mixtures. This
is also confirmed by the registered endothermic
effects at the higher temperatures. The range of
mass losses in the whole studied temperature range
is from 41 to 46 %. The highest total mass losses
are registered when the content of green lye in the
products is 50 %.

As it is demonstrated on Figs. 4-9, adding of a
third component to the system (10-35 % of
ammonium sulphate) makes possible the interaction
with other components from the mixtures, changing
the rate and the character of the processes. The
products with the highest content of ammonium
sulphate (30-35 %) and green lye (30-40 %)
determine the higher level of mass losses and
control the rate of thermal decomposition
processes. Both the increased content of ammonium
sulphate (30-35 %) and the comparatively high
content of green lye (30-40 %) show that in such
cases no decarbonisation process (Figs. 4 and 7)
takes place in the temperature range from 790 to
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860°C. This may be explained with an exchange
reaction during the mixing process between
ammonium sulphate and calcium compounds
(hydroxide and carbonate).

All products obtained from wood ash, green lye
and ammonium sulphate display a typical
exothermic process in the temperature interval from
45 to 220 °C. Higher contents of ammonium
sulphate and green lye accelerate the decomposition
process and increase the mass losses in this
temperature range up to 40.9 % for mixture S-4.
Decreasing the content of ammonium sulphate to
25 % and green lye to 20 % (Fig. 9) controls mass
losses during this stage in the same temperature
range and determines lower mass losses — about 11
%. The same relationship is observed for the total
mass losses of the mixtures. The total mass losses
for mixture S-4 are 52.5 % and for mixture S-9 —
36.7 %.

The main data from TG-DTA studies are
presented in Table 2. The weight ratio between the
used components controls the temperature range of
the reactions taking place and the released gas
emissions by the oxidation of organic components
in the green lye. Obviously, this is in accordance
with the possibility for exchange reactions between
ammonium sulphate and calcium compounds in the
wood ash, starting with the mixing process.

The TG-DTA studies confirm that during
thermal treatment different transformations may
take place, changing the phase content of the solid
products and releasing gas emissions. The weight
ratio between the components in the studied system
controls the rate of transformations and the level of
enthalpies changes in the system. That allows
determining the optimal ratio between the used
components with a view to obtain products with
desired thermal stability and physicochemical
properties as soil improvers.

The obtained data from the investigations done
with products from different mixtures and the
relationships found permit to determine the main
reactions taking place at different stages of the
treatments made. The obtained results are in good
agreement with the available literature data of
Petkova and Pelovski [6], Dweck et al. [8],
Vedalakshmi et al. [9] and Madarasz et al. [10].
The main chemical reactions expected during
homogenization of the components and
investigation of the thermal stability of the products
are as follows:

1. Chemical reactions during homogenization:

CaO + Hzo = Ca(OH)g

514

Ca0 + (NH,),S0O, + H,0 < CaS0,.2H,0 + NH; T
CaCO3 + (NH4)2804 + Hzo = CaSO42H20 +
(NH4),COs

2. Chemical reactions during thermal treatment:

R-COOH + O, < CO; + H,0

CaSO4.2H20 = CaSO4 + 2H20

(NH4)2804 = NH4HSO4 + NH3

Ca(OH)g < Ca0 + Hzo

CaCO;3 < Ca0 + CO,

Because of the impurities in the initial
components we can not state that the given
reactions represent all possible chemical reactions
taking place during the processes studied.

CONCLUSIONS

The TG-DTA studies revealed that in
temperature range 45 — 260 °C enthalpy and mass
losses determine the exothermic oxidation of the
organic components coming from the green lye and
releasing water vapour and carbon dioxide
emissions in the gas phase. At temperatures about
460 °C the processes of dehydration of gypsum and
calcium hydro-oxide are completed; in the
temperature range 700-910 °C decarbonisation of
calcium carbonate takes place. On the base of the
results obtained it could be stated that the products
are suitable for use in agriculture as soil improvers.
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N3CIHEABAHE HA TEPMUYHATA CTABMJIHOCT HA KOMIIO3UTHU CMECHU HA
BFA3ATA HA IIEIIEJI OT I’bPBECHA BUOMACA

M. Munanenos*, Ex. Cepapumona, 1. ITenoBcku

Xumurxomexnonozuuen u memanypeuuer ynugepcumem, Llenmovp no exonocus, Copus 1756, oyn. ,, Cs.
Knumenm Oxpuocku”, Ne§

[MocTenuna Ha 4 deBpyapu, 2010 r.; ogoOpena Ha 8 nexemspu, 2010 r.

(Pesrome)

B Hacrosimata cTaTus ca IMpeaCTaBeHN PE3YNITATUTE OT IPOBEACHHS TEPMOTPaBUMETPHUCH U AN(EepCHINATICH
tepmuueH aHamu3 (TT-/ITA) Ha meBeT KOMIO3UTHH CMECH Ha OCHOBATa Ha IIENeNI OT TOpEHE Ha JbpBecHa Onomaca,
3eJIeHa JIyra OT LICNTYJI0O3HO IPOU3BOACTBO M aMoHHUeB cyndat ((NH4),SO,) — cTpaHHYeH MPOIYKT OT MpEeYUCTBaHE Ha
OTNAABYHU HHIYCTPUAIHU ra3oBe. ChIbP)KAaHHETO HAa PA3IUYHU XPAHUTEIHU €JIEMEHTH M alKajHaTa peakius Ha
HelenuTe ca MPeANoCcTaBKa 3a M3MOJI3BAaHETO UM KaTo mojoOputenu 3a mouysd. OT IPOBEICHUTE H3CIEABAHUS Ce
YCTAHOBSIBAT HACTBIIBALIUTE MIPOIIECH Ha OKUCIICHHE U AECTPYKIHS Ha HIKOU OT KOMIIOHEHTUTE B U3XOJHUTE CYPOBUHHI
U JIaBaT Bb3MOXKHOCT JIa C€ OLIEHU TSIXHOTO MOBEJCHUE U TpaHC(HOPMAIMK B TIOYBEHUTE CUCTEMH, UMaIlld OTHOILCHHE U
KBM YCBOSIBAHETO Ha XpaHUTEINTE €JIEMEHTH OT KOPEHOBATa CHCTEMa Ha OTACIHUTE PACTUTEIIHU BUJIOBE.

OmpeneneHuTe TeMIepaTypHU MHTEPBAIM HA TPaHC(OPMALMU B U3CICIBAHUTE CMECH IIOKa3BaT, 4e IO OKOJIO
70 °C, oT (popMyIHpaHHTE CMECH HE Ce TEHEPHPAT ra30BH KOMIIOHEHTH HA XPAHUTEIHHUTE €JIEMEHTH W HE HACTBHIIBAT
CBIIECTBEHH HM3MEHEHHsI B CTPYKTypaTa Ha OpPraHWYHUTE W HEOPraHMYHM KOMIOHEHTH Ha KOMIIO3UTHHTE CMECH.
OmpeneneHn ca TeMIEpaTypHUTE HHTEPBAJIM Ha MPOLECHTE Ha IECTPYKNIHWS, H3PA3e€HH UYpe3 OKHCICHHWE HWIH
JEeXUpaTalys Ha OTACTHU (pa3y OT KOMIIO3UTHHTE CMECH. Y CTAHOBEHO €, Y€ CHINUTE MPOTHYAT NPH 3HAYUTEIHO I10-
BHUCOKM TEMIIEpPAaTypHU HHTEPBAJIM, KOUTO B IMOYBEHUTE CHCTEMH OnXa MOTIH Ja ObJaT MOCTHTHATH NPH PUCKOBU
CUTYyallMM Ha TOXKapH WM 3HAaYMMO XHMHUECKO TPETHUPaHE.
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New cesium ion-selective PVC membrane electrode based on a novel calix[6]arene
derivative
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Cesium-selective polymeric membrane electrode, based on a recently synthesized calix[6]arene compound of
5,11,17,23,29,35-tert-butyl-37,39,41-trimethoxy-38,40,42-tricyanomethoxy-calix[6]arene, is described. The electrode
exhibits a near Nernstian response for Cs (1) ions over a wide concentration range of 1.0x10™ to 1.0x10™° M with a slope
of 55.3 £ 1.2 mV/p[Cs]. The developed electrode has a very short response time (4-5 s) and it can be used for at least 30
days without any considerable divergence in potentials. The proposed electrode shows high selectivity towards cesium
(1) ions with respect to alkali, alkaline earth, several transition and heavy metal ions. The potentiometric response is
independent of pH of the test solution in the pH range of 3.0-10.0. The electrode can be used as an indicator electrode in
the potentiometric titrations of cesium (1) ions with sodium tetraphenylborate and for direct determination of cesium in

tap water samples.

Keywords: PVVC membrane; cesium; ion-selective electrode; calix[6]arene.

1. INTRODUCTION

In recent years, the development of novel
sensors for the detection of various metal ions has
been motivated by the control of the levels of
environmental pollutants in natural waterways and
potable water. Under normal conditions, cesium is
not considered as a major contaminant of natural
and groundwaters. It preferentially adheres to soils,
thereby showing relatively low mobility. However,
in the case of a nuclear reactor accident large
amounts of radioactive cesium isotopes could be
released into aquatic environments, which will be
very dangerous for human health. That is why, the
use of ion-selective electrodes (ISEs) for the
detection of cesium has received much interest, and
many ligands used as sensing molecules in new
cesium ion-selective poly(vinyl chloride) (PVC)
membrane electrodes have been reported [1-3].

Calix[n]arenes and their derivatives act as
strong ligands, by selectively binding cations and
small organic molecules (such as chloroform,
toluene and fullerene). The presence of a cavity and
of specific electron donor sites results in their
ability to form stable host-guest systems with

* To whom all correspondence should be sent:
E-mail: naslan70@gmail.com
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electron-acceptor molecules and that is why they
are excellent complexing agents that are capable of
binding alkali-metal cations [4]. In this respect,
calixarenes have advantages over other classes of
macrocyclic compounds as ionophores for
poly(vinyl)chloride  (PVC)-based ion-selective
electrodes (ISEs) and ion-sensitive field effect
transistors (ISFETs) [2-5]. Recently Cs-ISEs have
seen increasing interest for clinical and
environmental analysis. However, in comparison
with sodium and potassium, only limited Cs-ISEs
based on crown ethers and neutral ionophores have
been reported [6-7]. In early studies about Cs-ISEs
based on ion-exchangers, tetraphenylborate and its
derivatives were reported [8]. Quadruply-bridged
calix[6]arenes were first used as ionophores by
Choi et al. Polymeric cesium ion-selective
electrode exhibited high selectivity over alkali,
alkaline earth and ammonium ions [9].

