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INTALOX Metal Tower Packing (IMTP) is one of the best random packings designed especially for use in
distillation operations. The advantages realized in distillation have been abundantly applied in absorption, liquid-liquid
extraction and direct contact heat transfer operations as well. There is no universal methodology for calculating the
performance characteristics of this packing. The constants of the existing equations for practical calculations are
obtained for each separate packing size. The present work presents and generalizes own experimental data for the
pressure drop of 4 sizes of IMTP packing with nominal diameters of 25, 40, 50, and 70 mm. The experimental data for
dry packing pressure drop are described by an equation with a mean deviation of 5.1%. Equations for determination of
pressure drop of irrigated packing, up to the loading point and above it, are also obtained. These equations reflect not
only the influence of the packing geometry, but also the column redumping.

Keywords: Packed columns; Random packings; Packing pressure drop; Equations for dry and irrigated IMTP.

INTRODUCTION

Packed bed columns are apparatuses with long
history of exploitation for heat and mass transfer
processes in gas-liquid systems. The actual level of
technological development and the increasing
number of international regulations which deal with
environmental protection further expand the
application field of packed columns. The main
advantages of the random packings are their easy
production using highly effective technology and
easy dumping in the apparatus. Their great
disadvantages are the higher pressure drop in
comparison to the structured packings and the not
very good distribution properties.

INTALOX Metal Tower Packing (IMTP) is a
modern  high  capacity random  packing
characterized by high void fraction, low pressure
drop [1, 2] and high mass transfer efficiency [3, 4].
IMTP is widely used in distillation towers: from
deep vacuum towers, where low pressure drop is
crucial, to high-pressure towers, where capacity
easily surpasses that of conventional trays. Many
absorption and stripping towers, especially those
aiming at high capacity or close approach to
equilibrium, rely on IMTP packing. The low
pressure  drop, high specific heat-transfer
coefficient, as well as the fouling resistance of
IMTP packing contributes to its success in heat
transfer towers [1]. It was shown in [2], on the basis
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of a comparison of specific pressure drop, capacity,
height equivalent to a theoretical stage, and
pressure drop per theoretical stage between
corresponding sizes of random packings, that the
third generation random packings IMTP offer a
noticeable advantage in comparison to the second
generation Pall-Rings. However, the Raschig
Super-Ring packing (RSR) offers a further evident
benefit in comparison to the third generation
random packings—this is why it is called ‘fourth
generation’ [2]. The effective area, a., of IMTP can
be much higher than the specific area [4, 5]. But at
comparable values of the specific area and the
liquid superficial velocities, RSR juxtaposed to
IMTP [4], have about 15% higher effective area
and over 35 % lower pressure drop versus effective
area, at the same gas velocity.

The present paper aims at deriving more precise
equations for evaluation of the pressure drop,
taking into account such very important quantities
as specific surface area and void fraction which
carry the influence of the packing construction and
dimensions,-as well as the dumping of the packing
in the column [6].

EXPERIMENTAL DETAILS

The geometric characteristics of the investigated
packings are given in Table 1. A photograph of one
of them — IMTP 70 is presented in Fig.1. The
packing elements are built of three types of
lamellas, Fig.1l: 1- main narrow lamellas, 2-
lamellas specially bent at 90°, and 3- wide lamellas.
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The geometrical characteristic denotes the minimal
width of lamellas 2 in their narrowest part, Fig. 1.
The nominal diameter d, is the diameter of the
inscribed circle in the packing element. All other
geometrical characteristics are defined as averages
obtained from triplicate redumping of the packing
in a single column section.

Table 1. Geometrical characteristics of the investigated
types of IMTP packing

Name | Surface = Free | Size of Nominal Hydraulic
area  volume lamellas' yismeter Diameter

2 shown
in Fig.1
s dn dh
a &
273 % mm mm mm
m/m

IMTP 25 = 242.8 97.1 2.0 18.6 16.0
IMTP 40 @ 171.6 96.7 31 26.5 225
IMTP 50 @ 107.1 97.8 4.1 375 36.5
IMTP70  66.1 98.5 41 61.0 59.6

Fig.1. IMTP 70 packing

All experiments were carried out in a column
with a diameter D=470 mm and a packing height of
2400 mm. The liquid phase distributor ensured 923
drip points per m® For the pressure drop
investigation the liquid superficial velocity varied
between L=10 and 120 m*/(m? h) in an air — water
system. The packing pressure drop was measured
by means of a special optical differential
manometer with an accuracy of 0.1 Pa. At a
pressure drop higher than 200 Pa, a conventional U-
tube differential manometer was used.

The data for all investigated packings at
different liquid superficial velocities versus the gas
velocity factor are presented in Figs. 2 to 5. The
lines obtained are similar to those already
established for the well-known random packings,
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Fig.2. Pressure drop of IMTP 25 at various superficial
liquid velocities vs. gas velocity factor.
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Fig.3. Pressure drop of IMTP 40 at various superficial
liquid velocities vs. gas velocity factor.

but the measured lower pressure drop shows
improved performance parameters and higher
loading and flooding points.
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Fig.6. Pressure drop of dry and wetted IMTP 50 vs. gas
velocity factor. Comparison with data from [5] and the
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Fig.5. Pressure drop of IMTP 70 at various superficial
liquid velocities vs. gas velocity factor.

DATA CORRELATION

Most of the equations for calculation of the
pressure drop of irrigated packing need relation
for the pressure drop of a dry one.

For practical calculation of the pressure drop
of a dry packing Billet [7] proposed the equation

ﬁ:CdFéy (1)

H

where 4P, is packing pressure drop in Pa; H
denotes packing height in m; Fg= woV pg is the
factor of vapour (gas) velocity in Pa®®; w, is gas
velocity related to the entire column cross section
in m/s and ps is gas density in kg/m®. The
experimental constants Cy4 and e take into account
the influence of the packing dimensions and
especially of the wvoid fraction ¢ and are
determined not only for each packing type, but
also for each element size. Their values are given
in [7] for a number of modern highly effective
packings, but not for IMTP.

Fig. 6 presents a comparison of experimental and
calculated data for the pressure drop of dry and
irrigated IMTP 50 in the system air-water, at two
liquid loads L = 20 and 80 m*(m? h). In all
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experiments the column operates at atmospheric
pressure and room temperature. In [5] the column
diameter is 400 mm and the height of the packing
bed is 1500 mm. The figure shows that the pressure
drop data obtained in the present investigation, the
data from [5] and the values predicted with the
manufacturer software KG-Tower 3.2 are in good
agreement for dry packing and under the loading
point in wetted conditions. Over the loading point
the pressure drop in [5] grows more rapidly with
the increase of Fg, reaching over 30 % deviation
and KG-Tower gives higher values reaching over
50% deviation from our experimental results. For
the present generalization of the experimental data
the dimensionless pressure drop of dry packing v is
used [8, 9],

ARd,

m is the dimensionless
Ps W, /&

where =

. 4
pressure drop equivalent to Euler number; d, il
a

is the packing hydraulic diameter, m; & is the
packing void fraction, m¥m® and a - the packing
specific surface area, m%/m>.

By using dimensional analysis and processing
all data for the dry packings by the least squares
technique, the following equation was obtained:
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Fig.7. Comparison of experimental data for dry
packings with results calculated by Eq. (2).

Fig. 7 presents a comparison of equation (2)
with the data obtained for all studied packings,

where Re; = w4d, is the Reynolds number for the
Vg€

gas phase and vg is the gas phase kinematic

viscosity in m%s . The mean deviation of equation

(2) is 5.1%. The precision of the obtained

experimental constants at 95% statistical reliability

is given below:
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0.96 £ 0.094; 0.27 £+ 0.052.

To determine the pressure drop of the wetted
packing 4P, the well known relationship proposed
by Zhavoronkov et al. [10], was used:

AR,
A ©

where A is a dimensionless value related to the
liquid holdup which accounts for the effect of the
part of free column cross section occupied by the
liquid. To determine this value, the following
additive relationship [10, 11] was used:

A=A +AA 4)
where A, indicates the A value under the loading
point, and AA is the increasing of A over this point.

Applying the dimensional analysis to the
experimental data for packings pressure drop below
the loading point the following expression was
obtained:

A =2.5Re* Fr *“E0** (5)
where Re - 2L is the Reynolds number for the
VL

liquid phase; L - liquid phase superficial velocity,
mrs; gy _La - Froude number for the liquid phase;
g

Eo:péi'g - Edtvos number and o is liquid surface
a o
tension, N/m.

The mean deviation of equation (5) regarding
AP/AP, is 2.6%. The precision of the obtained
experimental constants at 95% statistical reliability
is given below:

2.5+0.14; -0.1 £0.061;
0.44 +0.012; 0.21 + 0.014.

For the experimental data for packing pressure
drop over the loading point the following equation
was obtained:

1.02
AA=T.10°%Fr, % ["p L J Eo®* (6)
WopG

The mean deviation of equation (6) regarding
AP/APy is 3.8%. The precision of the obtained
experimental constants at 95% statistical reliability
is given below:

7.10%+5.10% -0.16 + 0.020;
1.02+0.047; 0.14+0.021
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drop of the wetted packings below the loading point with ~ drop of the wetted packings above the loading point with

results calculated by Eqgs. (3) and (5).

Figs. 8 and 9 present the comparison of the lines
calculated with the proposed equations and the
experimental data for gas velocities below and
above the loading point for all investigated
packings.

CONCLUSION

The pressure drop of four sizes of high effective
IMTP packing is determined and summarized. The
results confirmed the good performance of the
investigated packings. More precise equations for
prediction of the pressure drop at dry and wetted
conditions are derived. They fit the experimental
results with accuracy acceptable for practical use.

REFERENCES

1 IMTP High Performance Packing, Bulletin
KGIMTP-2. Rev. 3-2010, Koch-Glitsch, LP
(2010).

2 M. Schultes, Trans. IChemE., 81, Part A, 48,
(2003).

3

4

7

8

9
10

11

results calculated by Eqgs. (3), (4) and (6 ).

N. Kolev, Sv. Nakov, L. Ljutzkanov, D. Kolev,
Chem. Eng. and Process., 45, 429, (2006).

Sv. Nakov, N. Kolev, L. Ljutzkanov, D. Kolev,
Chem. Eng. and Process., 46, No 12, 1385,
(2007).

P. Alix, L. Raynal, Energy Procedia 1, 845
(2009)

N. Kolev, Packed bed columns for absorption,
desorption, rectification and direct heat transfer,
Elsevier, 149, (2006).

R. Billet, Packed column analysis and design,
Monograph, Ruhr University Bochum, 31 (1989).
V. M. Ramm, A. Y. Zakgeim, Proc. Inst. Chem.
Technol. Kazan (in Russian), 223, (1961).

N. Kolev, Verfahrenstechnik, 6, 241, (1969).

N. M. Zhavoronkov, M. E. Aerov, N. N. Umnik,
Chim. Prom. 10, 294, (1948).

N. Kolev, Chem., Ing. Technik., 46, 1105, (1976).

287



S. Nakov et al.: Pressure drop of high performance random Intalox Metal Tower Packing

XUAPABJIMYHO CBITPOTUBJIIEHUE HA BUCOKOE®EKTUBHUSA METAJIEH INTALOX
ITBJIHEXK 3A KOJIOHHU AITAPATHU

Cs. II. Hakos, /I. b. JI)xonoBa-Artanacora, H. H. Kones
Hucmumym no unocenepna xumus, bvaeapcka akaoemus na naykume,Yn. “Axao. I'. bonueg” 61. 103,

1113 Cogus

INocrenuna Ha 31 okTomBpHy, 2011 r.; npuera Ha 7 HoemBpH, 2011 r.

(Pesrome)

[emaexsT IMTP e enun oT Haii-moOpHUTe WHIHEKH, CIICIHANHO CBH3IalcH 3a MPOBSXKIAaHE HA ICCTHIIAITHOHHHU
npouecH. [IpeauMcTBaTa, KOUTO € IMOKa3al B TO3U TUIT MPOLIECH, Ca PA3MINPUIN HETOBOTO IPHIIOKEHHE U IIPU CIIydanTe
Ha abcopOLusl, TeYHO-TEeUHa EKCTPaKIMs U TUPEKTEeH TOII000MeH. Bee olie He chlllecTBYBa yHHBEpCAIHA METOAMKA 32
M3YKCIIsIBAaHE Ha pPaOOTHHUTE XapaKTEPUCTHKUA Ha TO3M THIl IBJIHEX, KaTO KOHCTAHTUTE B ChHLIECTBYBALIUTE U
M3MO0JI3BaHU B NPAKTUKATa YPAaBHEHHS Ca IIOJyYeHH 3a BCEKH OTAEJIEH THIOopa3Mep IMbiIHeX. B HacTosara paboTa ca
MOKa3aHu U 000011IeH! COOCTBEHH EKCIIEPUMEHTAIHH JaHHH 32 XUAPABIMYHOTO chlipoTHBieHUe Ha 4 IMTP nbennexa c
HOMHUHAJIHU fuameTpu 25, 40, 50 u 70 mm. ExciepiMeHTaHUTE JaHHU 3a CYXHs ITBJIHEXK CE OMHICBAT C YPaBHEHHUE ChC
cpenHo oTkJIoHeHue oT 5.1%. IlodydeHu ca ypaBHEHHA 3a ONpeeIsHE Ha CHIIPOTHBICHUETO M HA YMOKPEHUS IIBIIHEXK
IIOJ ¥ HaJ TOYKaTa Ha 3ambpkaHe. B mpeanokeHHTe ypaBHEHHUS c€ OTYMTA HE CaMO FEOMETPHATA Ha IIbJIHEXa, HO €
B3€TO MPEIBHU M BIMSHUETO Ha MPE3apekJaHETO Ha KOJIOHATA.
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Dissymmetric tetradentate salicylaldimine Cu(ll) and Co(l1) complexes derived from
1,8-naphthalene and different salicylaldehydes
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The synthesis, structure and spectroscopic properties of salicylaldimine Schiff base ligands (L,H,) (h=1, 2, 3
and 4) (L;H,=N, N’-[1,8-naphthalene]-3-methylsalicylaldimine, L,H, = N,N’-[1,8-naphthalene]-5-methylsalicylaldimine,
LsH, = N,N’-[1,8-naphthalene]-3-methoxy-salicylaldimine and L4H,= N,N’-[1,8-naphthalene]- 5-methoxysalicyl-

aldimine), respectively and their mononuclear Cu(ll) and Co(ll) complexes [ML,] are described. Four new dissymmetric

tetradentate salicylaldimine ligands containing a donor set of N,O, were prepared by reaction of 1,8-naphthalene with

different salicylaldehydes. Tetradentate Cu(ll) and Co(ll) complexes were obtained by reacting the ligands with
Cu(Ac),.H,O and Co(Ac),.4H,0 in a 1:1 mole ratio. The ligands and their Cu(ll) and Co(ll) complexes were
characterized by 'H-NMR, FT-IR, UV-Vis, elemental analysis, molar conductivity, magnetic susceptibility, X-ray

powder analysis, and their morphology was studied by SEM measurements.

Keywords: salicylaldimine, Cu(ll) and Co(ll) complexes, spectroscopy, X-ray powder, SEM analyses

1. INTRODUCTION

Since the first report of the Schiff reaction
[1], the synthesis of symmetric tetradentate Schiff
bases as ligands, and of their metal complexes, has
been widely described. Some of them may be used
as catalysts in various chemical processes [2, 3], or
as models for a better understanding of some
biological systems [4-6]. However, the unsymmetric
tetradentate Schiff base metal complexes were less
studied than the symmetric ones [7]. The
investigation of Schiff base metal complexes has
been of interest for many years to help
understanding the interactions between metal ions
and proteins or as other biological references.
Recent years have witnessed a great deal of interest
in the synthesis and characterization of transition
metal complexes containing Schiff bases as ligands
due to their applications as catalysts for many
reactions [8-10], relation to synthetic and natural

* To whom all correspondence should be sent:

E-mail: mustafadurgun@harran.edu.tr

oxygen carriers [11] and use as new structural
probes in nucleic acids chemistry and therapeutic
agents [12-15]. Schiff base metal complexes
containing different metal ions such as Ni, Co and
Cu have been studied in great details for their
various crystallographic features, structure-redox
relationships, enzymatic reactions, mesogenic
characteristics and catalytic properties [16-18].
Although the magnetic, spectroscopic and catalytic
properties of these Schiff base complexes are well
documented [19, 20], new and specific applications
for such a unique class of compounds could be
found. A considerable number of Schiff base
complexes are of potential biological interest, being
used as more or less successful models of biological
compounds [21]. In addition, they are convenient
model compounds for studying theoretical aspects of
photochemistry ~ and  designing molecular
architecture by means of molecular motifs capable
of H-bond formation [22]. Their photochromic
behavior suggests the possibility of using these

© 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 289
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compounds as elements for constructing optical
switches or optical memory devices [23].