The purpose of this study was to develop a hew
cesium ion-selective electrode using the recently
synthesized 5,11,17,23,29,35-tert-butyl-37,39,41-
trimethoxy-38,40,42-tricyano-methoxy-
calix[6]arene as a neutral carrier and to use this
electrode for in situ determination of cesium ions in
waste water. The lifetime, response time, optimum
working range, and other response characteristics of
the electrode were determined.

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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2. EXPERIMENTAL

Reagents and solutions
5,11,17,23,29,35-tert-butyl-37,39,41-trime-
thoxy-38,40,42 - tricyanomethoxy — calyx [6] arene
was synthesized at the Department of Organic
Chemistry of Selguk University by the procedures
developed in ref. [10]. The structure of the
ionophore studied in this work is shown in Fig.1.
High-molecular-weight poly(vinylchloride) (PVC),
2-nitrophenyloctylether (2-NPOE), 2-
nitrophenylpentylether (2-NPPE), tetrahydrofuran
(THF) were obtained from Fluka as selectophores.

O 0) 3
\
Me

CN
Fig. 1. 5,11,17,23,29,35-tert-butyl-37,39,41-trimethoxy-
38,40,42-tricyanomethoxy-calix[6]arene.

Potassium tetrakis(p-chlorophenyl)borate
(KTpCIPB) and sodium tetraphenyl borate
(NaTPB) as lipophilic anionic additives were
obtained from Aldrich. Britton-Robinson (BR)
buffer solutions (pH 2-12) were used to investigate
the performance of the prepared cesium ion-
selective electrode. All chemical substances were of
reagent grade and were used without further
purification.  Metal solutions of  different
concentrations were made by dilution of 0.5 M
stock solutions of each metal ion. Deionized water
obtained from Human power I*, Ultra Pure Water
System was used throughout the experiments.

Membrane electrode

preparation

composition  and

The Cs'-selective electrode was constructed
using a PVC-based membrane as reported
previously [11-12]. The membrane was prepared by
dissolving optimized amounts of PVC, plasticizer,
liphophilic additives and ionophore in a ratio of
33.32: 64.86: 0.75: 1.06, respectively, in 5 mL of
tetrahydrofuran. The mixture was shaken
vigorously and the clear solution was poured onto a
glass disc 3.5 cm in diameter. The solvent was
allowed to evaporate at room temperature, until
polymeric membrane was obtained. For preparation
of the electrodes, 0.7 cm diameter disc of the
polymer membrane was cut and fixed to the end of

a glass tube with a diameter of 0.5 cm and a length
of 10 cm. The tube was then filled with internal
filling solution (1.0 x 10° M CaCl,). The prepared
PVC membrane electrode was conditioned for 24 h
by soaking in 1.0 x 10* M CsCl solution. A
silver/silver chloride electrode was used as an
internal reference electrode.

Apparatus and potential measurements

Using the double-junction Ag/AgCl reference
and the cesium-selective electrode the following
electrochemical cells were prepared.

Reference//Analyte solution//Membrane//Inner
filling solution/Ag,AgClI

The potential measurements were made by the
use of Orion 720A Model pH ion meter. The
reference electrode was a double-junction Ag/AgCl
electrode (Orion 9002) and the pH measurements
were done with an Ingold (10.402.3311) combined
glass pH electrode. The performance of the
proposed  cesium-selective  electrode  was
investigated by measuring the potential in Cs (1)
solutions prepared in the concentration range of 1.0
x 10" — 1.0 x 10® M. The working solutions were
stirred with a magnetic stirrer and the potentials
were recorded after the equilibrium potentials had
been reached.

3. RESULTS AND DISCUSSION

lon selectivity

It is well known that the sensitivity and the
selectivity of the ion-selective electrodes obtained
for a given ionophore not only depend on the ion-
binding properties of the ionophore but also
significantly on the membrane ingredients as
plasticizers, lipophilic additives and ratios of these
ingredients in the membrane [13-14]. The former is
an intrinsic property of the ionophore, while the
membrane  composition can be optimised
experimentally. The literature survey showed that
the usual range of composition in the preparation of
PVC matrix membrane electrodes was 1-7%
ionophore, 28-33% PVC (internal matrix), 60—69%
plasticiser (solvent) and 0.03-2% lipophilic anion
[15]. Since in preparation of many PVC membrane
electrodes a plasticizer/PVC ratio (m/m) of nearly 2
has resulted in wvery suitable performance
characteristics [16], this ratio was kept at about 2 in
optimization of the ingredients of the cesium (I)
ion-selective electrode proposed.
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Effect of the anionic sites

The presence of lipophilic anionic sites in the
cation-selective membrane electrode not only
lowers ohmic resistance and significantly reduces
response times and selectivity, but also enhances
the sensitivity of the membrane electrode especially
in case where the extraction capability of the
ionophore is poor [15, 17]. Morover, lipophilic
additives may catalyze the exchange Kinetics at the
membrane interface [18]. We prepared the
electrode by using potassium tetrakis(p-
chlorophenyl)borate (KTpCIPB) and sodium
tetraphenylborate (NaTPB) as a lipophilic anion.
The membrane containing sodium
tetraphenylborate (NaTPB) did not show any
response for cesium ions. This may be attributed to
the fact that sodium ions form ion pairs with the
tetraphenylborate that settle in the cavity of the
calix[6]arene and decrease the number of active
sites in the membrane.

Effect of the plasticizer

The influence of the plasticizer on the
characteristics of the cesium ion-selective electrode
was investigated. It is known that the nature of the
solvent mediator influences the dielectric constant
of the membrane phase, the mobility of the
ionophore molecules and the state of the ligands.
So, it plays an important role in determining the
ISE characteristics [19]. In our study, in order to
investigate the effect of the plasticizer on the
characteristics of the proposed electrode, two sets
of membranes of similar composition, but with
different plasticizers (2-NPOE or 2-NPPE) were
prepared and tested. We observed only minor
differences in the performance of the electrodes,
however slightly better selectivity was obtained
with 2-NPOE. That is why 2-NPOE was chosen for
the further experiments.

Working range and slope of the electrode

Over the concentration range 10" — 10° M of
cesium in the calibration solutions, the electrode
potential response was linear (Fig. 2). The slope of
the calibration curve was 55.3 £ 1.2 mV/pCs and
the detection limit, calculated as recommended by
IUPAC [20], was 4.36 x 10° M. The slope of the
electrode was found to be close to the Nernstian
value. Although the electrode does not give a full
Nernstian response, it is stated in the literature that
the electrodes with slopes in this vicinity range
could be used for analytical applications [21, 22].
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This range was found to be compatible with many
PVC membrane electrodes mentioned in the
literature [23 - 25].

Effect of pH on the response characteristics of
the electrode

The influence of pH on the response of the Cs
(I)-ion selective electrode with 0-NPPE as the

300
250 |
S 0 |
E 150 | ¢
“ 100 } .
50 | o
0 e
o 1 2 3 4 5 6 1

pCs

Fig.2. Calibration curve of the cesium ion-selective
electrode based on 5,11,17,23,29,35-tert-butyl-37,39,41-
trimethoxy-38,40,42-tricyanomethoxy-calix[6]arene
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Fig.3. The effect of pH of test solutions containing a)
1.0 x 102M (A) and b) 1.0 x 10° M (e) cesium ions on
the response of the Cs-selective electrode.

plasticizer was studied over the pH range 2 — 11 at
1.0 x 10% and 1.0 x 10° M Cs (I) containing
solutions. We found that the response
characteristics (response slope and linear working
range) of the electrode did not change by changing
the pH values of the solution in the range 3 — 10 (as
illustrated in Fig. 3). This can be taken as the useful
pH range over which the electrode can be used. All
further measurements were made at pH 6.0.

The lifetime and the response time of the
electrode

The lifetime of the electrode was determined by
recording its potential at an optimum pH value and
plotting its calibration curve for each day. No
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significant change in the slope of the electrode was
observed within one month, after which, a gradual
decrease in the working concentration range, slope
and response time of the electrode was registered.
The response time and the lifetime of the proposed
PVC membrane electrode is compatible with those
of most similar electrodes reported in the literature
[7, 21, 26]. The static response time was 4-5 s over
the working ranges of the electrodes and no change
was observed in 10 minutes.

Selectivity coefficients of the electrode

The selectivity coefficients for Cs (I) over a
variety of interfering ions were determined by the
fixed interference method, which is based on the
Nicolsky-Eisenman equation recommended by
IUPAC. In this work, the concentration of the
cesium ion was varied in the concentration range
1.0 x 10" — 1.0 x 10° M, while that of the
interfering ion was 1.0 x 10° M. It was observed
that the proposed Cs (I)-selective electrode is
highly selective with respect to a variety of other
common cations (K*, NH,", Na*, Li*, Mg**, Ca**,
Sr*, Ba*",Zzn*, Co*", Cd**, Ni**, Pb®"). The values
of the selectivity coefficients are listed in Table 1.
Table 1. Selectivity coefficients (k™ x) of the

cesium(l) ion-selective electrode using fixed interference
method

prepared cesium ion-selective electrode can be
employed as an indicator electrode. The titration
curve is given in Fig. 4.

The proposed electrode was also applied to the
determination of cesium ions in tap water. The
water sample was analyzed without pH adjustment
and filtering. The sample was divided into two
equal parts and each part was spiked with an aliquot
of a standard (1000 ppm) CsCI solution to give 5
and 10 ppm Cs®, respectively. The cesium content

in the sample was determined by direct
potentiometric measurement. The tested samples
250
4
00 | ° M P
* .
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Fig.4. Potentiometric titration curve for 25 mL of 1.0 x
102 M Cs"* solution with 0.1000 M NaB(CgHs)4, using
the proposed Cs(l)-ISE as an indicator electrode.

Table 2. Analysis of water samples spiked with
cesium(l)

Interfering  Selectivity Interfering Selectivity
ions coefficients ions coefficients
(sz,X) (sz,X)
K* 1.66 x102  Co* 3.16 x 10
Li* 1.00 x 102 Cu* 3.16 x 10
Na* 158x 102  Cd* 1.66 x 107
NH,* 7.38x10°  Ni* 3.16 x 10
Mg** 3.16 x 10*  Pb* 4.91 x 10*
Ca** 446 x10* S 4.37 x 10
zZn** 3.16 x 10™

Sample  [Cs] AES?, [Cs] ISE’,  Recovery
No ppm ppm (%)

1 5.19+0.02 5.03+£0.02 100.6

2 11.26+£0.12 11.43+0.03 114.3

The selectivity coefficients for some common
interfering ions of the proposed calix[6]arene-based
electrode are compatible with the corresponding
values previously reported for PVC-membrane Cs
(I)-selective electrodes based on different neutral

ion carriers [4, 7, 10, 13, 23].

Analytical applications

The electrode was used in the titration of 25.0
mL 1.0 x 10? M cesium ions with 0.1000 M
sodium tetraphenylborate. The titration curve was
plotted and the concentration of cesium ions was
determined in order to elucidate whether the

AAtomic emmission spectrometric method
*The developed Cs* ion-selective electrode

were also analyzed by atomic emission
spectrometry to determine the reliability of the
proposed electrode. As can be seen from Table 2,
the results were found to be reliable at the 95%
confidence level. Hence, the electrode prepared
could be successfully employed in potentiometric
titrations and direct potentiometric measurement of
cesium ions.

4. CONCLUSIONS

Calix[6]arene can be successfully used as an
ionophore in the cesium (I) ion-selective electrode.
The prepared Cs® ion-selective electrode can be
used to determine cesium ion concentrations in the
range 1.0 x 10" — 4.36 x 10° M with a slope of
55.3 £ 1.2 mV/pCs. This electrode is very easy to
prepare, shows high selectivity and sensitivity,
wide dynamic range, and low detection limit. The
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wide pH range (3-10), in which the electrode can be
employed, is suitable for application in natural
water samples without pH adjustment. It has a
relatively fast response time (less than 4-5 seconds)
and can be used for at least one month without any
considerable divergence in potentials. Unlike most
previously developed electrodes, for which there is
no reported analytical application, e.g., [14,15], the
electrode proposed in the present work is applied as
a sensor for the determination of cesium ions
concentration in tap water and the results show a
good correlation with those obtained by atomic
emission spectrometry. The electrode was also used
as an indicator electrode in the potentiometric
titration of cesium ions with  sodium
tetraphenylborate.
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HOB CEJIEKTUBEH KbM [IE3UEB IOH MEMEPAHEH EJIEKTPOJI OT PVC HA
OCHOBATA HA HOBIIOJIYYEHO KAJIMKC[6]JAPEHOBO ITPOMU3BOJHO

*
H. Acnau ™, E. Kanen®, M. IOnmas®, E. Kina®
& Kameopa no xumus, @axynmem no npupoonu nayku, Ynusepcumem Auxapa, Auxapa, Typyus
b
Kameopa no xumus, @axyrmem no uskycmesa u nayku, Ynusepcumem Cenuyk, Konus, Typyus

IMonyyena Ha 11 gekemBpu 2010; IIpuera Ha 4 ssHyapu 2011

(Pestome)

OmucaH e 1e3uii-CeNIeKTHBEH IOJUMEPEH MEMOpaHEeH eJEKTPOJl, Ha OCHOBaTa Ha HACKOPO CHHTE3UPaHO
kanukc[6]apenoBo  cbeaunenne  5,11,17,23,29,35-mepm-6ytun-37,39,41-rpumerokcu-38,40,42-TpHIIHAHOMETOKCH-
kanukc[6]apen. Enextpoabt nokassa moutu HepHeroB otkiuk Ha ifonu CS (I) npu mmpok quamna3oH Ha KOHICHTpAIUU
or 1.0x10™ 10 1.0x10° M ¢ srimoB koeduument 55.3 + 1.2 mV/p[Cs]. Pa3paboTeHns eIeKTpo ©Ma MHOTO KPAaTKO
BpeMe Ha OTKIHK (4-5 S) u Moxe j1a ce u3non3sa noue 30 qHU 0e3 HAKAKBO 3HAYUMO OTKJIOHEHHE Ha MOTCHIMAIUTE.
[MpeanokeHusT eNeKTPO MOKa3Ba BUCOKA CENEKTUBHOCT KbM ie3ueBuTe (I) oHM 1Mo OTHOIICHHE HAa HOHU HA alKaJIHH,
aNKaJO3eMHH , HSIKOU NPEXOJHH M TEXKU MeTand. [[OTCHIMOMETPUYHUIT OTKIMK He 3aBHcH OoT PH Ha omuTHHs
pastBop mpu u3MeHenune Ha PH ot 3.0-10.0. EnextpoabT Moxe ga ce H3IOI3Ba KaTO MHIMKATOPEH CJICKTPOI MU
MOTEHIIMOMETPHUYHO TUTpYBaHe Ha 1ie3ucBH () #oHu ¢ HaTpueB TeTpadeHUITOOPAT U 32 OMpEACIAHE Ha [e3ui B IPOOU
Ha BOJIONIPOBO/IHA BOJIA.

531



Bulgarian Chemical Communications, Volume 43, Number 4 (pp 532 — 537) 2011

The in vitro antioxidant and antibacterial activities of Tanacetum pinnatum boiss.
grown in Iran

A. Esmaeili*” and H. Amiri®

'Department of Chemical Engineering, North Tehran Branch, Islamic Azad University, Tehran, Iran
? Department of Biology, Lorestan University, Khoramabad, Iran.

Received February 22, 2010; Revised July 5, 2010

This study was designed to examine the in vitro antioxidant and antibacterial activities of the aerial parts of Tanacetum
pinnatum Boiss. GC and GC-MS analysis of the essential oil resulted in the identification of 25 compounds,
representing 98.7% of the oil content. The main components in the oils were camphor (23.2%), a-pinene (8.5%),
camphene (7.7%), 1,8-cineole (7.3%), S-eudesmol (5.8%) and caryophyllene oxide (5.6%). The possible antioxidant
and antibacterial activity of the samples was studied using the DPPH and the g-carotene-linoleic acid assays and the
disc agar diffusion test, respectively. In general, the nonpolar extract of T. pinnatum exhibited the greatest antioxidant
activity in the DPPH test system. The essential oil displayed the highest antioxidant activity in the g-carotene-linoleic

acid assay; it showed the best antibacterial activity against Staphylococcus aureus.

Keywords: Tanacetum pinnatum, antibacterial activity, camphor, a-pinene, antioxidant activity.

1. INTRODUCTION

The Tanacetum genus is represented in Iran’s
flora by 26 species including 12 endemics [1, 2].
Plants belonging to the Tanacetum genus are
reputed to have excellent medicinal values, and a
large number of sesquiterpenoids and sesquiterpene
lactones, which are typical constituents of these
drugs, have been isolated from Tanacetum species.
These compounds might be partly or wholly
responsible for the effect exhibited by the plants.
Since the Middle Ages the plant T. parthenium has
been used in the treatment of migraine, asthma,
rheumatism and gynecological problems [3].
Previously, sesquiterpene lactones have been
identified in the aerial parts of T. polycephalum [4].
The essential oil of T. vulgare has displayed
antibacterial activity [5-7] and its sesquiterpene
lactones [8] T. pinnatum, T. khorassanicum and T.
fruticulosum have been the subject of our previous
studies [9-11]. Sesquiterpene lactones in T. indicum
var. tuneful [12], and T. argyrophyllum [13], and
terpenoid constituents in the oils of T. cilicium, T.
corymbosum and T. macrophyllum have been
reported.  Anticoagulant and  antifibrinolytic
properties of these oils have also been reported [14-
22].  Many applications, including  food

* To whom all correspondence should be sent:
E-mail: akbaresmaeili@iau.ac.ir:
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preservation, pharmaceuticals, alternative medicine
and natural therapies, related to the antimicrobial
and antioxidant activities of plant oils and extracts
have been reported [23]. 25 components have been
identified in the oil of T. pinnatum, in which
camphor (23.2%), a-pinene (8.5%) and camphene
(7.7%) were the main components [24]. The extract
of T. pinnatum exhibited the greatest antioxidant
activity in the DPPH test system. In the j-carotene-
linoleic acid test system the highest antibacterial
effect was displayed against Staphylococcus
aureus.

2. EXPERIMENTAL

Plant Mmaterial

The samples of T. pinnatum were collected
during the flowering stage from Khoramabad,
Province of Lorestan, Iran, in June 2008. VVoucher
specimens were deposited at the Herbarium of the
Research Center of Lorestan, Khoramabad, Iran.

Oil isolation

The aerial parts of T. pinnatum (200 g) were
subjected to hydrodistillation for 3 h in a
Clevenger-type apparatus. After decanting and
drying of the oils over anhydrous sodium sulfate,
the corresponding oils were isolated in yields of
0.35% (wiw).

Preparation of methanol extracts

The essential oil (5 pg) was dissolved in a
minimum amount of methanol. The obtained

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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sample was used in the antibacterial and antioxidant
activity tests.

Analysis

GC analysis of the oils was performed on a
Shimadzu 15A gas chromatograph equipped with a
split/splitless injector (250°C). Nitrogen was used
as carrier gas (1 mL/min), and the capillary column
used was DB-5 (50 m x 0.2 mm, film thickness
0.32 um). The column temperature was maintained
at 60°C for 3 min, then increased to 220°C with a
rate of 5°C/min and kept at 220°C for 5 min.

GC/MS analysis was performed using a
Hewlett-Packard 6890/5973 instrument with an HP-
5MS column (30 m x 0.25 mm, film thickness 0.25
um). The column temperature was maintained at
60°C for 3 min, then programmed to 220°C at a
rate of 5 °C/min, and kept at 220°C for 5 min. The
flow rate of the helium carrier gas was 1 mL/min.
MS was taken at 70 eV.

Identification of the constituents of each oil was
made by comparison of their mass spectra and
retention indices (RI) with those given in the
literature for authentic samples [25, 26]. Relative
percentage amounts were calculated from the peak
areas using a Shimadzu C-R4A Chromatopac
without correction factors.

Antibacterial Activity
A collection of four microorganisms was used,

including the Gram-positive bacteria
Staphylococcus aureus (PTCC 1113),
Staphylococcus  epidermidis  (PTCC  1349),

Staphylococcus saprophyticus ( PTCC 1379 ) and
the Gram-negative bacteria Erichia coli ( PTCC
1330) and Pseudomonas aeruginosa (PTCC 1310)
identified by the Research Centre of Science and
Industry, Tehran, Iran.

The microorganisms (obtained from enriched
culture of the microorganisms in 1 mL of Mueller-
Hinton broth incubated at 37 °C for 12 h) were
cultured on Mueller-Hinton agar medium.

The following method was used to measure the
antibacterial activity: 40 pL of diluted essential oil
(40 pL oil in 2 mL DMSO 10%) were added to 200
pL of a microbial suspension (1 loop from the
medium in physiological serum that corresponded
to a 0.5 McFarland standard) in well 1 of a
microplate, and 100 uL from this well were added
to a 100 pL microbial suspension in well 2, and
thiscontinued until 8 wells in the microplate were
filled. The microplates were incubated at 37°C for
24 h.

Antioxidant activity

DPPH assay

The 2,2-diphenyl-1-picrylhydrazyl (DPPH)
assay usually involves hydrogen atom transfer
reaction, but, based on kinetic data, electron
transfer mechanism has also been suggested for this
assay [27, 28]. The radical-scavenging activity
(RSA) of T. pinnatum essential oils was determined
using a published DPPH radical-scavenging activity
assay method [29, 30] with minor modifications.
The decrease in absorbance at 517 nm was
measured on a Perkin-Elmer spectrophotometer for
all samples. Methanol was used to zero the
spectrophotometer. The absorbance of the DPPH
radical without antioxidant (control sample) was
measured daily. Special care was taken to minimize
the loss of free radical activity of the DPPH radical
stock solution.