In the present study, we report the synthesis and
characterization of four new Schiff base ligands
(LiH,, LoH,, LsH, and L4H,, where LijH, =
N,N’-[1,8-naphthalene]-3-methylsalicylaldimine,
L,H, = N,N’-[1,8-naphthalene]- 5-methylsalicyl-
aldimine, LzH, = N, N’-[1,8-naphthalene]-
3-methoxysalicylaldimine and L.H, =
N,N’-[1,8-naphthalene]- 5-methoxysalicylaldimine)
involving N,O, donor sites and their mononuclear
Cu(Il) and Co(ll) complexes.

2. EXPERIMENTAL

All reagents and solvents were of
reagent-grade quality and were purchased from
commercial suppliers. The elemental analyses were
carried out in the Laboratory of the Scientific and
Technical Research Council of Turkey (TUBITAK).
NMR spectra were recorded at 297 K on a Varian
Mercury AS 400 NMR instrument at 400 MHz,
FT-IR spectra were recorded on a Perkin Elmer
Spectrum RXI FT-IR Spectrometer in KBr pellets.
Infrared spectra of the ligands and their metal
complexes were recorded in KBr pellets in the range
from 4000 to 400 cm™. Magnetic susceptibilities
were determined on a Model MK1 Sherwood
Scientific Magnetic Susceptibility Balance at room
temperature (20°C) using Hg[Co(SCN),] as a
calibrant; diamagnetic corrections were calculated
from Pascal’s constants [24]. Electronic spectral
studies were conducted on a Perkin Elmer model
Lambda 25 UV-Vis spectrophotometer in the
wavelength range of 200-1100 nm. Molar
conductivities (Ay) were recorded on an Inolab
Terminal 740 WTW Series instrument. X-ray
powder spectra were recorded on a Rigaku Ultima
I11 Series spectrograph. The scanning electron
microscopy (SEM) measurements were carried out
on a Zeiss Evo 50 Series instrument. The samples
were sputter coated with carbon using a Balzers Med
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010 device to prevent charging when analyzed by
the electron beam.
Synthesis of Ligands (L;H», L,H», LsH, and L4Hy):
N,N’-[1,8-naphthalene]-3-methylsalicylaldimine
(LiHy), N,N’-[1,8-naphthalene]-5-methyl-
salicylaldimine (L,Hy), N,N’-[1,8-naphthalene]-
3-methoxysalicylaldimine (LsHy) and N,
N’-[1,8-naphthalene]-5-methoxysalicylaldimine
(L4H,) ligands were synthesized by the reaction of
5.0 mmol 1,8-diamino naphthalene in 40 ml absolute
ethanol with 10.0 mmol 3-methylsalicylaldehyde for
L:H», 10.0 mmol 5-methylsalicylaldehyde for L,H,,
10.0 mmol 3-methoxysalicylaldehyde for Ls;H, and
10 mmol 5-methoxysalicylaldehyde for L4H,, in 50
ml ethanol. 3-4 drops of formic acid were added as a
catalyst. The mixtures were refluxed for 3-4 h and
were cooled to room temperature. The crystals were
filtered in vacuum. Then the products were
recrystallized from MeOH-CHCls.

Synthesis of the Cu(l1) and Co(ll) complexes

1.0 mmol of the ligands ( LiH,, L,H,, LsH, or
L4H, ) were dissolved in absolute ethanol (60 ml). A
solution of 1.0 mmol of the metal salt [Cu(Ac),.H,O
or Co(Ac),.4H,0] in absolute ethanol (35 ml), was
dropwise added under continuous stirring in a N,
atmosphere. The stirred mixture was heated to the
reflux temperature and was maintained at this
temperature for 5 hours. Then, the mixture was
evaporated to a volume of 10-15 ml in vacuum and
left to cool to room temperature. The compounds
were precipitated after adding 5 ml of ethanol. The
products were filtered in vacuum and washed with a
small amount of ethanol and water. The products
were recrystallized from ethanol and dried at 100 °C.

3. RESULTS AND DISCUSSION
The reaction steps for the synthesis of the ligands
and their mononuclear Cu(ll) and Co(ll) complexes
are shown in Schemes 1 and 2. In the first step, the
ligands (L,H,, L,H,, LsH, and L;H,) were
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2 O CHO + _EtOH_
Reflux
H

R=3-CH; (L1H,), 5-CHj3 (L;H>), 3-OCHjs (L3H2), 5-OCHj; (L4Hy)
Scheme 1 Synthetic route for preparation of the ligands (L,H>).

M(Ac)z nH,O N=CH
EtOH
N\
— R

M: Cu and Co
n:lor4

R=3-CHjs (L1H>), 5-CHjs (L;H,), 3-OCHjs (LsHy), 5-OCHj3 (L4Ho)
Scheme 2 Synthetic route for preparation of mononuclear Cu(ll) and Co(ll) complexes

Table 1. Formula, color, melting point, yield, magnetic susceptibility and elemental analysis data for the ligands and

their Cu(1l) and Co(ll) complexes.

Compound Color M.p. Yield Leff Aw Elemental analyses
°C(dec.) (%) [BM]  Q'em? Calcd (Found) %
mol* C H N

LiH, Dirty 79.18 5.58 7.16
Co6H2N,0, White 219 57 - - (79.40) (5.56) (7.13)
CuL, Dark 68.49 4.39 6.14
Co6H2oN,0,Cu Green >300 48 1.50 8.6 (68.90) (4.41) (6.16)
L,H, 79.18 5.58 7.16
Cy6H2N50, Orange 233 62 - - (7860) (555) (706)
CuL, Dark 68.49 4.39 6.14
Co6H2oN,0,Cu Brown >300 56 1.41 10.2 (68.10) (4.36) (6.10)
Col, Dark 69.19 4.45 6.26
C6H20N,0,Co Brown >300 73 2.15 12.8 (68.80) (4.42) (6.18)
LsH, 73.24 5.16 6.57
CyH2N,04 Pink 186 68 - - (73.70) (5.20) (6.62)
Cul; Dark 64.92 4.10 5.74
Cy6H2oN,0,Cu Green >300 44 1.67 10.8 (6530) (413) (579)
ColL; 63.60 4.14 5.79
Co6H2N,04Co Brown 226 76 2.18 9.6 (63.3) (4.12) (5.77)
L4H, 73.24 5.16 6.57
CysH2N50, Orange 181 80 - - (7280) (514) (654)
Cul, 64.00 4.10 5.74
C6H20N,04Cu Green >300 88 1.47 13.7 (63.78) (4.08) (5.71)
Col, Dark 81.35 8.47 4.75
C6H2oN,04Co Brown 238 67 2.27 9.2 (79.70) (8.43) (4.73)
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Table 2. Characteristic "H-NMR spectra of the ligands

Compound Solvent 'H NMR (TMS, & ppm)
LH CHCI 13.02 (2H, s, -OH), 8.38 (2H, s, CH=N), 7.72 (2H, s, Ar-CH), 7.31-7.26 (6H, m,
i 8 Ar-CH), 6.91 (2H, s, Ar-CH), 6.75 (2H, s, Ar-CH) and 2.24 (6H, s, C-CH)
L.H CHCI 13.18 (2H, s, -OH), 8.42 (2H, s, CH=N), 7.80 (2H, s, Ar-CH), 7.30-7.26 (6H, m,
2 8 Ar-CH), 6.92 (2H, s, Ar-CH), 6.64 (2H, d, Ar-CH) and 2.35 (6H, s, C-CHj)
L.H CHCI 12.98 (2H, s, -OH), 8.39 (2H, s, CH=N), 7.72 (2H, s, Ar-CH), 7.28 (4H, s,
s 8 Ar-CH), 6.75 (2H, s, Ar-CH), 6.74-6.65 (4H, m, Ar-CH), and 3.68 (6H, s, O-CH)
LH, CHCL, 13.04 (2H, s, -OH), 8.40 (2H, s, CH=N), 7.76 (2H, s, Ar-CH), 7.32 (4H, s,

Ar-CH), 6.96 (2H, s, Ar-CH), 6.65-6.63 (4H, m, Ar-CH) and 3.73 (6H, s, O-CHs)

synthesized by condensation of 1,8-diamino
naphthalene with different salicylaldehydes. In the
second step, the mononuclear Cu(ll) and Co(ll)
complexes were synthesized by condensation of the
ligands with the metal acetate salt. The Co(ll)
complex of the L;H, ligand was not formed under
these conditions. For the structural characterization
of the ligands and their mononuclear Cu(ll) and
Co(ll) complexes, elemental analysis, 'H-NMR,
FT-IR spectra, UV-Vis spectra, magnetic

susceptibility measurements, molar conductivity,
X-ray powder analyses and SEM measurements
were used and the corresponding data are given in
Tables 1-3. The metal-to-ligand ratio in the
mononuclear Cu(ll) and Co(ll) complexes was
found to be 1:1. The interaction of the ligands (L.H,
L,H,, LsH, and L4H,) with Cu(ll) and Co(ll) salt
yielded complexes corresponding to the general
formula [Cu(L,)] and [Co(L.)].

Table 3. Characteristic FT-IR bands (cm™) of the ligands and their Cu(11) and Co(l1) complexes in KBr pellets.

Compound O-H Ar-CH Aliph-CH C-0 C=N M-O M-N
L.H, 3275 3050 2967-2843 1229 1627 - -
CuL, - 3054 2956-2852 1232 1602 490 512
L,H, 3296 3022 2917-2861 1257 1602 - -
CuL, - 3016 2920-2861 1240 1586 492 516
CoL, - 3018 2924-2857 1258 1577 501 546
LsH, 3312 3044 2964-2835 1242 1612 - -
CuL; - 3048 2934-2834 1241 1603 498 525
Col; - 3057 2927-2831 1246 1604 502 548
L4H, 3341 3045 2953-2830 1239 1604 - -
CulL, - 3046 2934-2831 1232 1587 496 528
Col, - 3055 2955-2831 1236 1598 503 537
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3. 1. NMR Spectra

The 'H-NMR spectral data obtained for the
ligands in CDCls, together with the assignments are
given in Table 2. The 'H-NMR spectra of L;H,,
L,H,, LsH; and L4H, in CDCl; do not give any signal
corresponding to 1,8-diamino naphthalene protons
and different salicylaldehyde protons. The *H-NMR
spectra of the free ligands show a peak at 13.02 ppm
for L;H,, at 13.18 ppm for L,H,, at 12.98 ppm for
LsH; and at 13.04 ppm for L4H,, characteristic of
intramolecular hydrogen bonded OH proton. The
peaks in the range 7.72-6.75 ppm for L;H,,
7.80-6.64 ppm for L,H,, 7.72-6.65 ppm for L3H, and
7.76-6.63 ppm for L4H, are assignable to the protons
of Ar-CH. In the "H-NMR spectra of the ligands, the
chemical shift observed at $=8.38 for L;H,, 6=8.42
for L,H,, 6=8.39 for L3H, and 6=8.40 for L,H, is
assigned to the proton of azomethine (CH=N) as a
singlet [25]. The protons of the methyl groups of the

ligands exhibit a singlet peak at 6=2.24 for L;H, and
2.35 ppm for L,H,. Also, the peaks in the range
3.68-3.73 ppm for the L;H, and L4H, ligands are
assignable to the protons of O-CHj; groups as singlet
peaks.
3. 2. IR Spectra

The main stretching frequencies of the FT-IR
spectra of the ligands L;H,, L,H, LsH, and L4H, and
of their mononuclear Cu(ll) and Co(Il) complexes
are given in Table 3. The FT-IR spectra of the
ligands and of their corresponding Cu(ll) and Co(ll)
complexes are found to be very similar to each other.
Hence, significant frequencies are selected by
comparing the FT-IR spectra of the ligands with
those of the mononuclear Cu(ll) and Co(ll)
complexes. Coordination of the Schiff base ligands
to Cu(ll) and Co(ll) through the nitrogen atom is
expected to reduce the electron density in the

Table 4. Characteristic UV-Vis bands of the ligands and their Cu(l1) and Co(ll) complexes.

Compound Solvents Wavelength [Amax. (nm)(loge)]
L.H, EtOH 236*(5.33), 281*(4.67), 330*(5.093), 343*(5.09)
MeOH 281(4.86), 291(4.79), 331(5.26)
Cul, CHClI, 273(1.79), 299(1.78), 405*, 692(1.98), 774*, 890*
DMF 289(3.64), 343*, 415*, 715(2.6), 798(2.67),
DMSO 305, 308, 387*, 399*, 403*, 563, 799
L,H, EtOH 350(5.09), 413*(2.7), 438*(2.64), 467*(2.5), 495*(2.19)
MeOH 279(6.34), 347(6.55), 348(4.33), 410*(2.82), 433*(2.76), 463*(2.6)
Cul, DMF 333*(0.59), 410(0.89), 450*(0.99), 775*(1.87)
DMSO 305(4.89), 345(5.25), 355(4.8), 400*(5.1), 455*(4.14), 685*(3.1)
Col, DMF 346(2.89), 470*
DMSO 307, 308, 346, 350, 418*, 563*, 745*
LsH, EtOH 233*(5.71), 237(5.18), 285*(4.48), 332(4.9), 344*(4.91)
MeOH 285(3.95), 344(4.38)
cul CHClI, 423, 457*, 570, 710*, 795*
3 DMF 275(4.6), 344(4.44), 450*, 604(3.3), 655*, 800*
DMSO 346(4.87), 387*(4.37), 410%(4.07), 572*(3.2), 667*(3.14)
Col. CHClIj4 267*(4.15), 268*(4.39), 340(4.47)
3 DMF 321(4.13), 600*, 858(2.41)
DMSO 352(4.8), 398*(4.48), 460*(3.9), 600*(3.36), 886*(2.52)
L.H, EtOH 235*(5.07), 238(5.24), 302*(4.48), 350(4.69),
MeOH 304(4.13), 348(4.37), 429*(2.76), 466*(2.58), 490(2.23)
cul. CHClI, 354(2.03), 363(1.94), 450*
4 DMF 287(2.56), 335*, 420*, 480*
DMSO 305, 388*, 675*
Col. CHClI, 350(4.97), 351(5.38), 411*(3.69)
4 DMF 325(3.23), 590*, 640*, 800*
DMSO 305(5.02), 354(5.04), 473*(4.18), 480*(4.46), 863*(2.83)

* = shoulder peak
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azomethine link and lower the v(C=N) absorption
frequency. The very strong and sharp v(C=N) bands
in the FT-IR spectrum of the free ligands are
observed in the region 1627-1602 cm™. These bands
are, however, shifted to 1603-1586 cm™ in the
spectra of the Cu(ll) complexes and to 1604-1577
cm™ in the spectra of the Co(ll) complexes, which
points to the coordination of the v(C=N) nitrogen to
the Cu(ll) and the Co(ll) ion [26-28]. The FT-IR
spectra of the free ligands are characterized by the
appearance of a band at 3275 cm™ for L,H,, 3296
cm™ for L,H,, 3312 cm™ for LsH,, and 3341 cm™ for
L4H,, due to the v(O-H) groups. In the FT-IR spectra
of Cu(ll) and Co(ll) complexes, these bands
disappear. The coordination is further confirmed by
the shift in the v(C-O) stretching vibration of the
phenoxy group from the region 1257-1229 cm™ to a
different frequency range which indicates v(M-O)
coordination [29, 30]. The coordination of the
azomethine nitrogen and the phenolic oxygen is
further supported by the appearance of two peaks at
548-512 cm™ for phenolic v(M-N) and at 503-490
cm™ due to v(M-O) stretching vibrations that are not
observed in the FT-IR spectra of the ligands [25].
Thus, it is clear that the free ligands are bonded to
the Cu(ll) and Co(ll) ion in a N,O, fashion through
the deprotonated phenolate oxygen and the
azomethine nitrogen.

3. 3. UV-Vis Spectra

Electronic spectra of the ligands and their
mononuclear Cu(ll) and Co(ll) complexes were
recorded in the 200-1100 nm range in different
solutions at room temperature and the obtained data
are given in Table 4. The electronic spectra of the
ligands and their mononuclear Cu(ll) and Co(ll)
complexes in the different solvents consist of very
intense bands due to intraligand m—m and n—n
transitions, metal-to-ligand or ligand-to-metal
charge-transfer and d-d transitions, respectively.
The absorption bands below 299 nm in different
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solvents are practically identical and can be
attributed to m—m_ transitions in the benzene ring or
azomethine (C=N) groups. The absorption bands
observed below 399 nm in different solvents are
most probably due to the n—m transition in the
imine group corresponding to the ligands or the
Cu(I1) and Co(Il) complexes [31, 32]. In the spectra
of the corresponding mononuclear Cu(ll) and Co(ll)
complexes, position and intensity of the bands,
characteristic of the ligands appeared to be modified
with respect to those of the free ligands. In addition,
these spectra also presented new absorption bands in
the range 400-886 nm that were characteristic of the
formed mononuclear Cu(ll) and Co(ll) complexes.
These bands were attributed to the d—n’
charge-transfer transitions, which overlap with the
n—7 or n—7 transitions of the free ligands. These
modifications in shifts and intensity for the
absorption bands supported the coordination of the
ligand to the central Cu(ll) and Co(ll) ion [33]. Also,
the absorption bands in the range 400-495 nm in the
different solvents are assigned to M—L charge
transfer (MLCT) or L—M charge transfer (LMCT)
and *A;;—'By, transitions [34], respectively. The
electronic spectra of Cu(ll) and Co(ll) in various
solvents show broad bands in the range 563-886 nm,
assigned to d-d transitions (dy—d>,” and
d,2—d,’,?) characteristic for tetragonal, elongated
octahedral or square planar geometry [35, 36].

3. 4. Magnetic Moments

Magnetic susceptibility measurements provide
sufficient data to characterize the structure of the
Cu(Il) and Co(ll) complexes. Since the Cu(ll) and
Co(Il) complexes are paramagnetic, their NMR
spectra could be not obtained. The magnetic
moments of the Cu(ll) complexes at room
temperature are found between 1.67-1.41 B.M.,
which are typical for mononuclear Cu(ll) complexes
with a S=1/2 spin-state and probably indicate
antiferromagnetic coupling of spins at this
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temperature. The magnetic moments of the d’ Co(ll)
complexes at room temperature are also found
between 2.27-2.15 B.M. (low-spin), which are close
to the spin-only magnetic moments for one unpaired
electron.

3. 5. Solubility and Molar Conductivity

The ligands L;H,, L,H, LsH, and L;H, are soluble in
EtOH, MeOH, DMSO and DMF solvents, while

Intensity (Counts)

0 T T T T T 1

10 15 20 25 30 35 40
Two-Theta

(b)

Mag= 102 X EHT = 26.00 k¥

Signal A= VPSE GWD = BOmm

(b)

Vacuum Mode = Extended Prusnﬁ

Fig. 2. SEM micrographs of (a) L,H,, (b) [CuL,] and (c)

[CoL.]

their mononuclear Cu(ll) and Co(ll) complexes are
slightly soluble in common solvents. All complexes
are stable at room temperature in the solvents
reported in this study. With a view to studying the
electrolytic nature of the mononuclear Cu(ll) and
Co(Il) complexes, their molar conductivities were
measured in DMF (dimethyl formamide) at 10° M.
The molar conductivity (Ay) values of these Cu(ll)
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complexes are in the range of 13.7-8.6 and those of
the Co(ll) complexes are in the range of 12.8-9.2
Q'cm? mol™ at room temperature, indicating their
almost non-electrolytic nature (Scheme 2 ) [20, 37].
Due to the lack of free ions in the Cu(ll) and Co(ll)
complexes, the results indicate that these metal
complexes are very poor in molar conductivity.
Probably, due to a different electron behavior, the
electrical conductivity of the Cu(ll) complexes
differs from that of the Co(ll) complexes.
Conductivity measurements have frequently been
used in structural elucidation of metal chelates
within the limits of their solubility. They provide a
method of testing the degree of ionization of the
complexes, the molecular ions that a complex
liberates in solution (if anions are present outside the
coordination sphere), the higher will be its molar
conductivity and vice versa. The molar conductivity
values indicate that the anions may be present
outside the coordination sphere or inside or absent
[38].

3. 6. Crystallography and SEM analyses

We did not succeed in preparing single crystals
of the ligands and their Cu(ll) and Co(ll) complexes
in different solvents. However, the crystalline nature
of the ligands can be readily evidenced from their
X-ray powder patterns. The ligands exhibit sharp
reflections and all diffractograms are nearly
identical, indicating the isostructural nature of the
ligands. Also, the large number of reflections, as
well as their positions indicate a low crystal
symmetry [39, 40]. These results point to the
crystalline and not amorphous nature of the ligands.
The X-ray powder patterns of the Cu(ll) and Co(ll)
complexes exhibited, however, only broad humps,
not typical for a crystalline nature ( Figure 1).

The morphology of the compounds was
illustrated by scanning electron micrography (SEM).
Figures 2a, 2b, and 2c depict the SEM photographs
of the ligand (L,H,), the [CulL,] and [CoL;]
complexes. We noted that there is a uniform matrix
of the synthesized complexes in the pictograph. This
leads us to believe that we are dealing with a
homogeneous phase material. The crystalline shape
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is observed in the ligand (L,H,). The amorphous
shape is observed in the [CulL,] and [CoL,]
complexes.

CONCLUSIONS

The synthesis, structure and spectroscopic
properties of Schiff base ligands (L.H,) (h =1, 2,3
and 4) (L4H, = NN’-[1,8-naphthalene]-
3-methylsalicylaldimine, L,H,= N,N -
[1,8-naphthalene]-5-methylsalicylaldimine, LsH, =
N,N’-[1,8-naphthalene]-3-methoxysalicyl-aldimine
and L,H, = N,N’-[1,8-naphthalene]
-5-methoxysalicylaldimine), respectively and their
mononuclear Cu(ll) and Co(ll) complexes [ML,] are
described. Classical methods such as ‘H-NMR,
FT-IR, UV-Vis, elemental analysis, X-ray powder
analysis, magnetic susceptibility and molar
conductivity used for structural characterization and
the SEM measurements for their morphology
determination provided a powerful tool to reveal the
complementary nature of the molecular structure of
the new Schiff bases and their mononuclear Cu(ll)
and Co(ll) complexes. This result agrees with the
expected structure given in Scheme 2. Due to the
lack of free ions in the Cu(ll) and Co(ll) complexes,
the results indicate that these metal complexes are
very poor in molar conductivity. These results show
that the ligands are of crystalline and not amorphous
nature, whereas the X-ray powder patterns of the
Cu(Il) and Co(ll) complexes exhibited only broad
humps, not typical for a crystalline nature.
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ACUMETPUYHU TETPAJIEHTAT CAJMLIMJIAJIAUMUHOBHY CU(I1) ¥ CO(11)
KOMIUIEKCH, IOJIYYEHU OT 1,8-HA®TAJIMH U PA3JTUYHU CAJIULIIIATIAEXUIN

A. KI/IJII/Iql, E. Tacz, b. I[eBqul, M. I[ypryHl*

Ylenapmamenm no xumus, Yuusepcumem 6 Xapan, 63190 Cannuypgpa, Typyus

zﬂenapmameym no xumus, Yuusepcumem ¢ Cuupm, 56100, Cuupm, Typyus

INocrenuna Ha 17 rouu 2011, Ilpuera Ha 9 suyapu 2012

(Pesrome)

Onucanu ca CHHTE3BT, CTPYKTypaTa U CIEKTPOCKONCKUTE CBOWCTBA HA JIMTAHIW HA CANUIMIATIIAMUHOBU
Mudosu 6a3u (L,Hy) (n =1, 2, 3 u 4) (LH,=N, N’-[1,8-nadTanun]-3-mermncamununangumut, L,H, = N,N’-[1,8-
nadranuu]-5- metuwicanuuunanaumut, LaH, = N,N-[1,8- nadranuu]-3-merokcu-canuipnananmus u LgH,= NN -[1,8-
HadranuH]- 5-MeTOKCHUCATIHIIUII- aJIMMKH), ChOTBETHO U TexHuTe MoHOHyKieapHu Cu(ll) u Co(ll) xomruexcu [ML,].
YeTupH HOBM aCHMETPUYHH TETPaJCHTAT CAJIHIMJIATIMMHHOBH JIMTaHIM, ChIbpKammy HoHopHH rpymu N,Op ca
MOJTy9IeHH upe3 peakis Ha 1,8- Hadranus ¢ pasnunynu canuimnanaexuni. Terpanentatau Cu(ll) u Co(ll) komruiekcu ca
nojyueHu upe3 peakius Ha nurapgure ¢ CU(Ac),.H,O u Co(Ac),.4H,0 B monapHo chotHoutenue 1:1. Jluranaure u
texunre CU(Il) u Co(Il) kommekcu Gsixa xapaktepusupann upes ‘H-NMR, FT-IR, UV-Vis, enementen ananus, Mo1apHa
MPOBOHOCT, MATHUTHA YyBCTBUTEIHOCT, PEHTTEHOB MPaxoB aHaiM3 W Oellle W3cjeqBaHa TAXHAaTa MOP(OJOTHs upe3

SEM wu3mepBanusi.
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A simple and rapid field sampling procedure was developed for the speciation of dissolved Fe(ll) and Fe(lll) in
waters. The determination of iron species was possible by selective batch solid phase extraction of Fe(lll) using
chelating resin Chelex-100 in H* form, sample acidity range of pH 1.5-2.5, elution with 0.03 mol L' NH,-EDTA, and
detection of Fe(lll) by flame or electrothermal atomic absorption spectrometry (ETAAS). The concentration of Fe(ll)
was determined in the solution above the resin by direct ETAAS or after adsorption on Chelex-100 in NH," form
without the need for preoxidation of Fe(ll) to Fe(lIl). Water samples were collected in situ and filtered by passing them
through a syringe filter (0.45 pum). The batch procedure was performed at the field and then, the tubes containing the
resins with the loaded analytes were returned to the laboratory where the iron species were eluted and determined. Field
sampling prevents changes in the oxidation state of iron. The effect of humic acid was also investigated. The results
obtained indicated that the method was not affected by the presence of up to 0.01% humic acid. The limit of detection
(3s) was 0.8 pg L™ Fe (ETAAS detection). The relative standard deviation (n=10) ranged from 2% at the 1 mg L™ Fe
up to 20% at the 1 pg L™ Fe(lll) level. Recoveries of spiked Fe(ll) and Fe(lll) in river, lake, tap and groundwater

samples ranged from 93 to 105%.

Key words: Iron speciation, Chelex-100, ETAAS, Humic acids, Water analysis

INTRODUCTION

Iron has an essential role for many metabolic
functions and is one of the most important elements
in environmental and biological systems. In fresh
waters, iron is also an important nutrient for
phytoplankton and other organisms. It is known
that the biological activity in certain ocean regions
is affected by iron [1]. Iron is not normally
considered a toxic element, but it becomes toxic
when accumulated, especially when present as free
ion [2-4]. The question about the comparative
toxicity of ferrous and ferric ions has not been
clarified. In general, Fe(ll) is considered to be more
toxic than Fe(lll) because it may cause cell
degeneration [5-7]. The probable mechanism of
this process involves iron catalysed auto-oxidation
reactions, which generate hydroxyl-free radicals.
The environmental and biological effects of iron
depend on its oxidation state, solubility and the
degree of complex formation. The ratio between the
oxidation states Fe(I11)/Fe(ll) in waters depends on

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

redox, light and flow conditions, pH, and the
amount and type of dissolved organic matter. The
main fraction of dissolved iron(lll) is strongly
complexed by organic ligands [8-10] as humic
acids or organic substances produced by
phytoplankton [11] or bacteria [12]. This organic
complexation prevents the formation of insoluble
oxyhydroxides. Iron(ll) is thermodynamically
unstable and is rapidly oxidized to iron(Ill). This
oxidation is accelerated by some micro-organisms,
trace metals, phosphate and fluoride ions and
particles, including autocatalysis by fresh Fe
oxides. However, dissolved or colloidal organic
ligands, sulfate, nitrate and chloride ions may
stabilize Fe(ll) and retard its oxidation [13].
Further,  Fe(lll) complexed with organic
compounds can be readily photoreduced by UV
light to Fe(ll) [14]. Accurate and precise
measurements of iron redox species are important
in the study of aqueous environmental chemistry
and oceanic biogeochemistry. It will be beneficial
to clarify the role of the two oxidation states of this
element, and the essentiality and toxicity of both
Fe(Il) and Fe(lll). Critical reviews of historical and
current analytical methods for the determination of
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total dissolved iron and iron speciation in waters
were presented by Pehkonen [15], Achterberg et al.
[16] and Pohl and Prusisz [17]. Very low
concentrations of iron species in non polluted
waters and high reactivity of iron species poses a
major  challenge  for  redox  speciation
measurements. The ideal analytical strategy would
be the direct in situ determination of Fe(lll) and
Fe(Il) with minimal manipulation, use of minimal
reagent amounts and minimal laboratory or
research equipment. Flow injection techniques
using resin-based column chromatography were
developed to fulfill most of these requirements [17,
18]. A main drawback of these methods is that the
selective complexing agents used can shift the iron
redox speciation [17, 19, 20] and the necessity of
preliminary oxidation or reduction of iron species.
Some of the procedures require adjustment of pH
higher than 4 [18] which changes the concentration
of labile iron species. In addition, the flow injection
systems are laboratory made and commercially not
available  constructions.  Atomic  absorption
spectrometry and inductively coupled plasma mass
spectrometry techniques applied for dissolved iron
speciation require laboratory performance [21, 22].
In this case, the risk of changing of the oxidation
state of iron during sample preservation and
transportation always exists [23]. On the other
hand, methods for in situ field sampling of several
elements, allowing the final species determination
in the laboratory, have been already published [22—
25]. In this paper, the analytical potential of
Chelex-100 resin in H* form for solid phase
extraction separation/preconcentration of dissolved
iron species and their in situ field sampling using
batch process is investigated. The method involves
final elution of Fe(l11) species from the Chelex-100
in the laboratory using NH,-EDTA as eluent and
final detection of iron species using flame or
electrothermal atomic absorption spectrometry.

EXPERIMENTAL

Instrumentation. The flame AAS technique used
was AA400 (Perkin-Elmer) in an air acetylene
flame. The light source was a hollow cathode lamp
for Fe, wavelength 283.3 nm. The instrumental
parameters were set up to obtain maximum signal
to noise ratio. The ETAAS measurements were
carried out using a Perkin-Elmer (Norwalk, CT,
USA) Zeeman 3030 spectrometer with an HGA-
600 graphite furnace. The spectral bandpass was
0.2 nm. Pyrolytic coated graphite tubes were used
as atomiser. Autosampler AS-60 was used for
injections of 20 pL sample solutions into the
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graphite tube. Only peak areas were used for
quantification. The graphite furnace operating
parameters for modifier-free ETAAS measurements
of Fe were: drying at 120 °C, pretreatment at 1100
°C, atomization at 2100 °C, cleaning at 2500 °C.
Reagents and materials. All reagents used were
of analytical reagent grade. Milli-Q water was used
throughout. The stock standard solution of 1 g L™
Fe(lll) was prepared from Titrisol (Merck,
Darmstadt, Germany) in 0.5 mol L™ hydrochloric
acid (p.a. Merck). The standard solution of 1g L™
Fe(ll) was prepared by dissolving 3.5111 g of
ferrous ammonium sulfate hexahydrate (Sigma-
Aldrich) in 500 mL of 0.5 mol L™ HCI. The exact
concentration of Fe(ll) in the stock solution was
checked by titration with standardized potassium
permanganate. Working standard solutions for
calibration were prepared by appropriate stepwise
dilution of their stock solutions just before use. The
hydrochloric acid was preliminary purified by
isothermal distillation. Ethylenediaminetetraacetic
acid diammonium salt (NH;-EDTA) was prepared
from EDTA-disodium salt (p.a. Merck) after
precipitation as ethylenediaminetetraacetic acid
with 6 mol L™ HCI and subsequent dissolution of
the precipitate in NH,OH (p.a. Merck, additionally
purified by isothermal distillation). Humic acid was
supplied by Fluka, Switzerland. The chelating resin
Chelex-100 (50-100 mesh, sodium form, Bio-Rad,
UK) was previously NH,-EDTA and water washed.
The resin was converted to the H" form by stirring
with 0.02 mol L™ HCI for 20 min, followed by
several water washes (till neutral reaction). Sterile
polyethylene centrifuge tubes (15 and 50 mL),
pasteur pipettes and syringe filters (0.45 pwm) were
NH4-EDTA and Milli-Q water washed before use.
Water samples. For laboratory experiments and
method development distilled water, river water
from the local river (Perlovska), local tap water and
groundwater (collected from 12.8 m depth) were
used. River and ground waters were filtered
through 0.45 pm pore size Millipore cellulose
acetate membrane filters. The optimized procedure
was further applied for in situ sampling/separation
of dissolved Fe(ll) and Fe(lll) species (free ions
and their labile complexes) in several rivers in
Bulgaria (Danube, Iskar, Mariza, Ropotamo,
Veleka, Struma, Mesta, Vladajska) and in lake
Pancharevo situated near to Sofia city. The standard
reference materials, SLRS-5 (river water) and a
mineral water sample (Devin: pH 9.5, 62 mg L™
Na*, 18 mg L™* SO,2,4mgL™* F,23mg L™ CI)
from national proficiency testing procedure were
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analysed to check the accuracy of the developed
method for determination of total iron in water.