The inhibition percentage of free radical DPPH
(1%) was calculated as follows:

| %=[(Ablank'Asample)/Ablank] x100

where Ak IS the absorbance of the control sample
(containing all reagents except the test compound),
and Aqmpie 1S the absorbance of the test compound.
The sample concentration providing 50% inhibition
(ICs) was calculated by plotting inhibition
percentage against sample concentration. All tests
were carried out in triplicate and 1Cs, values were
reported as means + SD of triplicates.

S-Carotene/linoleic acid bleaching assay

Antioxidant activity was determined by
measuring the inhibition of volatile organic
compounds and conjugated diene hydroperoxides
arising from linoleic acid oxidation. The method
described by Miraliakbari and Shahidi (2008) [30]
was used with slight modifications. A stock
solution of p-carotene and linoleic acid was
prepared with 0.5mg of p-carotene in 1ml
chloroform, 25 pl of linoleic acid and 200 mg of
Tween 40. The chloroform was evaporated under
vacuum and 100 ml of aerated distilled water were
then added to the residue. The samples (2 g/l) were
dissolved in DMSO and 350 pl of each sample
solution were added to 2.5 ml of the above mixture
in test tubes. The test tubes were incubated in a
water bath at 50 °C for 2 h, together with two
blanks, one containing the antioxidant BHT as a
positive control and the other containing the same
volume of DMSO instead of the extracts. The test
tube with BHT maintained its yellow color during
the incubation period. The absorbances were
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measured at 470 nm on an ultraviolet spectrometer.
Antioxidant activities (inhibition percentage, 1%) of
the samples were calculated using the following
equation:

1% = (A f-carotene after 2h assay / Ainitial /f—carotene) x100

where Ag.carorene after 21 assay 1S the absorbance of j-
carotene remaining in the samples after 2 h and
Ainitial p-carotene 1S the absorbance of S-carotene at the
beginning of the experiments. All tests were carried
out in triplicate and inhibition percentages were
reported as means + SD of triplicates.

3. RESULTS AND DISCUSSION
Chemical composition of essential oils

The percentage chemical compositions of the
essential oil from the aerial parts of T. pinnatum
Boiss. are listed in Table 1. 25 components
representing 98.7% of the oil were identified. The
main components of the oil were: camphor
(23.2%), a-pinene (8.5%) and camphene (7.7%),
1,8-cineole (7.3%), p-eudesmol (5.8%), and
caryophyllene oxide (5.6%).

Table 1. Percentage composition of the oils in the aerial
parts of Tanacetum pinnatum

Compound RI* %

a-Thujene 931 0.6
a- Pinene 939 8.5
Camphene 953 1.7
B-Pinene 980 11
p-Cymene 1026 4.2
1,8- Cineole[] 1033 7.3
y-Terpinene 1062 05
Linalool 1098 45
2,6-Dimethyl phenol 1102 11
Ocimene 1129 46
Camphor 1143 23.2
Borneol 1165 4.6
Terpin-4-ol 1177 1.2
cis-Pinocarveol 1183 1.8
Dihydro carveol 1192 0.6
Myrtenol 1193 138
Methyl chavicol 1195 10

Dihydro myrcenol acetate 1215 26
Sabinene hydrate acetate 1219 0.7

cis-Carveol 1229 1.3
Carvacrol 1356 34
Caryophyllene oxide 1581 5.6
a-Muurolol 1645 3.2
B-Eudesmol 1649 5.8
Hexadecanoic acid 1970 1.8
Total 98.7

Other notable constituents in the oil from the
aerial parts of the plant were: ocimene (4.6%),
borneol (4.6%), p-cymene (4.2%) and linalool
(4.5%). One of the studies [31] compared the
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composition of essential oils from T. argyrophyllum
L. and T. parthenium L, determined by GC/MS. In
our experiments, the a-pinene content was 8.5% for
T. pinnatum, which complies with the above-
mentioned results.

Camphor is usually externally applied to relieve
arthritic and rheumatic pains. It is also used in
steam vaporizers to control coughs by producing a
local anesthetic action to the throat and to loosen
congestion due to colds [32, 33].

Both enantiomers of camphor are found in
nature, but the (—)-form is less common compared
to the (+)-form. Although these two enantiomers
have similar camphoraceous odor [32], little is
known about their biological activity. According to
Ravid et al. [33], enantiomerically pure (-)-
camphor (100%) was found in T. parthenium, while
T. wvulgare was rich in (+)-camphor (75%).
Enantioselective analysis can easily differentiate
between these two common Tanacetum oils.
Enantiomerically pure (-)-camphor (100%) was
also detected in T. armenum and T. haradjani leaf
oils [34]. a-Pinene enantiomers are widespread in
the nature. a-Pinene is used in fragrance industry as
a starting material for the synthesis of terpineols,
borneol and camphor [32]. (+)-a-Pinene has a slight
minty-terpene odor while (-)-a-pinene has a
coniferous odor. Yassaa and W.illiam recently
reported that (+)-« -pinene was the major
enantiomer in the Pinus sylvestris chemotypes [33].

Determination of antioxidant activity with the
2,2'-diphenyl-1-picrylhydrazyl (DPPH) radical

The antioxidant activity of the essential oil of T.
pinnatum was determined by the scavenging
method using two different test systems, namely
DPPH and p-carotene/linoleic  acid. The
antioxidant activity of volatile compounds was
measured in terms of hydrogen donating or radical
scavenging ability, using the stable radical DPPH.
The degree of discoloration indicates the free
radical scavenging potentials of sample/antioxidant
and it has been found that known antioxidants such
as cysteine, glutathione, ascorbic acid, tocopherol
and polyhydroxy-aromatic compounds reduce
DPPH by their hydrogen donating ability [36]. In
the present study, the weakest radical scavenging
activity was exhibited by the essential oil
(568.1£4.3 pug ml™"). The antioxidant activity of the
essential oil was superior to that of all samples
tested with an 1Cs; value of 151.9+ 0.6 ug ml™". On
the other hand, none of the samples showed activity
as strong as the positive control BHT (88.4 +0.4
ug ml™). Particularly, synergistic effects of
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Table 2. Antibacterial activity of the oils from the aerial parts of Tanacetum pinnatum based on the dilution method
using four reagents. Values represent the mean diameter of the inhibitory zone (mm)

Bacterial Species Gram +/— Plantoils Gentamicin Penicillin Sefazolin Norfloxacin
Staphylococcus + 24.2 0.0 0.0 15.7 0.0
aureus
PTCC 1113
Staphylococcus + 32.7 30.3 21.0 30.3 31.0
epidermidis
PTCC 1349
Staphylococcus + 29.7 0.0 25.0 20.0 11.0
Saprophyticus
PTCC 1379
Escherichia coli - 9.3 19.0 0.0 17.7 28.3
PTCC 1330
Pseudomonas aeruginosa - 15.4 15.6 0.0 15.3 30.3
PTCC 1310 1349)
phenolic acids e.g., rosmarinic acid and Staphyloco

polyphenols, as well as other chemicals such as
flavonoids could be also taken into account for the
radical scavenging activity observed in methanol
extracts [37].

In the S-carotene/linoleic acid model system, j-
carotene undergoes rapid discoloration in the
absence of an antioxidant. This is because of the
coupled oxidation of g-carotene and linoleic acid,
which generates free radicals. The linoleic acid free
radical formed upon abstraction of a hydrogen atom
from one of its diallylic methylene groups attacks
the highly unsaturated p-carotene molecules. As a
result, s-carotene is oxidized and broken down in
part; subsequently the system loses its chromophore
and characteristic orange color, which is
spectrophotometrically monitored. The % inhibition
capacity of the essential oil (88.4+1.2) was found to
be superior to that of the sample which is nearest to
the inhibition capacity of the positive control BHT
(96.2 +0.9).

The auto-oxidation of linoleic acid without
volatiles and methanol extracts accompanies the
rapid increase of peroxides. According to Farag et
al. (1989)[38], there is a relationship between the
inhibition of hydroperoxide formation and the
presence of phenolic nuclei in the essential oils and
extracts. The antioxidative effectiveness of natural
sources has been reported to be mostly due to
phenolic compounds [39].

Antibacterial activity

The results of the antibacterial screening
showed that T. pinnatum oil was active against the
Gram-positive bacteria Staphylococcus aureus
(PTCC 1113), Staphylococcus epidermidis (PTCC

ccus saprophyticus (PTCC 1379 ) (36, 23 and 22
mm diameter respectively). The same oil showed
inhibitory activity against the Gram-negative
bacteria Escherichia coli (PTCC 1330)

while Pseudomonas aeruginosa (PTCC 1310) (36,
31 and 29 mm diameter respectively) had only
moderate inhibitory activity against Escherichia
coli (9.3 mm diameter). The results of the
antibacterial screening showed that T. pinnatum oil
was insensitive against Gram-positive and Gram-
negative bacteria except Escherichia coli Gram-
negative bacteria, for which it had only moderate
activity (14.0 mm diameter) (Table 2).