Procedure for iron speciation. The sample was
acidified with 6 mol L' HCI to pH 2-2.5. The
polyethylene centrifuge tube (15 mL) was rinsed
with about 2 mL of the sample. Then 14 mL of the
sample and 0.5 g of the sorbent Chelex-100 in H*
form were placed in the tube. The tube was closed
and the sample with the resin was shaken manually
for 2 min. During this process, Fe(lll) was removed
from the water sample onto the chelating resin,
Fe(Il) remained in the aqueous solution above the
resin. This aqueous solution was transferred to a
second 15 mL polypropylene centrifuge tube using
pasteur pipettes. For elution of the sorbed Fe(lll) 3
mL of 0.03 mol L™ NH,-EDTA were added to the
chelating resin, the tube was closed and the resin
with the eluent was shaken manually for 3 min. The
concentration of eluted Fe(lll) was determined by
flame AAS or ETAAS. Three blank samples were
prepared in parallel. The concentration of Fe(ll) can
be determined direct or after the same
preconcentration/elution procedure as for Fe(lll),
using the chelating resin Chelex-100 in ammonium
form.

For preconcentration and determination of total
dissolved iron a second aliquot (14 mL) of the same
sample (acidified to pH 2-2.5) was placed in a new
pre-rinsed polyethylene centrifuge tube. Then 0.5 g
of the sorbent Chelex-100 in NH," form was placed
in the tube. The tube was closed and the sample
with the resin was shaken manually for 2 min.
During this process both Fe(ll)+Fe(lll) were
retained by the resin. The aqueous phase above the
resin was removed using pasteur pipettes. The
sorbent with the loaded total iron was two times
water washed. Then 3 mL of 0.03 mol L™ NH,-
EDTA were added to the sorbent, the tube was
closed and the resin with the eluent was shaken
manually for 3 min. The concentration of eluted
Fe(Il) + Fe(lll) was determined by flame AAS or
ETAAS. Two blank samples were prepared in
parallel.

RESULTS AND DISCUSSION

Optimization of the batch procedure. The most
important factor which affects the speciation,
preconcentration and determination of iron species
was the acidity of the samples. The range of pH
investigated was between 1 and 8. The recovery
values obtained using the proposed method for the
Fe(Il) and Fe(lll) species as a function of pH are
shown in Fig. 1. The results showed that the
sorption of Fe(l11) onto the Chelex-100 in H* form
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Fig.1. Influence of pH on adsorption of iron species on
Chelex-100 in H* form (sample volume 10 mL, 5 mg L™
Fe(ll, I11), contact time 5 min).

was quantitative between pH values of 1.5 and 8. In
the pH range 1.5-2.5 the ferrous ions were not
retained on the sorbent at all. This means that at pH
1.5-2.5 the Chelex-100 in H" form selectively
retains Fe(lll), making possible to quantitatively
separate Fe(Il) and Fe(lll). The reason for this high
selectivity is the big difference in the stability of
chelate complexes formed between iron species and
ligands containing iminodiacetic functional groups.
The high recovery values for Fe(ll) even at low pH
values using Chelex-100 in H* form can be
explained with the high conditional formation
constant () of Fe(lll)-IDA complex at pH 2 (log
B'= 10.7-11.1) [26, 27]. Chemosorption for Fe(ll)
under this conditions is not possible (log B” (Fe(Il)-
IDA) < 0.6). Retention on Chelex-100 in H" form
due to ion exchange is also not possible in acidic
media because the equilibrium

-R-N-(CH,COOH), + Fe(Il) <> -R-N-
(CH,COOFe/2), + 2H"*
(Chelex-100 in H* form)

is shifted to the left and the protons on the sorbent
functional groups cannot be exchanged with iron
ions at pH 1.5-2.5. These are the reasons for the
non-adsorptivity of Fe(ll) ions which allows the
subsequent quantitative separation of Fe(ll) and
Fe(lll). The sorption recoveries obtained for both
iron species at pH values between 2 and 2.5 were
higher than 95% when the chelating resin Chelex-
100 was in its ammonium form (Fig. 1). This
allows to achieve quantitative separation using the
chelating resin Chelex-100 in H* form for selective
sorption of Fe(lll) at pH 1.5-2.5 and in NH," form
for sorption of total Fe(lll)+Fe(Il) at pH 2-2.5. The
proposed procedure allows to estimate the content
of the free Fe(ll) and Fe(l11) species released in this
acidic medium and their labile complexes with
inorganic or organic ligands.
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Fig.2. Kinetics of adsorption of Fe(lll) on Chelex-100
in H* form (sample volume 10 mL, 5 mg L™ Fe(l11),
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Fig. 4. Recoveries for elution of Fe(lll) from Chelex-
100 by the use of different concentrations of NH,~EDTA
(volume of eluent 3 mL, elution time 5 min).

To optimize the adsorption procedure, the
kinetics of the retention of Fe(lll) was investigated
using 5 mg L™ Fe(l11) spikes in distilled, river, tap
and groundwater. The contact time was varied
between 15 sec and 5 min. The concentration of the
non-sorbed Fe was measured in the aqueous layer
above the Chelex-100 resin using flame AAS. The
results are presented in Fig. 2. Obviously
independent of the sample type, 2 min shaking time
are sufficient for quantitative sorption of Fe(lll).
The experiment was repeated with spike
concentrations of 100 pg L™ Fe(lll) to distilled
water and ETAAS measurement of the
concentration of the non-retained Fe. The same
sorption behavior of Fe(lll) was registered. Hence,
2 min sorption time can be considered as optimal.

Important step in the optimization of a solid
phase extraction procedure is the choice of
appropriate eluent. Quantitative elution of iron
adsorbed on Chelex-100 was achieved with 3 mL
of 1-3 mol L™ HCI or HNO; or with 3 mL of
0.02-0.05 mol L™ NH,-EDTA (pH 5-7), as can be
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Fig. 5. Recoveries for elution of Fe(lll) from Chelex-
100 by the use of 3 mL of 0.03 mol L' NH,~EDTA at
pH 5 as a function of elution time.

seen from Figs. 3 and 4. The use of NH,-EDTA as
eluent is preferable because in this case the same
resin can be reused at least ten times for
separation/preconcentration purposes. Hydrochloric
and nitric acids destroy the resin and it cannot be
used again. In addition, the ammonium salt of
EDTA does not cause any interference during the
analytical measurement by AAS. In all further
experiments 0.03 mol L™ NH,-EDTA was used as
eluent. The results for the kinetics of elution are
presented in Fig. 5. Three minutes elution time
were accepted as optimal.

It was found that the sorption recovery depends
on the sample volume. In the investigated
concentration range 0.1-5 mg L the retention of
Fe(lll) is quantitative up to 14 ml sample for all
studied waters. For 20 ml sample volume the
recoveries varied between 74 and 80% in
dependence on the water type. When the procedure
was performed with 25 ml sample, the recoveries
were between 60 and 65%.
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Table 1. Efficiency of sorption (%) of Fe(lll) in dependence on the water temperature (10 mL sample (pH 2), 2 min

contact time; number of parallel determinations n=2-3

Chelex-100 in H* form

Chelex-100 in NH,* form

Temperature ~ 5mg L™ 05 mg L* 005 mg L* 05 mg L' 005 mg L™
(°C) Fe(l11) Fe(l11) Fe(l11) Fe(l11) Fe(l11)
62 72+£5 78+5 82+6 95+3 96 +3
10+2 88 +2 92 +4 915 98 +2 97+ 1
14+£2 95+3 96 +2 96 +3 98 +3 97+3
16 £2 98 +4 97+2 98 +3 97+2 99+ 1
202 99 +2 100 = 1 99 + | 99 +2 98 +3
Sb(V), Sn(I1) and Sn(1V) on Chelex-100 in H* form
< 101 T : at pH 2 using batch procedure for 2 min contact
£ e 1 T T 1 time, i.e. at the optimal conditions for retention of
S g5 1 T Fe(lll) and separation from Fe(ll). The results
g 92 showed that Bi(lll), TI(I11), Sb(l1) and Sn(Il) were
“g 89 1 totally retained on the sorbent (> 97% retention).
5 861 The sorption degree of Sn(IV) was around 82% and
i :z l that of Sb(V) — around 34%. At the same
o000l oool 0005 ool experimental conditions Cu(ll) was totally sorbed,
Concentration of humic acids (%) while 60% of Pb(“), 40% of Ni, 25% of Cd, 20%

Fig. 6. Efficiency of adsorption of 5 mg L™ Fe(ll1) on
Chelex-100 in H* form (sample volume 10 mL, contact
time 2 min).

For an in situ experiment it was also important
to investigate the influence of the water temperature
on the sorption of Fe(lll). The results from these
investigations are presented in Table 1. The effect
of the water temperature on the adsorption
efficiency depends on the chelating resin form and
does not depend on the iron concentration in the
range 0.05-5 mg L™ Fe. At pH 2 the Chelex-100 in
H* form is sufficiently effective at temperatures
above 10°C. The chelating resin in NH,* form is not
so temperature sensitive. The DGT devices for
passive sampling contain Chelex-100 chelating
resin beads in ammonium or sodium form and at
pH values of the natural waters the low
temperatures are not expected to hinder the
adsorption of free ions.

The effect of humic acid. Humic acids form
relatively stable complexes with metal ions in
natural systems. This was the reason to investigate
their effect on the sorption of Fe(l11) on Chelex-100
in H* form. The concentration range studied was
0.0001-0.01% humic acid, the pH range was
1.5-2.5. The results obtained (Fig. 6) indicated that
the quantitative retention of Fe(lll) is not affected
by the presence of up to 0.01% humic acid.
Preconcentration of other ions. It was expected that
other ions which could be quantitatively retained by
Chelex-100 in H* form at low pH values, are ions
producing complexes with EDTA with very high
formation constants. Experiments were conducted
to investigate the sorption of Bi(lI1), TI(I11), Sb(lll),

of Co and Mn were sorbed. The adsorption of
Fe(l11) was not interfered by the presence of up to 1
mg L™ Bi(IIN)+TI(1D+Sb(I11,V)+Sn(IV) as well as
of up to 10 mg L™ Cu(ll) and of 20 mg L*
Cd(I)+Co(I)+Ni(1D)+Mn(11)+Pb(1l). Tin(Il) could
change the oxidation state of iron by reducing the
concentration of Fe(lll) species if present in
concentrations equal or higher to that of iron.

Analytical performance. Quantification has been
performed based on calibration using agueous
standards for Fe(ll1) prepared in 0.3 mol L™ HNOs.
The correlation coefficient R? of the calibration
curves was 0.9996 for flame AAS (number of
points 5) and 0.9991 for ETAAS (number of points
7). The detection limit was 0.8 pg L™ Fe (ETAAS
detection) and was evaluated as the concentration
corresponding to three times the standard deviation
of ten replicate measurements of a blank sample.
The accurate determination of trace iron species
requires low and reproducible blanks. The
procedural blank based on 10 mL sample volume
was (2.6£0.4) ng (analysis of five separate
aliquots), provided: i) pre-cleaning of tubes,
pipettes and syringe filters with 0.01 mol L™
EDTA, followed by several Milli-Q water washes;
ii) use of sterile disposable polyethylene centrifuge
tubes; iii) preliminary check (ETAAS) for Fe
content of the Milli-Q water and of all reagents and
sorbents used. The relative standard deviation
(n=10) ranged from 2% at the 1 mg L™ Fe up to
20% at the 1 ug L™ Fe(111) level.

To examine potential interference effects and to
prove the accuracy of the proposed method in case
of real samples, spike experiments were performed
with river water, tap water and groundwater. The
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Table 2. Determination of iron species in waters (mean + S, number of parallel determinations n = 3)

Samples Added (ug L™) Found (ug L™) Mean recovery (%)
Fe(ll) Fe(ll1) Fe(ll) Fe(ll) Fe(ll) Fe(ll)
SLRS-5* 0 0 <0.8 101+£3 101.0
Mineral water** 0 0 <0.8 9.31£0.6 93.0
River water 0 0 19+1 5743
20 50 37+3 108+6 94.9 100.9
50 20 65+4 8043 94.2 103.9
Tap water 0 0 <0.8 3943
10 50 10.5+0.8 88+7 105.0 98.9
Lake water 0 0 <0.8 11+1
10 10 10.2+0.8 2042 102.0 95.2
20 0 18.9+1.3 10.7+£0.8 945
Groundwater 0 0 57+4 29+2
50 50 111+£5 72+6 103.7 91.1
*certified value: (100 +2) pg L™ Fe
**accepted value: 10 pg L™ Fe
Table 3. Iron species in waters (n—number of parallel determinations).
Sample Feotal Fe(ll) Fe(ll) Fe calculated / Fe(l1)/
(direct (separation/ measured Fetal
ETAAS) preconcentration)* (%)
(ng L-1) (ug L-1)
River Danube 23+£2 17+£2 7+1 1.04 72+4
(n=3)
River Iskar (n=3) 34+2 27+2 6.8+0.8 0.99 79+5
River Mesta (n=3) 84+3 60+3 25+2 1.01 71£5
River Struma (n=3) 16+1 11+1 43+0.7 0.96 67+4
River Maritsa 21 +1 13+£2 6.4+0.8 0.97 62 +3
(n=3)
River 182 +8 126 £6 58+2 1.01 69+3
Ropotamo(n=2)
River Veleka (n=3) 12+1 7.7+0.8 43+0.6 1.02 64 +£4
River Perlovska 76 +£2 57+3 19+£2 1.00 75+3
(n=5)
River  Vladajska 56+2 43£3 14+1 1.02 774
(n=4)
Tap water (n=5) 39+2 40+3 <08 1.03 > 98
Lake water (n=3) 11+1 10.6 +0.8 <08 0.96 > 98
Groundwater (n=4) 83+6 29+2 57+4 1.04 34+5

* Inorganic Fe(Ill) and Fe(ll) species measured after separation/preconcentration on Chelex-100 in H* (for
quantification of Fe(l11) species) and NH," form (for quantification of Fe(ll) species) at pH 2.

river water reference material SLRS-5 was 10 fold
diluted and analysed according to the described
procedure. Mineral water sample from national
proficiency testing experiment was analysed
according to the described procedure. All results of
the accuracy tests are summarized in Table 2. The
evaluated recoveries for Fe(ll) and Fe(lll) were in
the range 93-105%, i.e. within the accepted range
(90-110%) for the examined concentration levels
[28]. In addition, the accuracy of the proposed
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procedure was validated by comparing the sum of
the concentrations of individual iron species with
that of total iron concentration. The ratio between
the sum of the values for Fe(ll) and Fe(lll)
determined individually and total iron concentration
measured by direct ETAAS or after
preconcentration (Procedure for iron speciation)
was in the range 0.96-1.04 (Table 3).

The main advantages of the described batch
procedure consist in: simplicity; possibility to
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separate the species within 10-15 minutes after
sampling thus preventing any redox changes due to
transportation and storage [23]; use of
commercially available chelating resin; possibility
to determine both inorganic iron species separately
at the same sample pH value using the chelating
resin either in H* form or in ammonium form;
separation/preconcentration  without preliminary
oxidation or reduction of analytes; no use of
complexing agents. The chelating resin itself is not
expected to change the iron redox state because it is
known that aminocarboxylic acids are used to
preserve the elements oxidation state due to fast
formation of stable complexes. At pH 2 (applied for
separation /preconcentration in the proposed
procedure) it could be expected that all iron species
in the studied water exist as free hydrated ions or
labile iron complexes. At the pH values of most
environmental waters (pH around 6 for tap water
and pH > 7 for river and lake water) iron exists in
form of stable complexes with some naturally
occurring ligands as humic acids and fluorides.
These complexes almost completely dissociate at
pH 2. In this way, with the described procedure we
determine the oxidation state of iron included in
stable complexes with naturally existing ligands. At
pH 2 the chelating resin gel swells, but this does not
present any problem for batch procedure
performance.

In situ field sampling, separation/preconcentration
and sample analysis.