4. CONCLUSIONS

The purpose of this research was to study the in
vitro antioxidant and antibacterial activities of
Tanacetum pinnatum Boiss. grown in Iran. The
essential oil is bactericidal for certain strains tested.
The antioxidant activity of T. pinnatum may help in
preventing oxidative damages in the human body,
such as lipid peroxidation, associated with cancer
and diabetes. The essential oil of T. pinnatum
exhibited greatest antioxidant activity in the DPPH
and p-carotene—linoleic acid test systems. The oil of
T. pinnatum exhibited the highest antibacterial
activity against Staphylococcus aureus. The
essential oil of T. pinnatum may be used in
perfumery.
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AHTUOKCHUJIAHTHO Y AHTUBAKTEPHUAJTHO JEUCTBHUE IN VITRO HA TANACETUM
PINNATUM BOISS., PACTAIIO B UPAH

A. Ucmaun® u X. Amupu®

1Kamedpa no unscenepra xumus, Knon Cesepen Tetipan, Hcnamcku yuusepcumem Aszao, Teiipan, Hpan
’Kameopa no 6uonozus, Ynusepcumem Jlopecman, Kxopama6ao, Hpan

[omyyena Ha 22 pepyapu 2010; I[Tpepadorena Ha 5 romm 2010

(Pe3tome)

ToBa m3cienBaHe € MpeIHa3HAYeHO Ja NPOBEPH aHTHOKCHIAHTHOTO U aHTHOAKTEPHAIIHO AeiicTBHE iN Vitro Ha
HaI3eMHATa 4acT Ha Tanacetum pinnatum boiss., pacrsiuo B Upan. B pesynrar na ananu3 upe3 GC u GC-MS Ha
eTePUYHOTO MAaCJI0 ca HACHTUGHUIMpaHH 25 cbeanHeHus, npencrasasBamm 98.7% OT chIbpKaHHETO Ha MAacioTO.
OCHOBHHUTE KOMIIOHEHTH Ha MacioTo ca kambop (23.2%), a- nunen (8.5%),%), kamben (7.7%), 1,8-uuneon (7.3%), f-
eynecmon (5.8%) u kapuodunenen okcun (5.6%). B3M0KHOTO aHTHOKCHIAHTHOTO W aHTHOAKTEPUATHO JIEUCTBHE Ha
npobure e usciaensano upes DPPH u f- kapoTuH-mMHONEBa KUCeNWHA M JUCKOBa AUQY3ust B arap, cboTBeTHO. Ilo
OPUHIMI HEMOMSAPHHUAT SKCTpakT Ha 7. pinnatum rokasa HaW-roynsMa aHTHOKCHAAHTHA aKTHBHOCT MPH TECTOBATa
cucrema ¢ DPPH. EtepuuHoTo Macio mposiBM Hali-BHCOKa aHTHOKCHIAHTHA aKTUBHOCT IIPH M3CIEIBaHUATA C f-
KapOTHH-JMHOJIEBA KHCEINHA, TO MOKa3a Hail-1o0po aHTHOAKTepHaIHO AeicTBre cperry Staphylococcus aureus.
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The inhibition efficiencies of inhibitor systemenstituting various combinations of catechol amttZons in controlling
corrosion of carbon steel immersed in ground wiieB days was evaluated by the weight-loss meth66.ppm of Zf" has only
15% inhibition efficiency (IE). When 100 ppm ofteahol was added, the IE increased to 90%. Weig#-method, polarization
studies and AC impedance spectra were employedn@hee of the protective film formed on the metatface was analyzed by
FTIR spectroscopy. The protective film was foundctmsist of F& - catechol complex. Synergism parameters and sisabf
variance (ANOVA) were used to evaluate the syn&ogedfect existing between the inhibitors.

Keywords: Carbon steel, corrosion inhibition, catechol, stteynergistic effect, FTIR.

[15]. Viswanathanet al [16] have studied the
1. INTRODUCTION inhibitory action of methoxy phenol (MPH) and
Corrosion and scaling of carbon steel may b@&onyl phenol (NPH) on the corrosion of N80 steel in
inhibited by the use of inhibitors. It has been15% HCI. MPH and NPH have shown maximum
observed that the effect of corrosion inhibitors ignhibition at about 83 and 78% inhibitor
always caused by change in the state of theoncentration in the acid, respectively, after 6 h
protected surface due to adsorption or formation adxposure test at ambient temperature. Kulkairiail.
hardly soluble compounds with metal cations. A17] have studied the inhibition of the corrosidn o
review including extensive listing of various typesmild steel in nitric acid, sulphuric acid and
of organic inhibitors has been published [1]. Thehydrochloric acid media by phenols. The trend
most often used corrosion inhibitors are nitrogenpbserved was: p-cresol>m-cresol>phenol>2-
sulphur, oxygen and phosphorous containinghaphthol>1-naphthol>2-nitrophenol. Among
compounds [2-6]. These compounds get adsorbataphthols, 2-naphthol was stronger inhibitor than 1
onto the metal from the bulk of the environment anehaphthol. In general, 2-naphthol and p-cresol were
form a film at the metal surface. The inhibitionfound to be stronger over the range of
efficiency (IE) increases in the order O<N<S<P [7]concentrations of acids used.
The corrosion inhibition of metals in acidic media  The corrosion inhibition characteristics of
by different types of organic compounds has beenitrophenol-ZA*, thiophenol-MA" in ground water
widely studied [8-13]. The inhibition action of and hydroquinone-Zfin well water was studied by
organic molecules is primarily due to theirBenitaet al.[18-20] in controlling the corrosion of
adsorption on the surface of the metal through thearbon steel. Most of the industries require whter
presence of active centres. Rodgeal. [14] have cooling purpose. The major problems in the
evaluated the effect of phenol on the corrosion ohdustrial use of the cooling water systems are the
mild steel in nitric acid of various concentrations corrosion of the metal equipment and the scale
The percent loss in weight was found to increasformation. Hence, an attempt was made to assess the
linearly with increase in acid concentration. TEe | inhibition efficiency of catechol with zinc ions in
values were ordered as followsp-cresol>m  controlling the corrosion of carbon steel in ground
cresol>2-naphthol>phenol>1-naphthol>2- water.
nitrophenol. Mulleret al have studied the use of The aim of the present study was:
phenol and substituted phenols such as aminal. To evaluate the inhibition efficiency of
phenols and nitro phenols for aluminium pigment ircatechol in controlling the corrosion of carboreste
acid and alkaline medium as corrosion inhibitorammersed in ground water in the presence and
absence of zinc ions;
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2. To evaluate the synergistic effect ofb,) were measured. During the polarization study,
catechol and zinc ions by determining synergisnthe scan rate (V/s) was 0.01; hold time at Ef (8% w
parameters; zero and quiet time (s) was 2. The values gf |

3. To investigate whether the synergistic effectwere used to calculate the inhibition efficiencings
established for this inhibitor system is statidljca the following equation:

e ot carinnce (ANGYAy O e Friest sing 1E% = (o — Feon)! 1%0d] X 100,

4. To propose a suitable mechanism ofwhere Peorand feorare the corrosion current density
corrosion inhibition based on the results obtainestalues in the absence and presence of inhibitor,
from the weight-loss method, FTIR, AC impedanceespectively.
and polarization studies. AC impedance spectra were recorded on the

2. METHODS AND MATERIALS instrument used for polarization study, using the

. - ame three-electrode cell assembly. The real part
m 0
Carbon stee| specimens (containing 0.03% ?Z’) and the imaginary part (Z") of the cell

0 ) 0 i i
0.05% P, 0.5% Mn, and 0.15% C) of dimension mpedance were measured in Ohms for various

1.0x4.0x0.2 cm were used in the weight-loss study, . .
Carbon steel encapsulated in Teflon, polished gggggleenu;? e-:hecgggz:?t(;r:::aenst{% rizlf, t:sn Q)e\ifge

mirror finish and degreased with trichloroethylene,
) alculated.
with surface area of the exposed metal surface B

cn?, was used in the electrochemical studies. resisttar:cé& * R) - R, where B = solution

The experiments were carried out at room Co = 1/ R f h f _ :
temperature (36° C). Three carbon steel specimens ~4 ~ Z0 Rl max WNEIE Tmax = Maximum
were immersed in 100 ml of solutions containing?requency'

ground water and various concentrations of catechal The R values estimated from the above-

in the absence and presence of'ZZnSQ. 7H,0) mentioned equivalent circuit were used to calculate

for a period of 3 days. The weights of the spec'snenlE% according to the following equation:

before and after immersion were determined using a IE%= [(R— R/ R] x 100,

Shimadzu balance AY62. Inhibition efficiency (IE) Where R, and R;are the charge transfer resistances

was calculated from the relationship IE = (1/W;) in the absence and presence of additive,

x 100, where W= corrosion rate in the absence offespectively.

inhibitor, and W = corrosion rate in the presence of Carbon steel specimens immersed in a blank

inhibitor. and in an inhibitor solution for a period of oneyda
After being immersed in the test solutions, thevere taken out, rinsed with redistilled water, drie

specimens were taken out and dried. The nature 8nd observed in a scanning electron microscope to

the film formed on the surface of the metal€xamine the surface morphology. The surface

specimens was analyzed by surface analysiorphology measurements of the carbon steel were

technique. IR spectra were recorded with the Perkiperformed on a Hitachi S-3000 H computer-

Elmer 1600 spectrophotometer. The FTIR spectrurgontrolled scanning electron microscope.3.

of the protective film was recorded by carefully 3. RESULTS AND DISCUSSION

removing the film, mixing it with KBr and The ground water used in this study is given in
preparing a pellet. , , Table 1. The corrosion rates of carbon steel,
The polarization study was carried out in an Hhmersed in ground water in the absence and
and CH electrochemical workstation impedanc%resence of catechol and Zndetermined by the
analyzer Model CHI 660A provided with IR eight-loss method, are presented in Table 2. The
compensation facility, using a three-electrode cellhibition efficiencies are presented in Table 3.
assembly. Carbon steel was used as working i js seen from Table 2 that when carbon steel

electrode, platinum as counter electrode angas jmmersed in ground water, the corrosion rate
saturated calomel electrode (SCE) as referenggys 139 29 mpy. Upon addition of various

electrode. After having done iR compensationg,ncentrations of catechol, the corrosion rate lslow
polarization study was carried out at a SWeepohte gocreased, i.e., the metal was protected against
0.01 V/s. The corrosion parameters such as linegh rosion

polarization resistance (LPR), corrosion potential The influence of a divalent metal ion Znon
Ecor, COrTosion currentchr and Tafel slopes (@nd  he jnnibition efficiency of catechol in controltjn
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Table 1. Water Quality Parameters the corrosion of carbon steel, is given in Tabldt 3.
Parameters Value is seen that the addition of 250 ppm of catechol
pH 730 alone gives a maximum IE?of 52% and additions of

: . various concentrations of Zrions to ground water
Total _DISSOIVed Solids 1236 ppm offer a maximum IE of 15% at 100g ppm of ZZn
Chloride 232 ppm The combination of Zi and catechol provides for
Sulphate 75 ppm better IE. For example, 100 ppm ofZgives an IE
Total Hardness 416 ppm of 15%; 100 ppm of catechol gives an IE of 32%,
Conductivity 1792umhos/cm while their simultaneous use offers a maximum

inhibition efficiency of 90%. The improvement in

Table 2. Corrosion rates (CR) obtained from catechol?*Zystem, when carbon steel
is immersed in ground water. Inhibitor: Catechoh%Z

Catechol (ppm) Corrosion rate (CR) mpy*
- 0 10 25 50 75 100
0 132.29 132.32 128.14 126.75 122.57 118.39
50 78 78 32 17 12 13
100 59 78 81 22 58 8
150 48 66 35 27 17 22
200 43 43 48 32 23 25
250 41 61 50 37 28 17

*) mpy- mils per year

Table 3. Inhibition efficiencies (IE) obtained from cate¢h@n®* system, when
carbon steel is immersed in ground water. Inhibifatechol +Zh

Catechol (ppm) Corrosion rate (CR) mpy*

- 0 10 25 50 75 100

0 0 5 8 9 12 15

50 10 10 64 81 87 85

100 32 10 6 75 83 90
150 45 23 25 69 81 75
200 50 50 44 64 73 71
250 52 29 42 58 67 80

Inhibitor: Catechol +Zh

Table4 Synergism parameters derived from inhibition effidies of Catechol-Zhsystem.

Catechol n*
(ppm) 0 0 S 25 S 50 S 75 S 100 S
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

0 0 0 5 - 8 - 9 - 12 - 15
50 50 10 10 0.95 64 2.30 29 1.15 81 4.16 85
100 100 32 23 0.72 6 0.66 67 1.87 33 0.89 90
150 150 45 50 0.68 25 0.67 76 2.08 81 2.54 75
200 200 50 29 0.95 44 0.82 72 1.62 73 1.62 71
250 250 52 27 0.64 42 0.76 64 1.21 67 1.28 80

the protection efficiency was attributed to the @, = Surface coveragé| of inhibitor catechol
synergistic effect resulting from the combinatidn o @, = Surface coveragé() of inhibitor Zrf*
the two inhibitors, Zfi and catechol, which form a 0’1, = Combined surface coveragd) of
complex. As a result of the complex formation, the ;,ninitor catechol and 7
inhibitor molecules are readily transported frora th
bulk of the solution to the metal surface [21-23].
Synergism parameters JSwere calculated
using the relation

Synergism parameters are indicative of the
synergistic effect existing between two inhibitors
[24-26]. The values of the synergism parameters
(Table 4) are greater than unity, indicating a

B synergistic effect existing between?Zand various
§ = concentrations of catechol.
10’112 To investigate whether the influence of’Zon
where: the inhibition efficiency of catechol is statisfiga
01.=(0:1+0,)—(60.0)) significant, analysis of variance (F-test) was iealrr
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Tableb5. Distribution of F — value between the inhibitiofi@encies of various concentrations
of catechol (0 ppm Z) and the inhibition efficiencies of catechol irepence of 10, 25, 50, 75, 100 ppni‘Zn

Zn**  Source o Sum of Degreeso Mean F Level of
(ppm}  varianct square freedon squar: significance
10 Between 300 1 300 1.09 P <0.05
Within 2197.68 8 274.71
o5 Between 2.16 1 2.16 0.005 P <0.05
Within 3386.15 8 423.27 64.79
50 Between 3267 1 3267 1.74 P <0.05
Within 1877.68 8 234.71
75 Between 3137.64 1 3137.64 7.64 P <0.05
Within 1812.83 8 410.71
100 Be'FW('aen 5292 1 5292 20.72 P <0.05
Within 2043.68 8

255.46

out [27-28]. The results are given in Table 5. As 459 -
can be seen, the influence of 10, 25, 50, 75 afd 10 €04 ;
ppm of ZA* on the inhibition efficiencies of 50, (551 CEEEE ETE
100, 150, 200, 250 ppm of catechol is investigated.
The obtained F-value of 1.09 for 10 ppm?Zn
0.005 for 25 ppm Zii and 1.74 for 50 ppm Zhis

not statistically significant, since it is less htine
critical F-value of 5.32 for 1.8 degrees of freedom
at a 0.05 level of significance. Therefore, it is
concluded that the influence of 10 ppm?*Zr25
ppm Zrf* and 50 ppm Z# on the inhibition L :
efficiencies of various concentrations of catedhol 030 040 050 060 070 080 080 400 410
not statistically significant.

The obtained F-value of 7.64 for 75 ppm of
Zn** and 20.72 for 100 ppm Zhis statistically ~ Fig. 1. Polarization curves of carbon steel immersed in
significant, since it is greater than the critiéal  test solution. (a) Ground water (b) Ground water
value of 5.32 for 1.8 degrees of freedom at a 0.05cONtaining 100 ppm of catechol and’zn
level of significance. Therefore, it is concluded o N

£.04 :
854 5 5@ o 5 5o
-0
751

log(Current/A)

4.0

Potential / V

that the influence of 75 ppm Zrand 100 ppm Zi E0 RN R RS R A

on the inhibition efficiencies of various R R R

concentrations of catechol is statistically POF R SRR TR

significant. N 1000...:... . e b
The potentiodynamic polarization curves of = | =

carbon steel immersed in ground water in the N : : ®

absence and presence of inhibitors are shown ir ™1 %

Fig.1. The corrosion parameters such as corrosior il : :

potential (Eon), corrosion current ), Tafel 20 - @ R R

(LPR) are given in Table 6. When carbon steel was P SRR Ry

immersed in ground water, the corrosion potential 0 B0 00010020 2500000 3004000

slopes (R b)) and linear polarization resistance was Z' / ohm

-807 mVvs SCE. In presence of the inhibitors (100 Fjg2. AC impedance spectra of carbon steel immersed
ppm of catechol and 100 ppm of 2n the  in test solution.(a) Ground water (b) Ground water
corrosion potential shifted to the anodic side ¢-69 containing 100 ppm of catechol and®Zn

mV vs SCE). The electron transfer became MOre 4. reased from 7.157 x -Laven? to 3.965 x 16

difficult, since the metal surface has become mnoble AlcnE. These results suggest that a protective film
This fact was supported by the observation that the : 99 P

LPR value increased from 4.95 x*10hm ¢ to (probably of Fé&-catechol complex) is formed on

1.069 x 16 Ohm e and the corrosion current the metal surface, thus preventmg the electron
transfer process and corrosion [29].
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Table 6. Corrosion parameters of carbon steel immersedanrgt water in the absence and presence of intsbitor
obtained by potentiodynamic polarization methodibitor system: catechol + Zh

E o) LPR | IE
System -COIT, bC a rnz corr o
vs. SCE mV/ mV/ Qc A/0.00785 %
mV decade decade cn?
Ground water -807 196.9 139.2 4.95x 10 7.157x10 80.5
Ground water 690
+ 100 ppm of catechol ~ 260.1 156 1.069x16 3.965x10’
+ 100 ppm of Zrf*
) : : : - : 3% g
see e : :
223_00_000”“00000"!0 f""..i.““. o L asu-..“uuuuinonu."“...".“....... o
AL EERT R - R PR L Wy EEES EEX AL TR
e S o S S ..' b w3 . e R ":
2 : : : * ST I |
ERIT : £ *
% ] ¢ COLE -
N ] SEEEYE [
E’b 2t 1 ] LV E '
204 q M 315 4 L
200 : : : 310 (13
196 4 5 8aaa G 50 o a6 g 8aaa G 50 o 'S 35 : E
12 : ‘ - ? : ‘ : 0 ‘. ; ‘. ; ; f ; L
10 15 Hij 25 3 35 40 45 Hij 10 15 20 25 i 15 40 43 50
log (Freq/Hz) log (FreqHz)
m : ‘ ' ? : ‘ ' [ Rl : ¥
wd T Y ) 5 '
: G G . B0 4 . : ' R e e S : '] L
G903 - T A [ Lo L 5
.. g0 . - . o S L .
g ang - F o : iy
2w o < w] S
H . : : : ' : .
.—: L o . ) o ot % w0l - : e o066 oo o
& - ' : o 2 X
10 : Do : .'... . and 5 5Gaaoaas . T S
R . "'." L ]
1]essseseganssnanssnsosnnnd®0it . L . A :....t':
: : : st :
iU " " T u u u u 1 nn.nnnn.lln..'.'.."'.....'
10 15 Hij 25 kiij 35 40 45 Hij 1 - 1'5 v Z‘U 2'5 3‘0 3‘5 4?0 4‘5 0
log (Freq/Hz) log (FreqHz)

Fig. 3. Analysis of Bode plot. (a)The Bode plot of carlsteel immersed in Ground water. b) The Bode platanbon
steel immersed in Ground water containing 100 ppoatechol and ZA.

The IE% calculated by the weight-loss method on the metal surface, which prevented further
and by the polarization study slightly differed and corrosion.
this difference may be attributed to the change in  The prevention of corrosion was further
surface state during polarization, which plays ansupported by the decrease in the double layer
important role in the adsorption process [30]. capacitance value (from 3.14 x®B/cnf to 1.78 x
When carbon steel was immersed in ground10°® F/cnf) is given in Table 7. The polarization
water, the Rvalue was found to be 162.23 Ohm study rapidly measures the rate of electron transfe
cnt. The G value was 3.14 x 1DF/cnf. Upon  reactions, while AC impedance spectra shown in
addition of 100 ppm of catechol and 100 ppm of Fig.2 record the prolonged formation of a
Zn**, the R value increased to 2869.0 OhmZxm protective film on the metal surface. This behawiou
This pointed to the formation of a protective film means that the film obtained acts as a barriehéo t
on the metal surface, probably by deposition of Zn corrosion process and clearly proves the film
Fe— F€" + 2¢ formation and adsorption of inhibitor on the metal
Zh+2e — Zn surface [31].
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Table 7. AC- Impedance parameter of carbon steel immersétkipresence of inhibitors obtained from AC impezia

spectra.

System R Cai

Impedance IE

Qcn?  F/0.00785 crh  log (z/Q) %

Ground water 162.23 3.14x%0 2.287

Ground water + 100 2869 1.78x10

ppm of catechol +
100 ppm of Zrf*

3.496 94.3

The corresponding Bode plots are shown in

The FTIR spectrum of pure catechol (KBr) is

Fig. 3a. It is observed that in the absence Ofshown in Fig.4a. The OH stretching frequency
inhibitors the real impedance value (log Z) is 2.28 gppeared at 3314 ¢mThe C=C ring stretching
Ohm. In the presence of inhibitors this value frequency appeared at 1588.55 tnThe FTIR
increases to 3.49 (see Fig. 3b). The increaseein thspectrum of the film formed on the metal surface
impedance value suggests a high protectiveafter immersion in the solution containing ground
efficiency of this system. The plot obtained in the \yater, 100 ppm of catechol and 100 ppm of Zs
presence of inhibitor is characterized by a singleshown in Fig 4b. It is seen that the OH stretching
time constant. This indicates the formation of a frequency has shifted from 3314 to 3432 ‘cand
homogeneous film on the metal surface [32,33].the C=C ring stretching frequency has shifted from

100.0.

90.

80.

70.

60.

50.

%T

40.

30.

272331

20.

10.
331406

|
158855 136422
0.0. 1

513
4000.0 3000 2000 1500 1000 400.C
em-1

Fig. 4a.The FTIR spectra of pure catechol

100.0.

382336
90.

80. 111652
70
60.
%T
40.
30
135439

20.

10.
343267

159729
0.0.

4000.0 3000 2000 1500 1000 400.C

Fig.4b. The FTIR spectra of the film formed on the
surface of carbon steel after immersed in grountemwa
containing catechol (100 ppm) and’Zri00 ppm).

1588.55 to 1597 cih[34]. These observations
indicated that catechol coordination tdFearough
the oxygen atoms of the phenolic group andrihe
electrons of benzene ring resulted in the formation
of a Fé"-catechol complex at the anodic sites of the
metal surface. The peak at 1354 tmas due to
Zn(OH), formed on the cathodic sites of the metal
surface [35].