The sampling and speciation steps were
performed off-line and in situ on the field. The
sampling was performed on the coast of the river
and the lake. The samples were taken using
disposable syringes (20 mL). The syringes were at
least three times rinsed with the examined sample.
After sampling the sample was filtered through
0.45 pum syringe filter and the filtrate was collected
in a 50 mL polyethylene centrifuge tube. To 50 mL
of filtrate 100 pL of 6 mol L™ HCI was added by
Eppendorf pipette to adjust pH around 2 and then
two aliquots of 14 mL were analysed for iron
species as described in

Procedure for iron speciation.

The results obtained for the distribution of iron
species in environmental waters are given in Table
4. Inorganic Fe(ll) species and their labile
complexes were not detected in tap and lake waters.
These results agree with the results of Yan et
al.[21] for tap water and disagree with the data
reported by Pehlivan and Kara (27% Fe(ll) in tap

water) [22]. The tap water in Sofia is used as
drinking water and is usually chemically treated
before use, which explains the absence of Fe(ll)
species in our case. In river waters the Fe(lll)
species and their labile complexes were found as
the predominant iron oxidation form representing
6478 % of total iron concentration. Similar results
for river waters were reported by Yan et al. (69%
Fe(l1)) [21], Pehlivan and Kara (74% Fe(ll1)) [22]
and Bag et al. (67% Fe(IIl)) [29]. In groundwater,
the Fe(ll) species represented 59-66 % of the total
iron.

CONCLUSION

The batch solid phase extraction procedure
using chelating resin Chelex-100 in hydrogen form
as sorbent allows in situ field sampling and
separation/preconcentration of dissolved Fe(ll) and
Fe(lI1) in waters. The developed method is simple,
fast, reliable and cost effective. The use of the
chelating resin in both H* form (for Fe(lll)) and
ammonium form (for Fe(ll) or total iron) allows to
separate/preconcentrate the iron species at the same
sample acidity without preliminary oxidation or
reduction. The contents of inorganic Fe(ll) and
Fe(lll) species can be determined separately. The
separation/preconcentration proceeds at pH of 2-
2.5, which ensures high degree of dissociation of
iron-natural ligands complexes. The method was
used for the speciation of iron in river, tap, ground
and lake waters with satisfactory precision and
accuracy. It was found that the predominant form in
all waters except groundwater is Fe(ll1).
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bwaeapus
$Yanmepc ynusepcumem, yi. @usukepand 3, 41296 I'vomebope, Ilseyus

[ocrermna Ha 31 okTomBpH, 2011 T.; mpepabotena Ha 12 sHyapu, 2012r.

(Pe3tome)

Paspabotena e mpocta U Gbp3a MpoIleaypa 3a onpeaeisHe Ha pasTBopenute xumudaau Gopmu Ha Fe(ll) u Fe(lll)
BBHB BOOU. OHpe}IeHﬂHeTO Ha XUMHUYHHUTC (pOpMI/I Ha XKEJI130 € BB3MOXXHO CJIEI CCIICKTHBHA TBBpﬂoq)a3Ha CKCTpaKIusa Ha
Fe(l11) Bepxy xemaTupama cmona Chelex-100 8 H dopma, kucenmuHHOCT Ha ipobaTa B o6mactta pH 1.5-2.5, enyupane
¢ 0.03 mol L' NHi-EDTA u omnpenensine na Fe(lll) ¢ mmambkoBa WIH eIeKTPOTEpPMHYHA ATOMHOAOGCOPOIMOHHA
criekrpometpust (ETAAS). Konnenrpamusta va Fe(ll) B pasteopa Hax copOeHTa ce ompenelist JUPEKTHO C WM CIie]
copbims Bepxy Chelex-100 B NH;" dopma Ge3 HeobxoaumocT oT mpespaputesno okucienne na Fe(ll) mo Fe(lll).
B3serure 3a u3ciensane BoAHM NMpobu ce ¢uitpyBaT Ha Mscto npe3 ¢uaTep cupuHioBku (0.45 um). CopbumonHara
npolueaypa ce IpOoBEkJa IpU IIOJICBH YCIOBUSL M CINPYBETKUTE CbC COpOMpaHHTE NpOOM ce NpEeHacsT Jo
naboparopusiTa, KbJeTo (OPMUTE Ha XKEJIA30TO ce enyupar u onpexaerir. IloigeBoro mpoOoB3emaHne MpenoTBparsiBa
IIPOMEHH B OKMCIIMTEIIHOTO ChCTOSHHE Ha JKEJSA30TO. Y CTAaHOBEHO €, Ye NPHCHCTBUETO Ha XYMHMHOBU KHCEIMHHU BHB
BoaHuTe podu 10 0.01% He okas3Ba BnusHUE BBPXY MeToxaa. ' pannnaTa Ha oTkpuBane (35) e 0.8 pg L Fe (ETAAS).
OTHOCHTETHOTO CTaHAapTHO oTKioHeHue (N=10) e ot 2% 3a chabpxkanns okorno 1 mg L Fe 1o 20% 3a chabpKanms
oxomno 1 pg L Fe(lll). Ussmuaanero ua Fe(ll) u Fe(l11) ot peuna, e3epHa, MMTEHHA 1 OANOYBEHA BOIA € B PAMKHTE HA
93 -105%.
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A map taking graphs as arguments is called a graph invariant or topological index if it assigns equal values to
isomorphic graphs. A dendrimer is an artificially manufactured or synthesized molecule built up from branched units
called monomers. In this paper, the Pl index of the micelle-like chiral dendrimers is computed.

Keywords: Micelle-like chiral dendrimer, molecular graph, Pl index.

1 INTRODUCTION

The basic assumption for all molecule based
hypotheses is that similar molecules have similar
activities. This principle is also called structure-
activity relationship (SAR). Quantitative structure-
activity relationship, QSAR, is the process by
which  chemical structure is quantitatively
correlated with a well defined process, such as
biological activity or chemical reactivity.

A molecular graph is a simple graph in which
vertices are the atoms and edge are bonds between
them. A topological index for a molecular graph G
is a numerical value for correlation of chemical
structure with various physical properties, chemical
reactivity or biological activity [1]. The Wiener
index [2] is the first topological index introduced
by chemist Harold Wiener. This index is defined as
the sum of all topological distances between the
pair of vertices. Khadikar et al. [3] defined a new
topological index, named PI index. It is defined as
PI(G) = Y e=wec[My(e) + my(e)], where my(e) is the
number of edges of G lying closer to u than to v
and my(e) is the number of edges of G lying closer
to v than to u. Edges equidistant from both ends of
the edge uv are not counted.

It is worthy to mention here that Khadikar and
his co-workers [4-11] examined variety of cases in
that the PI index was found more useful than many
of the other distance-based topological indices in
QSAR/QSTR analysis. They established the
success of Pl index with rigorous examples.
Khadikar and his team observed that in many cases
the biological activity is well correlated with Pl
index.

* To whom all correspondence should be sent:
E-mail: Ashrafi@kashanu.ac.ir

The PI index has more and more applications in
nanoscience. Khadikar [12] established the

O/\/\/\
OW

@

(d)

Fig. 1. a) The Core of Micelle-Like Chiral Dendrimer
G[nJ;
b) The Molecular Graph of G[0];
¢) The Molecular Graph of G[2];
d) A Branch of G[2].

importance of Pl index in nanotechnology. The
present article is an extension of our earlier work in
demonstrating the applicability of Pl index to
model dendrimers and to investigate relative

© 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 307
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potential of Pl index in such studies. We encourage
the readers to consult paper [13-18] for background
material as well as basic computational techniques.
Our calculations are done with the help of GAP
System.

2 PI Index of Micelle-Like Chiral Dendrimers

Nanobiotechnology is a rapidly advancing area
of scientific and technological opportunity that
applies the tools and processes of nanofabrication
to build devices for studying biosystems.
Dendrimers are one of the main objects of this new
area of science. Here a dendrimer is a synthetic 3-
dimensional macromolecule that is prepared in a
step-wise fashion from simple branched monomer
units, the nature and functionality of which can be
easily controlled and varied. The aim of this article
is mathematical study of this class of nano-
materials.

Consider the molecular graph of micelle-like
chiral dendrimer G[3] depicted in Figure 1. We
extend this molecular graph to the case that there
exists a maximal chain of length n from the core to
the end hexagon and denote its molecular graph by
G[n].

Suppose e is an edge of G[n] and N(e) denotes
the number of parallel edges to e. Then N(e) = M —
(my(e) + my(e)), where M is the number of edges in
G[n]. We first notice that PI(G) = M? — Y.ec)N(E).
From the molecular graph of this dendrimer, Figure
1, we can see that the core of G[n] has exactly 37
edges and by considering its branches we have:

M=4x[1+10+2x(5+4)+22x(5+4)+ ...+
2" 5+ 4)]+37=9x2™+9,

From Figure 1, one can see that there are three
types of edges as follows: the edges with N(e) = 1,
the edges satisfy N(e) = 2 and the edges with N(e) =
3. To compute the PI index of this dendrimer, it is
enough to compute the number of edges in each
case. Suppose m;, denote the number of edge e such
that N(e) = i, 1 <i < 3. Then we have m, = 3 x 2"
+7,m =3 x 2™ - 8and my = 6. By these
calculations, PI(G[n]) = 81x2%"** + 72x2" "3 1,

3 CONCLUSIONS

In this paper a method for computing PI index of
a dendrimer is presented by which it is possible to
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calculate this topological index for dendrimer
molecules, in general. Our method is efficient for
dendrimers and we apply on micelle-like chiral
dendrimer.

Acknowledgement: This research is partially
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Abstract i-Propylbenzonitriles were prepared for the first time by direct selective ammoxidation of i-propylbenzyl
chlorides obtained by chloromethylation of i-propylbenzene with high yields and nearly 100% selectivity at a relatively

low temperature of ca. 200 °C.

Key words: ammoxidation - i-propylbenzonitrile - i-propylbenzene - cymene - chloromethylation

INTRODUCTION

Aromatic nitriles are important industrial
chemicals and valuable synthetic intermediates [1-
5]. As one type of important aromatic nitriles, i-
propylbenzonitriles can easily be converted to
corresponding amides, acids, esters, amines, etc.,
which are commercially interesting and valuable
intermediates for the synthesis of pharmaceuticals,
pesticides, dyestuffs, fluorescence whiteners, and
SO on.

The basic assumption for all molecule based
hypotheses is that similar molecules have similar
activities. This principle is also called structure-
activity relationship (SAR). Quantitative structure-
activity relationship, QSAR, is the process by
which  chemical structure is quantitatively
correlated with a well defined process, such as
biological activity or chemical reactivity. Similar
to other aromatic nitriles, i-propylbenzonitriles can
generally be synthesized by dehydration of amides
[6], cyanation of aromatic bromides [7],
diazotization of propylaniline [8], etc. These
methods usually need expensive materials or lead
to serious pollution and are not suitable for
industrial production on a large scale. In general,
the heterogeneous catalytic ammoxidation of
methyl aromatics is the most simple and
economically most profitable route for the
production of aromatic nitriles [1-5]. However, i-
propylbenzonitriles cannot be synthesized by direct
catalytic ammoxidation of cymenes, which would
mainly produce dinitriles with a little tolunitriles,

* To whom all correspondence should be sent:
E-mail: xxgyy@hotmail.com
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due to the lower dissociation energy of the
hydrogen at the o-C and the higher catalytic
activity of the isopropyl group compared to the
methyl group under gas phase ammoxidation
conditions, as shown in Scheme 1.

CH(CHy), CN CN
AN X

Nd Nl
X X %
CH, CH CN

Scheme 1. Direct ammoxidation of cymenes

We have synthesized tolunitriles by selective
ammoxidation of methylbenzyl chlorides prepared
by chlorination of xylenes [9]. However, this
reaction needs poisonous chlorine. Moreover, it is
very difficult to controllably produce only
alkylbenzyl chlorides by direct chlorination of
methylaromatics, often along with the multi-
chlorinated by-products. Here we report an
efficient approach to the synthesis of i-
propylbenzonitriles by selective ammoxidation of
i-propylbenzyl chlorides prepared by
chloromethylation of i-propylbenzene, as shown in
Scheme 2. To the best of our knowledge, this is the
first case to synthesize i-propylbenzonitriles by
catalytic gas phase ammoxidation. Furthermore,
this approach provides a new synthetic path to
obtain alkylbenzonitriles and other aromatic
nitriles, especially those having heat-sensitive

© 2010 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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groups and not being prepared by direct
ammoxidation.

CH(CHy), CH(CH;), CH(CHj),
(HCHO),, HCI ’ x NH3, 0, ‘ X
—_— —_—
Catalyst atalvs
/\/ Catalyst /\,
CH,CI N

Scheme 2. Synthesis of i-propylbenzonitriles by
selective ammoxidation

EXPERIMENTAL

General

The reagents for the preparation of catalysts and
i-propylbenzene were analytically or chemically
pure. The VCrO/SiO, catalysts were prepared
according to our previous works [10, 11]. The
products were characterized by 'H NMR, IR
spectroscopy and elemental analysis. The *H NMR
spectra were recorded on a Bruker AM-300 MHz
spectrometer with tetramethylsilane as an internal
standard. The IR spectra were measured on a
Nicolet Nexus470 FT-IR spectrometer. Elemental
analyses were carried out using Vario EL 111. The
purity of the products was determined on a
Shimadzu GC-17A gas chromatograph.

CHLOROMETHYLATION OF I-
PROPYLBENZENE

The procedure for chloromethylation of i-
propylbenzene was referred to our previous work
[12]. The mixture of i-propylbenzyl chlorides was
obtained by vacuum distillation in 93 % yields,
b.p. 118 — 120°C / 35 mmHg.

SELECTIVE AMMOXIDATION OF I-
PROPYLBENZYL CHLORIDES

The selective ammoxidation of i-propylbenzyl
chlorides was carried out in a 30 mme-inside-
diameter quartz tube fixed-bed reactor [10, 11, 13]
loaded with 10 g catalyst. The i-propylbenzyl
chlorides were fed by a micropump, vaporized and
mixed in a preheated vessel with ammonia and air
after having passed gas flowmeters with suitable
molar ratios. The preheated gas flow was then fed
directly into the reactor. The temperature was
maintained at 220 + 2°C. i-Propylbenzyl chlorides
(PBCs) were introduced at a rate of 0.6 mL h™* and
the molar ratios of air / PBCs and NH;3; / PBCs
were 15 and 3, respectively. After the reaction, the
outlet stream was cooled and the products were
condensed in a condensing apparatus in 96 %
yields. Pure ortho-i-propylbenzonitrile and para- i-
propylbenzonitrile could be obtained by fractional
distillation with 21 % (b.p. 72 — 75 °C / 5 mmHg)

and 75 % (b.p. 88 — 90 °C / 5 mmHg) yields,
respectively, and the purities were 98 % and 99 %
by GC. Characterization data for ortho- i-
propylbenzonitrile: '"H NMR (300 MHz, CDCls): &
7.45-7.63(m, 4H, Ph-H), 2.87(m, 1H, -CH(CHy),),
1.23(d, 6H, -CH(CHs),). IR(KBr, cm™): 2226 (-
CN). Calcd for CyoHi3N: C, 82.72; H, 7.64; N,
9.65. Found: C, 82.36; H, 7.85; N, 9.79.
Characterization data for para-i-
propylbenzonitrile: *H NMR (300 MHz, CDCl,): &
7.46-7.58 (m, 4H, Ph-H), 2.85(m, 1H, -CH(CHy),),
1.20(d, 6H, -CH(CH,),). IR(KBr, cm™): 2224 (-
CN). Calcd for CioH;3N: C, 82.72; H, 7.64; N,
9.65. Found: C, 82.98; H, 7.71; N, 9.31.