The SEM images (magnification 2000x) of
carbon steel specimens immersed in ground water
for 1 day in the absence and presence of inhibitor
system are shown in Fig. 5(a-c) respectively.

The SEM micrograph of polished carbon steel
surface (control) in Fig. 5a shows the smooth
surface of the metal with no corrosion products on
the metal surface. On the SEM micrograph of
carbon steel surface immersed in ground water
(Fig. 5b) rough metal surface is seen which
indicates the corrosion of carbon steel in ground
water. Fig. 5c reveals that in the presence of 100
ppm of catechol and 100 ppm of Zin the water,
the surface coverage increases, which in turntsesul
in the formation of an insoluble complex on the
surface of the metal (catechol?Zn inhibitor
complex) and the surface is covered by a thin layer
of inhibitors which effectively controls the
dissolution of carbon steel [36].

Mechanism of corrosion inhibition

The results of the weight-loss study revealed
that the formulation consisting of 100 ppm of
catechol and 100 ppm of Znoffers an inhibition
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efficiency of 90%. Results of thmlarization study

e When the formulation consisting of 100

showed that this formulation acts as an anodicppm of catechol and 100 ppm ofZmvas prepared,

inhibitor. The FTIR spectra showed that?Fe
catechol complex and Zn(OH)are present on the
inhibited metal surface.

Fig. 5. SEM micrographs of : (a)Carbon steel (control);
Magnification-X 2000; (b) Carbon steel immersed in
well water; Magnification-X 2000; (c) Carbon steel
immersed in well water containing catechol (100 ppm
Zn?(100 ppm); Magnification—X 2000.

In order to explain all observations in a
holistic way, a suitable mechanism of corrosion
inhibition was proposed as follows.

When a carbon steel specimen is immersed in
the neutral agqueous environment, the anodic3:

reaction is:
Fe> F€' + 2e
and the cathodic reaction is

2H,0 +0, + 46 — 40H
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the Zrf" - catechol complex was formed in solution.

e When carbon steel was immersed in this
solution, there was diffusion of Zh -catechol
complex towards the metal surface.

e On the metal surface, it was converted to
Fe&*-catechol complex. Z# was released and Zn
(OH), was formed:

Zn** - catechol + Fé > Fe*-catechol + Zfi

Zn** + 20H > Zn(OH), |

e Thus the protective film consists of ¥-e
catechol complex formed on anodic sites of the
metal surface and is more stable than thé'-zn
catechol complex [37-38] and the Zn(QH)
precipitate in the local cathodic regions.

4. CONCLUSIONS

The inhibition efficiency of the catechol -
Zn** system in controlling the corrosion of carbon
steel in ground water was evaluated by the weight-
loss method. The present study leads to the
following conclusions:

¢ Weight-loss study revealed that the
formulation consisting of 100 ppm of catechol and
100 ppm of Zf" had 90% inhibition efficiency in
controlling corrosion of carbon steel immersed in
ground water.

e Synergism parameters suggested that a
synergistic effect exists between catechol ard.Zn

¢ ANOVA test revealed that the synergistic
effect of the above formulation is statistically
significant.

e Polarization study revealed that this system
acts as anodic inhibitor.

e AC impedance spectra (Bode plots)
revealed that a protective layer is formed on the
metal surface.

FTIR spectra revealed that the protective film
consisted of Fé-catechol complex and Zn (OH)
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WHXBUPAIIO JEMCTBUE HA CUCTEMA KATEXOJI-LIUHK ITPY KOHTPOJIMPAHE HA
KOPO3UATA HA BBIJIEPOJHA CTOMAHA

X. benura I_HCpI/IHl*, C. ®encu Caras MapHZ, C. PaLpKeH;[paH3

Y2 Kameopa no xumus, Konexc Xonu kpoc, Tupywupananu — 620 002 amunnady, Huous
3Kameapa no xumus, Konexc na uskycmeama I'TH, Jlunoueyn — 624 0057 amunnaody, Huous

Tlomyuena na 17 nexemBpu 2010;1Ipreta Ha 4 sryapu 2011

(Pesrome)

Wuxubupariara eQeKTUBHOCT Ha MHXUOUTOPHU CUCTEMH, ChCTOSIIM C€ 0T Pa3IMYHKA KOMOMHAIMY Ha KaTeXoll U HOoHU Ha

LIMHK, IIpY KOHPOJIMpaHe Ha KOPO3MsITa Ha BBIIIEPOJIHA CTOMAaHa, [IOTOIIeHa B ITOJIIOUBEHA BOJA, € OLIEHEeHa 110 MeToJIa Ha 3arybaTa
2+ 0

Ha Termo. 100 ppmotr Zn“‘uMmar camo 15% muxuGupamniata edekruproct (E). TIpu mobapsie Ha 100 ppmxkatexon, ME ce
yBenmm4aBa Jjo 90%. M3non3BaHu ca MeToj Ha 3arydaTa Ha Tero, ITONSPU3AIIOHHM H3CIEIBAHUS M UMIICJAHCHU CIIEKTDH.
IIpupoara Ha mpeana3Hus GIIM, oOpa3yBaH BbPXY IMOBBPXHOCTTAa Ha MeTalla, ce aHAIM3upa Ype3 UH(ppadepBeHa CIIeKTPOCKOIS C
®ypue Tparcdopmarmst (FTIR). Bellle yeTaHOBEHO, e Ipe/TIa3Hust (M ce ChCTOM OT KoMIDleke FE€' - karexonl. 3a olleHKa Ha
CHHEPIHMYHS e(eKT Ha MHXUOUTOPUTE ca U3I0I3BaHU [TapaMeTpH Ha CHHEPIM3bM U JIUCIIEPCHOHEH aHAJIN3.
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X-ray powder diffractometry and NMR studies of europium-dibenzoylmethane
complexes
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The X-ray powder diffractogram of the europium complex Eu(DBM); (DBM - dibenzoylmethane) is reported for the
first time. It is shown that the mixed-ligand complex Eu(DBM)s.dpp (dpp - 1,4-diphenyl-1,10-phenanthroline) is X-ray
amorphous. The 'H and **C NMR spectra of Eu(DBM);, Eu(DBM)s.phen (phen — 1,10-phenanthroline) and
Eu(DBM);.dpp are interpreted and their applicability as a tool for evaluation of the stoichiometry of the complexes, the
content of water and the completeness of the synthetic reaction is shown.

Key words: europium complexes, *H, **C NMR spectroscopy, X-ray diffractometry.

1. INTRODUCTION

Due to their fluorescent properties, the
complexes of lanthanides (Ln) with B- diketones
(incl. dibenzoylmethane, HDBM) have a lot of
applications [1] as active components of organic
LED, laser materials, NMR shift reagents,
luminescent labels in biomedical investigations,
optical sensors, promising materials for high-
density recordable optical materials, etc. Europium
fB-diketonates are distinguished due to their narrow
emission bands resulting from the electron
transition between 4f levels. The organic
components of the complexes, efficient photon
absorbers, play the role of “antenna”, transferring
the energy to the °D, long-lived visible light
emitted state of the metal ion, thus giving
significant advantage of Eu(lll) when used as
spectroscopic probe [1].

Recently the chemistry and application of the
lanthanide diketonates have been object of the
reviews [2, 3]. Some peculiarities of the lanthanide
dibenzoylmethanates synthesis have been discussed
in [4]. The literature data on their crystal structure
are limited due to the difficulties to be obtained in
crystal state. Some [-diketonates cannot be
prepared in such a state even if they are produced
by a solid state reaction [5]. Results from X-ray
crystal structure determination are published for the
mixed-ligand, DBM-containing complex
Eu(NQO3)(DBM),(TBPO),, where TBPO -

* To whom all correspondence should be sent:
E-mail: nhdt@wmail.chem.uni-sofia.bg
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triphenylphosphine oxide [1]. Tetrakis-complexes
can be prepared relatively easier in crystal state.
The structure of tetrakis (dibenzoylmethanato)
europates has been studied in relation to
triboluminescense phenomena observed with some
of them. Crystals have been prepared by the Hurt’s
method [6] (for example by the reaction of EuCl;
and dibenzoylmethane with morphine in absolute
ethanol [7]). As a counter ion triethylammonium
[7-9], dimethylbenzyl ammonium [10-12], 2-
hydroxyethylammonium and pyrrolidinium [12]
were used (the structure of the compounds with the
two latter ions is not reported). Recently, the
structure of
tetrabutylammoniumtetrakis(dibenzoylmethanato)
europium(l1)]/dimethyl sulfoxide (1:1) has been
reported [13].

However, to our best knowledge, the only
published X-ray powder diffraction data (without
exact values of interplanar distances and relative
intensities) for complexes of the type Ln(DBM);
(Ln—lanthanides) are those for La- and Tb-
dibenzoylmethanates [5].

The first *H and *C NMR data for anhydrous
tris(dibenzoylmethanido)(o-phenanthroline)-
europium(l1) complexes are reported in [14] in
rather general form. No spectra, neither detailed
assignment of the shifts is given. Data on
Eu(DBM); and DBM-4,7-diphenyl-1,10-
phenanthroline are not available.

In the present paper the results from X-ray
powder diffractometry and 'H and *C NMR
spectroscopy observations of Eu(DBM); and of

© 2011 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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complexes of the type Eu(DBM)3;.Q (Q - 1,10-
phenanthroline  /Phen/ or 4,7-diphenyl-1,10-
phenanthroline /dpp/) are reported.

2. EXPERIMENTAL

Materials

HDBM (purum, > 98 %, Fluka), 1,10-
phenanthroline (phen, 99 %) and 4,7-diphenyl-
1,10-phenanthroline (dpp, >98 %), both from Alfa
Aesar and EuClz.6H,0 (>99 %, Fluka) as starting
materials and ethanol (> 96 %) as a solvent were
used for complexes production.

Complexes preparation

Eu(DBM); was prepared by the method
proposed in [15]. To 48 cm® of an ethanol solution
containing 6 mmol HDBM, 12 cm® 0.5 M NaOH
and 10 cm® aqueous solution containing 2 mmol
EuCl; were added. The solution was boiled at
reflux (60 °C) and stirred for 4 h. The formed
crystals were filtered and dried at 110 °C for 7 h
under vacuum and were stored in a vacuum
dessicator. The content of H and C was determined
by means of the elemental analyzer Vario EL Il
V5.018 and for a product stored for 2 months, the
following percent content was found: H 4.44, C
65.19; calculated for Eu(DBM)s: H 4.40, C 65.53.