RESULTS AND DISCUSSION

In ammoxidation of methylaromatics, the
hydrogen extraction from the methyl group to
generate the benzyl species is generally considered
to be the rate-determining step of the reaction.
Similar to the methyl group, the alkyl groups can
also be converted to cyano groups under gas-phase
ammoxidation conditions (ca. 400 °C), so
alkylaromatics can also be ammoxidized to
aromatic nitriles. Because the dissociation energies
of the a-C-H bonds in different alkyl groups are
different, the different alkyl groups existing on one
benzene ring would have different reactivities. In
the ammoxidation of cymene, the methyl and
isopropyl groups are generally ammoxidized to
cyano groups, but due to the lower dissociation
energy of the hydrogen at a-C of the isopropyl
group (350 kJ/mol) compared with the methyl
group (370 kJ/mol) [14], the isopropyl group is
more active and would thus more easily be
ammoxidized to the cyano group. So, besides
dinitriles, considerable amounts of tolunitriles
would exist in the products [15]. i-
Propylbenzonitriles cannot be prepared by direct
ammoxidation of cymenes. We have previously
prepared tolunitriles by selective ammoxidation of
methylbenzyl chlorides [9]. Considering the lower
C-Cl bond energy (290 kJ/mol) and the higher
reactivity of the chloromethyl group, here we
report a new route to prepare i-propylbenzonitriles
from the inexpensive i-propylbenzene by
chloromethylation to i-propylbenzyl chlorides,
which could then be selectively ammoxidized to i-
propylbenzonitriles at a relatively low temperature
of ca. 200 °C (Scheme 2). The ammoxidation
temperature of i-propylbenzyl chlorides is reduced
by more than 100 °C compared with that of
ordinary methylaromatics. At such a low
temperature, the i-propyl group could not be
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ammoxidized, so the selectivity for i-
propylbenzonitriles is very high, and the total
molar yields of i-propylbenzonitriles can reach 89
% calculated with respect to i-propylbenzene. The
possible catalytic mechanism for ammoxidation of
i-propylbenzyl chlorides is shown in Scheme 3.
Chloromethylation of i-propylbenzene can give
ortho-i-propylbenzyl chloride and para- i-
propylbenzyl chloride [12]. Because of the very
close boiling points and similar reactivities under
the ammoxidation conditions, i-propylbenzyl
chlorides could not be separated but reacted as a
mixture to afford the i-propylbenzonitrile isomers,
which can be separated by fractional distillation.

CH,CI CHy CH,NH,
x x x
7 eneny), > tcny, >y,
[O]] -[H]
CN CH=NH
X [0] X
| —
p Z - [H] P 7
CH(CHjy), CH(CHj3),

Scheme 3. Possible mechanism for ammoxidation of i-
propylbenzyl chlorides.

The vanadium-containing mixed oxides are
generally the most active and selective catalysts
used for ammoxidation of methylaromatics. We
have found that silica supported vanadium-
chromium oxides [10, 11] show higher catalytic
activity and selectivity at a lower reaction
temperature than the corresponding unsupported
vanadium-containing oxides for ammoxidation of
methylaromatics. They could also be used for
ammoxidation of i-propylbenzyl chlorides at very
low temperature. The silica supported vanadium-
chromium oxides were prepared according to our
previous reports [10, 11]. With 10 wt.% of V-Cr
loaded in the catalysts, highest catalytic activity
and selectivity ~ for ~ ammoxidation of
methylaromatics were registered. The X-ray
diffraction (XRD) data show that VV-Cr oxides exist
as an amorphous phase in the 10 wt.% loadings
[10]. With a V/Cr molar ratio of 1, the VCrO/SiO,
catalyst shows best catalytic performance with
96% of yield and 98% of selectivity.
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CONCLUSIONS

i-Propylbenzonitriles were synthesized by
selective  ammoxidation  of  i-propylbenzyl
chlorides prepared by chloromethylation of i-
propylbenzene at low temperature in high yields
and nearly 100% selectivity. This approach
provides a new path to obtain alkylbenzonitriles
and other aromatic nitriles, especially for those
having heat-sensitive groups and not being
prepared by direct ammoxidation.
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CuHTe3upaHu ca 3a IBPBH IIT HW30-NPONHIOCH30HUTPWINM Ype3 AMPEKTHO CEeNIEKTHMBHO aMOKCHUAMpAHe OT i-
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Unexpected formation of novel oxazolidine and tetrahydrooxazine derivatives by
condensation of 2-(hydroxymethy) or 2-(2-hydroxyethyl) piperidine, and ketones
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Several novel oxazolidine and tetrahydrooxazine derivatives, which possess a spiro carbon, were unexpectedly
obtained during our attempts to prepare enamines that possess a hydroxy group by condensation between a piperidine
alcohol and a ketone in the presence of an acidic catalyst. The reaction times under reflux conditions were significantly

influenced by the structure of the starting substrates.

Key words: Enamine, Oxazolidine, Tetrahydrooxazine, Spiro carbon, Three ring compounds.

INTRODUCTION

As shown in Scheme 1, enamine 1 is often
utilized as a precursor for the preparation of o-
substituted ketone 3. In such reactions,
electrophiles (E) such as alkyl or acyl halides
attacks 1 at the S-position of the nitrogen atom to
give substituted enamine 2 (X=E), which readily
undergoes hydrolytic cleavage to yield 3 (X=E) [1,
2].

k ) X=E L N )
N L. TR L) N
H -H . . +H,0
. 20 N”) usual chemical reaction "N +
-— Y X = Nu 7 0
—_—

X
X

3

9 +H,0
& electrooxidation
1 2
Scheme 1. Preparation of a-substituted ketone via
enamine

In contrast, Shono et al. [3] and Chiba et al. [4]
have previously reported that 1 can instead be
attacked by a nucleophile (Nu), such as a
methoxide ion or organic anions derived from S-
dicarbonyl compounds, via electrooxidation to give
2 (X=Nu), which then hydrolyzes to 3 (X=Nu).
Consequently, we were naturally interest in the
electrooxidative behavior of enamines, such as
compound 6 that possess a hydroxyl group. We
attempt to prepare 6 by refluxing a mixture of 4
and 5 in toluene in the presence of catalytic
amount of an acidic catalyst. However the reaction
resulted in unexpected formation of three ring
compounds, probably via autoxidation by ambient
oxygen in the open dehydration apparatus. [5]

* To whom all correspondence should be sent:
E-mail: nishikawa@chem.kitami-it.ac.jp
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(Nj\(c"'z)n
Ho 1

<o | (L (L
autoxidation
+ N iCHZ)n §CH2)n
o -H,0 Hﬁ OH 0 7
HH 5 6 n=1or2

Scheme 2. Unexpected formation of three rings
compound 7.

EXPERIMENTAL

The oxazolidine (7, n=1) and tetrahydrooxazine
(7, n=2) derivatives were prepared as follow: in a
200-mL round bottomed flask equipped with a
water trap condenser was added hydroxy
piperidine 4 (50 mmol), symmetrical ketone 5 (55
mmol), and p-toluenesulfonic acid (PTSA 0.1 g) in
toluene (50 mL). The reaction mixture was
refluxed until water was completely removed using
the water trap (Table 1). After removal of the
toluene under vacuum, the resulting residue was
purified by distillation under reduced pressure.
Structures of the isolated products were confirmed
by IR and NMR and High resolution mass spectra.
Infrared spectra (IR) were recorded on a Perkin
Elmer Spectrum One FT-IR spectrometer. NMR
spectra were obtained on a JEOL JNM-ECX 400
spectrometer. High resolution mass spectra were
measured on a JEOL JMS-100GCV gas
chromatography time-of-flight mass spectrometer.

- compound 7a. Colorless viscous oily liquid,
bp : 108-110°C/19 mmHg. R; : 0.90(Silica gel
TLC, Et,0). IR (neat) : 2934, 2861, 2805, 1463,
1441, 1347, 1153, 1144, 1079, 1032 cm™. 'H

© 2010 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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NMR (CDCls) :6= 0.84(t, J= 12Hz, 3H), 0.90(t,
J=12Hz, 3H), 1.1-1.2(m, 2H), 1.3-1.8(m, 8H),
2.4-2.5(m, 1H), 2.7-2.8(m, 2H), 3.3-3.4(m, 1H),
3.9-4.0(m, 1H). *C NMR (CDCls) :0= 7.30(CHs),
8.85(CH3), 23.89(CH,), 25.88(CH,), 27.15(CH,),
27.89(CH,), 28.45(CH,), 44.67(CH,), 58.57(CH),
71.62(CH,), 96.86(C). MS m/z (relative intensity,
%) : 183(2) [M'], 156(14), 155(33), 154(100),
98(48), 70(10), 57(17), 56(14), 41(18), 29(15).
HRMS : m/z calcd. for C;1H»;NO : 183.1623
:found : 183.1614[M"].

- compound 7b. Colorless viscous oily liquid,
bp : 143-145°C/45 mmHg. R : 0.56(Silica gel
TLC, Et,0). IR (neat) : 2935, 2867, 2798, 1440,
1323, 1280, 1226, 1141, 1057, 1030 cm™. 'H
NMR (CDCly) :6= 1.2-1.4(m, 2H), 1.5-1.9(m,
11H), 2.2-2.3 (m, 1H), 2.5-2.7(m, 1H), 2.8-2.9(m,
1H), 3.4-3.5(m, 2H), 3.8-4.0(m, 1H). *C NMR
(CDCly) :6= 23.01(CH,), 23.25(CH,), 24.48(CHy),
25.29(CH,), 27.78(CHy,), 29.55(CH,), 35.35(CHy,),
45.35(CH,), 59.87(CH), 69.31(CH,), 105.58(C).
MS m/z (relative intensity, %) : 181(20) [M],
153(36), 152(100), 139(21), 98(33), 97(36),
82(28), 57(25), 55(28), 41(25). HRMS : m/z calcd.
for C;;H1NO : 181.1467 ;found : 181.1470[M"].

- compound 7c. [6, 7] Slightly yellowish
viscous oily liquid, bp : 143-145°C/19 mmHg. Ry:
0.23 (Silica gel TLC, Et,0). IR (neat) : 2933, 2858,
2796, 1442, 1373, 1244, 1229, 1200, 1123, 1080
cm ™. 'H NMR (CDCl,) :6= 1.1-1.2(m, 1H), 1.3
1.4(m, 2H), 1.5-1.8(m, 10H), 1.9-2.3(m, 4H), 2.7—
3.0(m, 2H), 3.7-3.8(m, 2H). *C NMR (CDCl,)
:0=22.39(CHy), 23.59(CH,), 24.83(CHy),
26.26(CH,), 26.68(CH,), 28.70(CH,), 32.88(CHy,),
38.73(CH,), 45.16(CH,), 53.55(CH,), 60.65(CH),
100.10(C). MS m/z (relative intensity, %)
195(41) [M'], 166(100), 151(55), 150(72),
138(64), 122(86), 84(54), 83(57), 55(51), 41(52).
HRMS : m/z calcd. for C;,H,;NO : 195.1623 ;
found : 195.1648[M"].

- compound 7d. Colorless viscous oily liquid,
bp : 132-134°C/16 mmHg. R : 0.85(Silica gel
TLC, Et,0). IR (neat) : 2933, 2860, 2804, 1448,
1365, 1291, 1203, 1155, 1130, 1037 cm™*. 'H
NMR (CDCly) :0= 1.0-1.3(m, 4H), 1.4-1.9(m,
12H), 2.2-2.4(m, 1H), 2.6-2.9(m, 2H), 3.3-3.5(m,
1H), 3.8-4.0(m, 1H). ®C NMR (CDCly)
:0=22.86(CHy), 23.77(CH,), 23.83(CHy),
25.73(CH,), 25.81(CHy,), 28.14(CH,), 29.93(CHy,),
35.78(CH,), 45.43(CH,), 58.72(CH), 70.08(CHy),
94.93(C). MS m/z (relative intensity, %) : 195(26)
[M'], 166(17), 153(35), 152(100), 139(25), 98(26),

96(23), 82(18), 55(21), 41(23). HRMS : m/z calcd.
for C1,H,1NO :195.1623 ;found : 195.1638[M"].

- compound 7e. [6, 7] Slightly yellowish
viscous oily liquid, bp : 153-155°C/19 mmHg. R;:
0.47(Silica gel TLC, Et,0). IR (neat) : 2932, 2857,
2796, 1445, 1375, 1289, 1258, 1227, 1117, 1084
cm . 'H NMR (CDCly) :0= 1.0-1.2(m, 1H), 1.2—
1.4(m, 4H), 1.4-1.8(m, 12H), 2.1-2.2(m, 1H), 2.2-
2.3(m, 1H), 2.6-2.8(m, 1H), 2.9-3.0(m, 1H), 3.6-
3.8(m, 2H). C NMR (CDCl;) :6= 21.84(CH,),
22.41(CH,), 22.66(CHy,), 23.72(CH,), 26.10(CHy,),
26.74(CH,), 31.85(CHy,), 34.24(CH,), 36.10(CHy,),
45.84(CHy), 52.04(CHy,), 58.80(CH), 87.39(C). MS
m/z (relative intensity, %) : 209(20) [M*], 166(70),
165(49), 164(34), 138(29), 123(34), 122(100),
82(36), 55(36), 41(35). HRMS : m/z calcd. for
C13H23NO : 209.1780 ;found : 209.1764[M"].

- compound 7f. Colorless viscous oily liquid,
bp : 125-127°C/2 mmHg. R; : 0.87(Silica gel TLC,
Et,0), IR (neat) : 2938, 2865, 2804, 1442, 1365,
1289, 1203, 1154, 1130, 1030 cm™. ‘H NMR
(CDCls) :6= 0.86(s, 9H, 3 x CHs), 0.8-1.0(m, 2H),
1.1-1.8(m, 13H), 2.2-2.3(m, 1H), 2.7-2.8(m, 1H),
2.8-2.9(m, 1H), 3.3-3.4(m, 1H), 3.9-4.0(m, 1H).
3C NMR (CDCl,) :0= 23.64(CH,), 23.82(CH,),
24.58(CH,), 25.70(CH,), 27.71(CHs), 28.13(CH,),
29.82(CH,), 32.39(C), 35.93(CH,), 45.45(CHy,),
47.82(CH), 58.87(CH), 70.12(CH,), 94.23(C). MS
m/z (relative intensity, %) : 251 (14) [M],
236(18), 194(38), 153(40), 152(100), 139(29),
98(28), 97(28), 55(25), 41(25). HRMS : m/z calcd.
for C16H»NO : 251.2249 ;found : 251.2260[M™].

- compound 7g.  Colorless viscous oily liquid,
bp : 150-152°C/19 mmHg. Ry : 0.96(Silica gel
TLC, Et,0), IR (neat): 2931, 2857, 2799, 1455,
1441, 1275, 1221, 1126, 1074, 1032 cm™. '"H NMR
(CDCly) :0= 1.1-1.3(m, 2H), 1.3-1.9(m, 16H), 2.2-
2.3(m, 1H), 2.5-2.6(m, 1H), 2.9-3.0(m, 1H), 3.3-
3.4(m, 1H), 3.8-3.9(m, 1H). *C NMR (CDCl;) :0=
22.86(CH,), 23.29(CHy), 23.72(CH,), 25.71(CHy,),
27.88(CH,), 30.08(CHy,), 30.75(CH,), 32.82(CHy,),
40.55(CH,), 45.14(CH,), 58.54(CH), 69.91(CHy,),
98.21(C). MS m/z (relative intensity, %) : 209(24)
[M™], 166(37), 153(36), 152(100), 139(30), 98(27),
97(28), 82(21), 55(27), 41(25). HRMS : m/z calcd.
for C13H23NO :209.1780 ;found : 209.1792[M™].

- compound 7h. Colorless viscous oily liquid,
bp : 162-164°C/17 mmHg. R; : 0.72(Silica gel
TLC, Ethyl ether), IR (neat) :2930, 2854, 2800,
1443, 1278, 1195, 1142, 1124, 1075, 1037 cm™.
'H NMR (CDCl3)o= 1.1-1.3(m, 2H), 1.4-1.9(m,
18H), 2.2-2.3(m, 1H), 2.6-2.7(m, 1H), 2.9-3.1(m,
1H), 3.3-3.4(m, 1H), 3.8-3.9(m, 1H). *C NMR
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(CDCIy) :9= 22.15(CH,), 22.64(CH,), 23.78(CH.,),
24.80(CH,), 25.92(CH,), 27.65(CH,), 28.16(CH.),
28.70(CH,), 29.47(CH.,), 36.83(CH,), 45.91(CH.,),
59.15(CH), 70.11(CH,), 97.08(C). MS m/z
(relative intensity, %) : 223(23) [M*], 194(26),
192(26), 166(32), 153(45), 152(100), 139(87),
98(44), 97(59), 55(34). HRMS : m/z calcd. for
C14H2sNO :223.1936 ;found : 223.1933[M"].

RESULTS AND DISCUSSION

Beginning of the study, we examined
preparation of 6 by refluxing 2-(hydroxymethy)
piperidine (4d, n=1) (Entry 4 in Table 1) or 2-(2-
hydroxyethyl) piperidine (4e, n=2) (Entry 5), and
several symmetrical ketones (5a—h). Although
after theoretical amount of water could be removed
from the reaction mixture, unexpected oxazolidine
(7d, n=1) and tetrahydrooxazine (7e, n=2)
derivatives were formed dominantly via a probable
formation of the corresponding 6 (n=1 or 2) as the
intermediates in good yield.

Interestingly, to the best of our knowledge,
there are only very few reports regarding the
preparation of compound type 7, and most of the
unique products consisting of three condensed
rings obtained here are novel compounds. [6-11]

Table 1. Formation of
tetrahydrooxazine derivatives

oxazolidine  and

Entry4, 5,7 n Ry R, r.time (h) Yield of 7

(%)"”
1 a 1 Et Et 70 75
2 b 1 ~(CHy) 2 93
3 c 2 -(CH2)4' 3 95
4 d 1 -(CH)e 2 88
5 e 2 -(CHy)e- 26 87
6 f 1 -(CH)CHt 7 95
Bu)(CHo),-
7 g 1 -(CH)- 7 85
8 h 1 -(CH,)- 9 64

9 4:50 mmol, 5 : 55 mmol, PTSA : 0.1 g. Refluxing in
toluene : 50 mL.
®) |solated yields.

(0]
o + M -ho
R” Ry =~ 5

N CHo), N
| PTSA
4 OH 5 R1/\R\O 7
2
Scheme 3.

316

Table 1 shows relationship among the type of
piperidine 4, ketone 5, reaction time, and the yields
of the corresponding cyclic compound 7.
Refluxing times (see experimental section)
required to complete the reaction were
significantly depended on the structure of not only
4 put also 5 moiety. For example cyclopentanone
5b (Entry 2), 5¢ (Entry 3) and cyclohexanone 5d
(Entry 4) react readily with 4 (n=1 and 2) to give
the corresponding cyclic compounds 7b, 7c¢ and 7d
in high yields (88~95%), however much more long
reaction times were needed in the cases of 3-
pentanone 5a (Entry 1, 70h) and cyclohexanone
5e (Entry 5, 26h). Long refluxing time decreased
the yield of 7h (r. time 20hr, 55%) in the case of
Entry 8. Further investigations of reactivity
between 4 and 5, and into the stereo-specificity of
the products are currently underway in our
laboratories.
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HEOYAKBAHO ObPA3YBAHE HA HOBU ITPOU3BOAHU HA OKCA3OJIMVH 1
TETPAXUIPOOKCA3UH ITPU KOHJAEH3ALISA HA 2-(XUAPOKCUMETWII) NN 2- (2-
XUAPOKCUETWII) ITUITEPUIVH 1 KETOHU
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Jlenapmamenm no 6uomexHono2us u xumus Ha okoanama cpeoa, Texnonoeuyen Yuusepcumem Kumamu, Koen-uo 165,
Kumamu, Xokaiioo 090-8507, Anonus

Ilocrpnuna ua 14 despyapu, 2011, npepaborena Ha 28 peBpyapu 2012
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Hsxonko HOBH TPOM3BOAHM Ha OKCA30JUAWH W TETPAaXHIPOOKCA3WH, MPUTEKABAIlH CIHPO-BBIICPO, Osxa
IOJIy4eHH HEOYaKBAaHO IIPU OIMTUTE Ja CE€ IMOJydaT EHAaMHWHH, KOWUTO IIPUTEKABAT XUIPOKCWIHA TIpyIa, IPU

KOHACH3aluA Ha MANCPUANHOB AJIKOXOJI U KETOH B MPUCHCTBUCTO HA KUCCIIMHCH KaTaJIU3aTop. Peaknmonnure BpEMCHa
IIpHU HarpsiBaHe € 06paT€H XJIaJHUK CC BJIMAAT 3HAYUTCIIHO OT CTPYKTYpAaTa Ha U3XOAHUTC CY6CTpaTI/I.
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Conducting polyaniline based paints have been applied on hot dip galvanized low carbon steel samples. The
corrosion protection performance of these paint coatings was evaluated by using Tafel plots and impedance
spectroscopy. It was found that the paint coatings offered significant corrosion protection to hot dip galvanized low

carbon steel in aqueous 3.5 wt % NacCl solution.

Key words: Conducting polyaniline based paints; hot dip galvanized low carbon steel; corrosion prevention

INTRODUCTION

The use of conducting polymers for the
corrosion protection of metals and alloys has
received substantial attention recently [1-3]. Within
the class of conducting polymers, polyaniline
occupies a unique place due to its stability, low cost
and ease of synthesis [4]. However, the extent of
using this conducting polymer family is limited due
to the exclusivity of the monomers that are required
for synthesis [5, 6]. Presently three methodologies
are being used to overcome this situation.

The first approach is concerned with the use of
substituted conducting polyanilines on metals and
alloys. Dimitra Sazou reported the electrochemical
polymerization of several ring substituted anilines
such as o-toluidine, m-toluidine, o- nisidine and o-
chloroaniline on iron samples from aqueous oxalic
acid. It was found that the anticorrosion ability of
the conducting polymer increases in the order:
polyaniline>poly (o-toluidine) ~ poly(m- toluidine)
>poly(o-anisidine)>poly(o-chloroaniline) [7]. P.
Patil et al. carried out electrochemical synthesis of
conducting poly(o-toluidine) and  conducting
poly(o-anisidine) flims on low carbon steel
substrates  from aqueous solutions of sodium
tartrate and sodium salicylate respectively, and
evaluated their corrosion protection performance in
3 % NaCl. A reduction in the corrosion rate by a
factor of 50 and 15 was noted in case of conducting
poly (o-toluidine) and conducting poly (o-anisidine)

respectively in these works [8, 9]. Aziz Yagan et al.
reported conducting poly (N-methylaniline)
electrodeposited coating on iron from aqueous
solution of oxalic acid and found that PNMA
coating provides corrosion protection to iron in 0.5
M NaCl and 0.1 M HCI [10].

The second method is based on the
copolymerization of two conducting polymers.
Gozen Bereket et al. carried out the electrochemical
deposition of poly(aniline-co-2-anisidine) films on
stainless steel in tetrabutylammonium
perchlorate/acetone solution containing perchloric
acid. They found that the polyaniline, poly(2-
anisidine) and poly(aniline-co-2- anisidine) films
have corrosion protection effect for 304-stainless
steel in 0.5 M HCI. However, the conducting
poly(aniline-co-2-anisidine) coating was unstable
and its durability was maintained up to 3 hrs [11].
A. Ozyilmaz et al. used aqueous sodium oxalate
solutions both with and without p-toluenesulfonic
acid to synthesize conducting poly(aniline-co-o-
anisidine) film on mild steel. These conducting
copolymer coatings provided significant corrosion
protection in 3.5 % NaCl for longer periods [12].

The third technique involves the formation of bi
layer coatings which consist either of a top coat of
conducting polyaniline on the layer of the other
conducting polymer such as polypyrrole, or a top
coat of conducting polyaniline on the metallic
coating such as nickel. R. Rajagopalan et al.
electrodeposited conducting polyaniline-
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polypyrrole composite coatings on low carbon
steel. It was shown that the composite coating
shows better corrosion resistant properties than the
homo polymeric coatings [13]. Recently S. Ananda
Kumar et al. reported corrosion resistant behavior
of polyaniline-nickel, nickel-polyaniline,
polyaniline-zinc and zinc-polyaniline coating on
mild steel substrates. PANI-Zn coating was found
to offer the maximum protection compared to other
coatings [14]. However, it will be difficult to
electro-deposit a zinc layer on the conducting
polyaniline film commercially. In addition, in most
of the reported investigations electrochemical
techniques such as cyclic voltammetry were used
for synthesis of conducting polymer coating on the
metals and alloys. Cyclic voltammetry is not
suitable for practical applications. Hot-dip
galvanized coatings are used to protect steel against
corrosion due to their low cost and ease of
application. It is beneficial to improve the corrosion
resistance of such coatings to enhance their service
life [15]. Since hot dip galvanizing is a
commercially established technique, it was thought
that conducting polyaniline based paint on hot dip
galvanized steel might provide an alternative to
conventional toxic paint formulations. This
technology is being used for applying coatings on
electrical  poles, fencing, domestic roofs,
refrigerator panels, etc. It will also be possible to
prepare conducting polyaniline based paints on a
commercial scale and to apply these paints on
massive engineering structures such as poles and
fencing. To the best of our knowledge, there are no
reports in the literature regarding application of
conducting polyniline based paint coating on hot
dip galvanized steel for corrosion prevention.
Therefore, in the present work we have prepared
conducting  polyaniline  based paints and
subsequently applied on hot dip galvanized low
carbon steel samples. Hot dip galvanized coating
was obtained on low carbon steel samples by
immersing these samples in molten zinc. The
corrosion resistance of the painted steel samples
was subsequently evaluated using potentiodynamic
techniques and impedance spectroscopy and
reported in this work.

EXPERIMENTAL
Materials

Aniline (AR grade supplied by Loba Chemicals,
Colaba, Mumbai — 400 005, India) was double
distilled prior to use. Chemicals - hydrochloric acid,
ammonium persulphate and ammonia solution (AR
grade supplied by Loba Chemicals, Colaba,

Mumbai — 400 005, India) were used without
further purification. Ingredients - Xylene, titanium
dioxide (TiO,), and dioctyl phthalate (DOP) (R
grade supplied by Loba Chemicals, Colaba,
Mumbai - 400 005, India) were used as received.
Standard epoxy resin (GY 250 supplied by
Huntsman Advanced Materials, India) Pvt Ltd.
Andheri (East), Mumbai — 400 093, India) was used
as received. Low carbon steel samples (AISI 1015)
and zinc ingots were purchased from a local
supplier.

Conducting polyaniline based paints preparation
and its application

Conducting polyaniline was synthesized from
aniline in aqueous HCI solution using ammonium
persulphate as catalyst by following the method of
Chaing and MacDiarmid [16]. Conducting
polyaniline based paints were prepared by adopting
a technique developed by P. Deb et al. [17] and
elaborated below. The ingredients listed in the
Table 1 were added after filtering to the solution of
epoxy resin and the mixture was ball milled for 16
hrs (Drive motor: Crompton Make - 2 HP, 1440
rpm 415 V, 50 Hz, FLP foot mounted motor along
with gearbox U 287, 25:1 Shanthi Make: Ball Mill
supplied by Indo German Industries, Daman,
India). The purpose of adding TiO, and Di-octyl
phthalate (DOP) in the epoxy resin is to improve
viscosity and elastic properties of the paints.
Xylene was used as a solvent for paint formulation.
The paints were filtered through fine cotton and
applied on the low carbon steel samples. Hot dip
galvanizing coating was obtained on low carbon
steel samples by following the procedure adopted
by S. Vagge and V. Raja [18]. Conducting paint
formulations were subsequently applied on hot dip
galvanized low carbon steel samples.

Tablel. Conducting polyaniline based paint ingredients.

Ingredients wt %
Epoxy Resin (GY 250) 100 gm
PANI-HCI 0.1gmto 1.5gm
TiO, 10 gm
DOP 10 gm
Xylene 10 gm

Characterization

Conducting polyaniline powder was
characterized by using UV-Vis spectrometry. The
UV-Vis absorption study was carried out ex situ in
the wave length range 200-1200 nm using micro
processor controlled double beam UV-vis
spectrophotometer (Model U 2000, Hitachi, Japan).
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Corrosion studies

A corrosion cell with three electrode geometry
of a paint coated sample as working electrode (8
cm?), platinum as counter electrode, and a saturated
calomel electrode (SCE) as a reference electrode
was used. The cell was coupled with a Gamry
Reference system 600 (Wilmington, USA) for
corrosion studies.

RESULTS AND DISCUSSION

UV — Vis Analysis

The optical absorption spectrum of the
conducting polyaniline powder in DMSO is shown
in Fig. 1.

This spectrum shows the characteristics peak at
327 nm and a weak broad peak at 580 nm. The first
one corresponds to the m —nt * transition and n — « *
transition. The second one at 580 nm can be
assigned to the excition transition, which is rather
weak in these polymers [19].

Corrosion studies

The corrosion protection performance of
unpainted hot dip galvanized low carbon steel and
conducting polyaniline based paint coating was
assessed by potentiodynamic polarization and EIS
studies in aqueous 3.5 wt % NaCl solution.

The potentio dynamic polarization curves for
unpainted hot dip galvanized low carbon steel and
for conducting polyaniline based painted hot dip
galvanized low carbon steel samples in 3.5 wt %
NaCl solution are shown in Fig. 2. (curve a -
unpainted hot dip galvanized low carbon steel,
curve b — 1.5 wt % painted steel, curve ¢ — 1 wt %
painted steel and curve d — 0.1 wt % painted steel).

The values of the corrosion potential, corrosion
current density and corrosion rate obtained from
Fig. 2 are recorded in Table 2.

The positive shift in the E. and substantial
reduction in the I, of the hot dip galvanized low
carbon steel due to the conducting polyaniline
based paint is observed, indicating that the
conducting polyaniline based paint protects the
underlying substrate from the corrosion in aqueous
3.5 wt % NaCl. The E., increases from — 1063 mV
versus SCE for unpainted hot dip galvanized steel
to — 1040 mV versus SCE for 1 wt % PANI - HCI
painted steel. It is also observed that the Iy
decreases from 0.006 mA/cm? for unpainted hot
dip galvanized steel) to 10.4 pA/cm?® for 1 wt%
PANI-HCI painted steel respectively. The corrosion
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Fig. 1. UV Analysis of the conducting polyaniline
powder in DMSO.
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Fig. 2. Tafel plot for hot dip galvanized low carbon
steel samples and paint coated carbon steel samples in
3.5 wt % NaCl (curve a - unpainted hot dip galvanized
low carbon steel, curve b - 1.5 wt % painted steel, curve
¢ - 1 wt % painted steel and curve d - 0.1 wt % painted

steel).
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Fig. 3. Nyquist plot for hot dip galvanized low carbon
steel sample and for paint coated carbon steel samples.
(curve a - unpainted hot dip galvanized low carbon steel,

curve b - 1.5 wt % painted steel, curve ¢ - 1 wt %
painted steel and curve d - 0.1 wt % painted steel).

rate of 1 wt % PANI-HCI paint coated steel is
found to be 1.769 mpy which is 3.5 times lower
than that of unpainted hot dip galvanized steel.
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Table 2. Comparison of corrosion rates for unpainted hot dip galvanized steel and paint coated hot dip galvanized

steel.
Parameters leorr, Ecorr, Ba, B, Corrosion Rate,
Alcm ? mV  Videc  Vl/dec mpy
Unpainted hot dip 0.006x10°  -1063 1.4786  2.0209 6.1
galvanized steel
0.1 wt% PANI- HCI 236x10° -521  1.4824  2.0267 1.998
painted steel
1wt% PANI-HCI  10.40x10° -1040 1.4886  2.1209 1.769
painted steel
1.5 wt % PANI-HCI ~ 17.30x10°  -1040  1.4856 2.0288 2.937

painted steel

Table 3. Impedance parameters based on curve fitting and corrosion protection efficiency.

Parameters Rp, C. Cs Ry, Pr, % P. E.
ohms /cm2 HF ohms/cm2 IJF ohms /cm2 ohms /cm2

Unpainted hot dip galvanized 323 45 231 56 381 -
steel

0.1 wt % PANI-HCI painted 433 4.40 249.1 33.73 467.76 18.54
steel

1 wt % PANI-HCI painted  213.7 17.51 556.8 322.5 537.47 29.11
steel

1.5 wt % PANI-HCI painted 196 25.81 3.89 507.2 2015 401.39 5.1
steel

The Nyquist plots for hot dip galvanized low
carbon steel sample and paint coated carbon steel
samples in 3.5 wt % NaCl are shown in the Fig. 3.

The Nyquist impedance plots for hot dip
galvanized low carbon steel and painted steel
sample shown in the Fig. 3 are modeled by using
the equivalent circuit depicted in the Fig. 4.

R, C.

Fig. 4. Equivalent circuit used for modeling
impedance curve.

It consists of the electrolyte resistance (R,), the
pore resistance (R,), the coating capacitance (C.),
the charge transfer resistance (Ry) and double layer
capacitance (Cy). The impedance plot of hot dip
galvanized low carbon steel sample can be fitted
with two semicircles, a smaller one at high
frequency range followed by a larger one at lower
frequencies. The first semicircle is attributed to the
formation of the corrosion film and the second one
to processes occcuring below the corrosion film.

The Nyquist impedance plot of conducting polymer
based paint coated sample is also modeled using the
same circuit. However, the parameter values of the
best fit to the impdence curve are different when
compared to those for unpainted hot dip galvanized
low carbon steel. It can be also fitted with two
semicircles, a smaller one at high frequency range
followed by a larger one at lower frequencies. The
first capacitve loop can be attributed to the
paint/steel interface. It is characterized by the pore
resistance (Rp) and the coating capacitance (Cc).
The second semicircle can be attribued to the
processes occuring below the paint coating. It is
characterized by charge transfer resistance (Rf) and
double layer capacitance (Cf). The values of these
impedance parameters obtained from the fitting of
the experimental parameters are given in Table 3.
The polarization resistance (Pgr) was calculated by
using following relation and recorded in Table 3.