Eu(DBM)s.phen and Eu(DBM)s.dpp were
synthesized by the method [16]. Saturated ethanol
solutions of EuCl; and of DBM were mixed and a
0.5 M aqueous solution of NaOH was added
adjusting DBM:EuCl; mole ratio = 3 and pH = 6.
The solution was stirred at ambient conditions for 4
h; the crystals formed were filtered, washed with
absolute ethanol and dried at room temperature.
Ethanol solution of 1,10-phenanthroline or 4,7-
diphenyl-1,10-phenanthroline was added to the
crystals, the suspension was stirred for 4 h, filtered,
the separated crystals were washed with absolute
ethanol, and dried in a desiccator over silica gel at
reduced pressure.

X-ray diffractometry

The X-ray powder diffractograms were taken
on a powder diffractometer Siemens D500 at CuK,,
40 kV, 20 step 0.02°/2s.

NMR spectroscopy

'H and *C NMR spectra of the complexes
were recorded using a Bruker DRX Avance 400
MHz NMR spectrometer (resonance frequencies:
400.13 MHz for 'H and 100.6 MHz for “*C{'H}).
Chemical shifts were given in ppm relative to

tetramethylsilane (dimethylformamid-d;, DMF) as
internal standard (6 = 0 ppm) or on a Bruker
Avance DRX250 instrument in CD3Cl solution.
The spectra were referred to the solvent signal. The
assignment of the 'H and 'C spectra was
accomplished by measurement of DEPT-135 and
2D inverse detected heteronuclear (C-H) correlation
(HSQC for DRX250 or HMQC for the DRX400).

Eu(DBM);: 'H NMR (400.13 MHz, DMF-d,,
21°C): 6 = 2.35(s, 1H, 2-CH), 5.55(d, J=7.2Hz, 4H,
0-Ph), 6.65(t, J=7.2Hz, 4H, m-Ph), 6.77(t, J=7.2Hz,
2H, p-Ph). *C NMR (100.6 MHz, DMF-d;, 21°C):
0 = 58.7(2-CH), 94.1(i-Ph), 124.4(o-Ph), 125.2(m-
Ph), 131.3(p-Ph), 165.6(C=0).

Eu(DBM);.phen: *H NMR (250 MHz, CDCls,
25°C): 6 = 3.22(s, 3H, 2-CH), 6.19(bs, 12H, o-Ph),
6.84(bs, 18H, m-Ph and p-Ph), 8.94(d, J=7.5Hz,
2H, 3,8-H), 10.19(bs, 2H, 2,9-H), 10.61(s, 2H, 5,6-
H), 10.96(d, J=7.7Hz, 2H, 4,7-H). *C NMR (69
MHz, CDCls, 25°C): 6 = 60.2(2-CH), 93.1(i-Ph),
109.6(3,8-C), 116.8(4a,6a-C), 124.6(m-Ph),
124.8(0-Ph), 129.3(5,6-C), 130.8(p-Ph), 150.3(4,7-
C), 168.1(10a,10b-C), 173.0(C=0), 180.3(2,9-C).

Eu(DBM);.dpp: 'H NMR (250 MHz, CDCl;,
25°C): 6 = 3.26(s, 3H, 2-CH), 6.22(bs, 12H, o-Ph),
6.86(bs, 18H, m-Ph and p-Ph), 8.09(bs, 2H, p-Ar),
8.36(bs, 4H, m-Ar), 8.90(bs, 2H, 3,8-H), 9.06(bs,
4H, o-Ar), 10.13(bs, 2H, 5,6-H), 11.34(s, 2H, 2,9-
H). *C NMR (69 MHz, CDCls, 25°C): § = 60.7(2-
CH), 93.6(i-Ph), 110.8(3,8-C), 111.5(4a,6a-C),
124.6(m-Ph), 124.8(o-Ph), 126.4(5,6-C), 129.7(m-
Ar), 130.0(p-Ar), 130.8(p-Ph), 133.1(0-Ar),
162.4(10a,10b-C), 173.7(C=0), 183.2(2,9-C).

3. RESULTS AND DISCUSSION

X-ray diffractometry

The X-ray diffractogram of the powdered
Eu(DBM); is shown on Fig. 1. The interplanar
distances (d) and the relative intensities of the
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Fig. 1. X-ray diffractogram of Eu(DBM)s.
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peaks are shown in Table 1 compared with the data
for HDBM (JCPDS 34-1688), La(DBM); and
Th(DBM); evaluated from the X-ray diffractogram
picture reported in [5]. It is seen that the
diffractograms of the complexes of the different
lanthanides are similar and rather different from
that of the pure ligand. The interplanar distances are
large as could be expected accounting for the large
ligand size. The crystallization is not completed and
X-ray amorphous phase exists in the sample
studied. Introducing an additional large ligand in

Eu(DBM);.dpp inhibits the crystallization and the
complex is X-ray amorphous.

NMR spectroscopy
The coordination mode of the lanthanide
ion in solution was examined by measuring *H, 3¢,
3C DEPT and 'H,*C-HSQC (250 MHz)/HMQC
(400 MHz) NMR spectra of the complexes. All
NMR spectra confirmed the structure and purity of
the target complexes.

Table 1. Interplanar distances (d, A) and relative intensities (I, %) for dibenzoylmehane (HDBM) and Ln(DBM);

HDBM

(JCPDS La(DBM); [5]" ﬂ“%%Mh Eu(DBM),

32-1641) [5]

d i d i d i d i
541 90  1.00 100 1540 100 15.23 51
527 30 662 61 1283 67 13.41 57
520 100 550 72 770 74 12.02 100
452 40 481 60 700 51 11.48 19
430 18 428 8 513 69 0.88 68
411 40 405 51 453 65 8.47 22

6.90 15

397 25 367 68 385 73 6.01 26
384 10 350 64 350 75 5.21 30
3619 65 335 31 321 6l 4.93 23
3368 14 321 51 308 75 452 42
3132 25 308 48 296 43 4.20 18
285 55 3.38 35

3.26 13

I The data are evaluated from the published diffractogram [5].

Eu< -

Eu(DBM),

Eu(DBM);.phen

Eu(DBM);.dpp

Fig. 2. Structure and numbering of the studied complexes.

The structure and numbering of the studied
complexes are shown on Fig. 2. The peaks
assignments are presented in the experimental
section.

The integral intensity of the peaks in proton
spectra is in good agreement with the number of
hydrogen atoms in the studied complexes. The
signals at 2.30 ppm in Eu(DBM);, 3.22 ppm in
Eu(DBM)s.phen and 3.26 ppm in Eu(DBM)s.dpp
were assigned to 2-CH protons in the complexes.
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Recently, chemical shifts of B-protons in Eu(lll)
complexes with B-diketonates were reported in the
range of 2.74 to 3.43 ppm [17]. The peaks of
aromatic protons for the Eu(lll) complexes are
shifted to a higher field, compared to the same
peaks in the spectra of the starting ligands. That is
due to the strong paramagnetic properties of the
Eu(lll) ions which usually deshield the adjacent
nuclei in the second coordination sphere. In the
studied complexes the ligands are directly
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coordinated to Eu(l11) and the Fermi contact term is
expected to prevail over the pseudocontact shifts
and therefore the resonances are shifted upfield
[18]. In fact, such kind of B-diketonate complexes
of Eu(lll) are lanthanide shift reagents and can be
used for transforming second order NMR spectra
into first order [18].

The expected "H NMR resonances of aromatic
protons are significantly broadened upon
coordination. There is no change in the symmetry
of ligands upon coordination and all resonances are
in the same form and position as for free ligands,
indicating uniform interaction of all C=0 groups
with Eu(l11) ion within the '"H NMR time scale.

All *H and *C NMR spectra of Eu(DBM)s,
Eu(DBM);.phen and Eu(DBM);.dpp complexes are
clean from peaks of free ligands, indicating the
completeness of the complexation process.

Determination of the content of water in the
complex is possible comparing the signal intensities
of the shifts at 2.3 ppm (s, 3H, 2-CH) and at 3.96
ppm in the spectrum taken from solution of the
complex in dry DMF. The latter signal belongs to
hydrogen which is not correlated with carbon and is
ascribed [4] to the hydrogen from water. (The
proton from the enolic form of the ligand, the only
alternative source of the 3.96 ppm shift, exhibits at
16.89 ppm [14]). It was shown by this way that a
complex dried at a pressure of ~3 kPa contains ~1
mol H,O/mol complex. The routine synthetic
procedure, described in the Experimental part,
requires the drying to be performed at 0.7 Pa. If this
procedure is followed, the final product is
practically anhydrous.

4. CONCLUSIONS

The X-ray powder diffraction pattern of Eu
(DBM); is reported for the first time. 'H, **C
spectra of Eu(DBM);, Eu(DBM)s.phen and
Eu(DBM),.dpp are interpreted in details. The
capability of the NMR study concerning
determination of stoichiometry of the complexes,
coordination mode, presence of water and free
ligands in the final product is shown.

The measured *H and **C NMR and 1H,13C
HSQC spectra of Eu(DBM); in DMF-d7,
Eu(DBM); phen in CDCl; and of
Eu(DBM)s;.dpp in CDCI; are available as

supporting materials from the authors upon
request.
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PEHTTEHO-ANM®PAKTOMETPUYHU U AMP U3CJIEJIBAHIA HA EBPOITMEBU JTUBEH30M1JI-
METAHATU

1. Lg. 3axapuena, M. M. Munanosa, H. Bacunes', 5. Mopreumeps?®, JI. Ct. Togoposcku*

Xumuuecku gpaxynmem, Cogpuiicku ynusepcumem, 6yn. Jowc. Bayuep 1, Cogus 1164, bvreapus
! Hnemumym no opeanuuna xumus c¢ Llenmwvp no pumoxumus, bvrneapcka akademus na naykume, yi. I'. bonues, 6. 9,
Cogus 1113, Bvreapus
2 Kameopa Heopeanuuna xumus, Caapranocku ynusepcumem, Caapopioken 66123, I'epmanus

(Pesrome)

B paGotata 3a mpbB mBT ce CHOOMIABAT MPAaXOBUTE PCHTTCHOrPaMH Ha Komiuiekca Ha esporus EU(DBM);
(DBM — nubenzounmeran). [loka3zano e, ue cMeceHo-nurananust komriekc EU(DBM);.dpp (dpp — 1,4-nudennn-1,10-
denantpomun) e pentreno-amopder. "H u *C SIMP crnextpure ma Eu(DBM);, Eu(DBM)s.phen (phen - 1,10-
¢enantponud) u Eu(DBM);.dpp ca uHTepnpeTHpaHd MW € MNOKa3aHa TAXHATA HPUIOKHMOCT KAaTO CPEACTBO 3a
OLICHSBAHE HAa CTEXHOMETPHATA Ha KOMIUICKCHTE, ChbIbPKAHMETO Ha BOJA B TAX U ITBJIHOTATA HA PEAKUUATA HA CHHTE3.
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