Pr=Rp+Ri+ Ry,

where Rp is the pore resistance, R is the charge
transfer resistance and R, is the electrolyte
resistance. The protection efficiency based on EIS
data was calculated by using following expression
[20] and recorded in Table 3.
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%P.E. = e ¥

100,

c

where Pr and P, denote the polarization resistance
of unpainted hot dip galvanized low carbon steel
sample and painted hot dip galvanized low carbon
steel sample respectively.

The R¢ value for 1 wt % PANI-HCI painted
steel is found to be to order of 537.47 ohms/cm?,
which is 71 % higher than that of unpainted steel.
The higher value of the R¢ can be attributed to the
effective barrier property of the paint coating. The
lower values of Cc for paint coated samples provide
further support for the protection of steel by paint
coating. The polarization resistance in the case of
unpainted hot dip galvanized steel is of the order of
381 ohms per cm?, which is close to the value
reported by Vagge et al. [21]. It increases with the
weight percentage of conducting polyaniline in
paint formulation and reaches maximum i.e. 537.47
ohms per cm? for 1 wt % PANI-HCI painted hot dip
galvanized steel and subsequently decreases. Thus
EIS results support the Tafel investigations and it
can be said that hot dip galvanized steel can be
protected by applying conducting polyaniline based
paint. It can be observed that the paints with lower
loading of PANI- HCI offer good corrosion
protection and the paint containing 1 wt % PANI-
HCI is more effective in corrosion protection of hot
dip galvanized steel in aqueous a 3.5 wt % NaCl
solution. These results are in agreement with
previous studies of conducting polyaniline based
paints on low carbon steel [17].

CONCLUSIONS

Hot-dip galvanized coatings are used to protect
steel against corrosion due to their low cost and
ease of application. It is beneficial to improve the
corrosion resistance of these coatings in order to
prolong their service life. Conducting polyaniline
based paints can be applied on hot dip galvanized
low carbon steel. The paints containing a lower
loading of PANI- HCI further enhance corrosion
protection offered by hot dip galvanized coating to
low carbon steel, and the paint containing 1 wt %
PANI-HCI is more effective for corrosion
prevention of hot dip galvanized steel in aqueous
3.5 wt % NaCl solution.
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Corrosion in reinforced concrete is a major and costly concern, arising from the higher complexity of involved
phenomena on different levels of material science (e.g. electrochemistry, concrete material science) and material
properties (macro/micro/ nano). Reinforced cement-based systems (e.g. reinforced mortar and concrete) are multi-phase
composite materials at different levels of aggregation. Hence, multi-phase interfaces are involved in their structural
performance and material behavior. Reinforced concrete has the potential to be durable and capable of withstanding a
variety of adverse environmental conditions. One of the major difficulties in the engineering practice, however, is the
multi-dimensional nature of reinforcement corrosion related issues. Nevertheless, materials and processes involved in
the service life of a civil structure and their interaction are independently weighed and are seldom brought together.
Very often the design of concrete mix proportions and the design of protective measures (such as the application of
coatings or electrochemical techniques) are made in separate steps and (positive or negative) interactions among
themselves are neglected.

This work reports on the integration of fundamental electrochemical techniques (as Electrochemical impedance
spectroscopy) and concrete material science (bulk matrix properties) within monitoring and assessment of the corrosion
performance of reinforced cement-based materials. Further, hereby discussed is the implementation of an eco-friendly
approach of waste utilization for corrosion control and/or achieving superior properties and performance.

Key words: Reinforced concrete, Corrosion, EIS, Microstructure, Red mud

are spent on corrosion-related issues). Dealing with
INTRODUCTION steel corrosion in an eco-friendly manner, using
wastes for example, is a sustainable way of solving
corrosion problems. Additionally, the cement
replacement by wastes in a reinforced concrete
system would even further create sustainable
solutions (less cement utilization, less CO,
produced).

Recycling of waste materials in the construction
industry is an eco-friendly and a technically
successful option. However, major wastes (e.g. the
bauxite residue — the highly alkaline red mud) are
still not practically utilized and cause serious and
alarming environmental issues: each tone of
produced aluminum results in 0.5-2 tones waste;
approximately 145 million tones of red mud are
annually produced [1]. Red mud (RM) is reported
to increase steel passivity in alkaline solutions [2];
RM additions to cement-based materials are also
recently reported to result in mortars and concretes
for shielding X-ray radiation [3], heavy metal (and
other toxic substances) binding effects [4-6] while
maintaining sufficient mechanical properties [7].
Practical applications are however extremely
limited.

The main objective of this study is to illustrate
the synergy of electrochemistry (in terms of steel
corrosion resistance) and concrete material science
(mainly in terms of evaluation concrete bulk matrix
properties) in studying reinforced cement-based
systems. The paper briefly presents part of a
comparative investigation of the corrosion behavior
of reinforcing steel in concrete, using Ordinary
Portland cement (OPC), Blast furnace slag cement
(BFS) and Red Mud (RM) in chloride containing
environment. The variables of main interest are: the
corrosion parameters of the steel reinforcement and
the alterations in the bulk cement-based matrix
(porosity, pore size distribution). The investigation
is performed as a comparative study of control
(non-corroding) specimens from each group and
corroding such (conditioned in 5% NaCl).

Steel corrosion, being a major problem in civil
engineering, presents a huge cost (e.g. 30 to 50% of
annual costs for infrastructure maintenance in EU

* To whom all correspondence should be sent:
E-mail: D.A.Koleva@tudelft.nl
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Table 1. Chemical composition, main compounds (dry cements (ENCI. NL) and red mud, as received)

Wt % OPC(CEMI)  BFS(CEMIIIB) RM
(ENCI, NL) (ENCI, NL) (XRF)

CaO 61.0 48.0 35
SiO; 19.0 29.0 20.2
Na,O Alkali Alkali 14.3
K,0 Equivalent: 1.12 Equivalent: 0.90 0.1
Al,O4 4.90 9.70 29.1
Fe,0; 3.50 1.48 249
MgO 1.80 52.0 0.1
SOs 3.50 2.70 0.5
Cl 0.09 0.05 0.14

Blast furnace slag (BFS) is another largely
generated waste (from the steel production); in
contrast to RM, it is widely used in European
countries; e.g. in The Netherlands it has a market
share of more than 50%. A practical inconvenience
however is the impeded cement hydration of BFS,
compared to Portland cement (OPC) [8, 9],
resulting in a coarser structure at earlier hydration
ages. Further, BFS concrete requires proper and
careful water curing at early ages and even then,
reinforcing steel in BFS concrete exhibits reduced
properties of the passive layer, due to: limited
oxygen availability and thus a shift of the steel
corrosion potential to a more negative state [10,
11]; lower calcium content and pH decrease [12].
Despite the higher chloride binding capacity of
BFS, the passive layer on the steel surface is
weakened as the Fe** species are reduced by the
reducing agents from BFS cement itself;
additionally BFS concrete is highly susceptible to
carbonation and freeze-thaw durability issues [13].

To this end, the present contribution reports on
the investigation of both BFS and RM containing
reinforced mortar. Further, a mixture of RM and
BFS as OPC cement replacement was also studied.
A comparative investigation of control and
corroding cells is presented for the period of
approximately 250 days of conditioning (the test is
still on-going).

EXPERIMENTAL
Materials

Reinforced mortar cylinders (d = 3.5 cm; h =
20cm) were cast from OPC CEM 1 42.5 and CEM
IHIB 425, cement/sand ratio of 1:3 and
water/cement ratio of 0.6. The waste Red mud
(RM) was added as 20% OPC or BFS replacement

(chemical composition in Table 1). Eight groups (5
replicates per group) were monitored: four control
groups (non-corroding) with (designation RM) and
without red mud, denoted as OPC, RMOPC, BFS
and RMBFS respectively, and four corroding
groups, with and without red mud, denoted OPChn,
RMOPCn, BFSn and RMBFSn. All specimens
were cured for 7 days in fog room (20 °C and 98%
RH) and maintained in lab air further on. An
external solution of 10 % NaCl was used as a
chloride-induced accelerator for the corroding
groups (the specimens were 1/3rd of height
immersed in the solution; the control specimens
were immersed in tap water). Red mud was added
(after drying at 105°C and grinding to cement
finesse) for the RMOPC, RMOPCn, RMBFS and
RMBFSn specimens.

The chemical and mineralogical composition of
red mud depends on the processed bauxite, the
aluminum production process itself and the
geographical location. The red mud used in this
study was supplied from Suriname (XRF analysis
of the received supply gives major contributions of:
Al,O; 29.1 wt.%, Fe,0O; 24.9 wt.%, Na,O 14.3
wt.%, SiO, 20.2 wt.%, CaO 3.5 wt.%). The steel re-
bars (construction steel FeB500 HKN, d=0.8cm,
h=10cm, exposed surface of 21 cm? composition
according NEN6008 (in wt.%): C < 0.12 wt.%, Si
max 0.6, P max 0.05, S max 0.05, N max 0.012)
were embedded “as received” i.e. there was no
preliminary treatment of the bars before casting.
Both ends of the steel bars were isolated (to avoid
crevice corrosion) and the bar was positioned in the
middle of the concrete specimens. Mixed Metal
Oxide (MMO) titanium mesh served as a counter
electrode; SCE electrode was used as a reference
electrode. The experimental set-up and specimen’s
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geometry are as previously used and reported in
[14, 15].

Methods

With regard to the experimental results and
discussion, which this paper briefly summarizes,
the following methods and techniques are relevant.

- Scanning electron microscopy, coupled with
EDX analysis (using ESEM Philips XL30);

- Open circuit potential (OCP), Electrochemical
Impedance Spectroscopy (EIS) and Potentio-
dynamic polarization (PDP), using EcoChemie
Autolab.

- Microstructure and image analysis (for
porosity and pore size distribution) ESEM for
imaging and visualization of morphological and
microstructure investigation; OPTIMAS software
was used for image analysis (for image analysis, a
set of ESEM images of the cement matrix was
obtained in backscattered electron (BSE) mode
with the magnification of 500x. The results are an
average of 35 locations per sample (details about
the sample preparation and procedures as reported
in [16-20]).

RESULTS AND DISCUSSION
Electrochemical Impedance Spectroscopy (EIS)

EIS is a wuseful technique for obtaining
knowledge of the steel/concrete system as it
provides information for both the steel surface
(electrochemical parameters) and the concrete bulk
matrix (concrete bulk and pore network resistance)
[21, 22]. Figure 1 depicts the equivalent electrical
circuit, used for interpretation and data fitting of the
experimental EIS response (the circuit is based on
previously used and reported such for reinforced
cement-based systems [14, 23], including additional
parameters to account for bulk matrix properties
[24], considering the frequency range hereby used
of 1IMHz to 10mHz.

The elements of the equivalent circuit present
the following physical meaning: The first part of
the circuit i.e. the high frequency domain (C1,R1
and C2, R2) is attributed to the properties of the
concrete matrix in terms of pore network: solid
phase and disconnected pore pathways and the
resistance of the pore network in terms of
continuous connected pores; The second part of the
circuit i.e. middle and low frequency domains (time
constants R3C3 and R4C4) deals with the
electrochemical reaction on the steel surface
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including the contribution of redox processes,
taking place in the product layers on the steel
surface.

Cl C3

L L

1 1
R1 R3 C4

—

C2 R2 R4

—A\—

concrete steel
Fig. 1. Equivalent electrical circuit: C1R1 =

capacitance and resistance of disconnected pore
pathways incl. solid phase; C2R2 = capacitance and
resistance of pore network (continuous conductive
paths); C3R3 = charge transfer resistance and double
layer capacitance (steel reinforcement); C4R4 = product
layer characteristics

An overlay of the experimental EIS response for
all groups is presented in Fig.2 relevant to the final
so far recorded time interval of 250 days, which
corresponds to the time interval of microstructural
analysis. Summarized data for the best fit
parameters are presented in Table 2.

The high frequency response corresponds to the
concrete bulk resistance, including the contribution
of electrolyte resistance (electrolyte resistance was
in the range of 10 ohm for corroding cases to 30 for
control cases). For deriving polarization resistance
(Rp) from EIS measurements in reinforced concrete
(Retand R4 respectively), the medium-low and low
frequency limits of the impedance spectra are
generally considered, as reported in [25-28],
previously discussed and reported for reinforced
mortar and concrete in [14, 23] and used in the
present study as well.

At the stage of 250 days similar EIS response in
terms of electrochemical behavior was recorded for
all control cells, evidenced by the close to
capacitive behavior at low frequencies (indicating
situation of passivity). The corrosion resistance for
BFS cells is lower, compared to OPC cells (Table
2, R, values). The influence of RM as BFS
replacement is well evident (Table 2, Fig.2, curves
2 and 3, top) and as previously reported for steel in
simulated pore solutions of BFS and RM [29, 30].
The response for all OPC and BFS specimens
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Table 2. Best fit parameters EIS response

Control cells
Cell type Rl Cl Rp.netw. Cp.netw. Rct. Cf Rred. Cred Rp E
(R2) | (C2) (R3 (C3) (R4) (C4) (R3+R4) mv
Ohm | nF | Ohm uF ohm.cm® | pF/em® | Ohm.em?® | pF/em® Ohm.cm? SCE
OopPC 230 | 2.3 170 350 127 26 2192 20 2300 -183
RMOPC 190 | 25 192 420 165 23 2846 17 3100 -170
BFS 2600 | 0.3 900 63 312 15 923 23 1200 -65
RMBFS | 1090 | 0.6 | 1050 102 335 14 1719 15 1700 -120
Corroding cells
Cell type Rl Cl Rp.netw. Cp.netw. Rct. Cf RredA cred Qred, YOXIO-3 Rp E
(R2) | (c2) (R3) (C3) (R4) (C4) (R3+R4) | mv
Ohm | nF | Ohm pF | Ohm.cm? | pF/em® | Ohm.cm? | puF/cm® Qs Ohm.cm® | SCE
OPCn 285 | 0.7 | 206 429 37 628 123 1.67, n=0.65 150 -470
RMOPCn | 252 | 0.8 | 246 140 41 1125 115 1.69, n=0.62 160 -540
BFSn 1770 0.3 356 0.2 22 88 69 0.73,n=0.61 90 -480
RMBFSn | 2630 | 02| 430 | 01 | 79 | 30 | 1615 | 15 | | 1700 | -130
20- Control cells (250 days)
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Fig. 2. EIS response for control (top) and corroding (bottom) cells after 350 days of conditioning (zoomed areas in the
Nyquist plots give the high frequency response, and total response (very low magnitude of |Z|) for corroding cells OPC

and RMOPC).

differs in the high frequency domain, denoted to the
bulk properties of the cement-based matrix in BFS,
compared to OPC. The former matrix is generally
reported to be denser compared to the latter one
[31-35], which gives the difference in bulk matrix
resistance, Table 2. Figure 2 (bottom) presents the
EIS response for the corroding cells at 250 days,
reflecting still passive state for the corroding
RMBFSn group and enhanced corrosion activity for
the BFSn, OPCn and RMOPCn groups (reduced
magnitude of |Z| and phase angle drop to below
40°). The bulk matrix resistance for all specimens

(corroding and control groups) increases with time
as a result of cement hydration (NaCl slightly
influencing the electrical resistivity values), the
major difference being denoted to the type of
cement i.e. OPC cells (corroding and control)
presenting bulk matrix resistance in the range of
400 — 480 Ohm, while for BFS cells, this range is
2126 — 3500 Ohm at 250 days.

The charge transfer resistance (R decreased for
all corroding cells, compared to the control ones,
the specimens RMBFSn, however, behave as
control ones (Eq,= —130 mV), exhibiting R, values
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in the range of the control cells (1.7 kOhm.cm2),
capacitive behavior and higher phase angle (Table
2, Fig.2, specimen RMBFSn). As evident from the
electrochemical measurements, 20% red mud as
cement replacement, particularly for the BFS cells,
results in a corrosion delay in the very aggressive
environment of 10% NaCl. The presence of RM in
reinforced mortar (and concrete respectively) will
account for an increased corrosion resistance in the
wastes-modified systems. In order to clarify the
responsible mechanisms and related phenomena,
microstructural analysis of the bulk cementitious
matrix is performed and discussed in what follows.

Bulk matrix properties (microstructural
parameters)

Relevant to morphological aspects of the pore

structure and ion transport, the pore inter-
20 ~
Porosity - Control cells (250 days)
15 A
13.94
—&— OPC

°\: —— RMOPC
g 10 —e—BFs
IS C}
8 9.35 ©— RMBFS

porosity %

20 ~

15 4

10 4

connectivity (defined as the fraction of connected
pores out of the total pore area) is used in terms of
pore distribution density (PDD).

The electrolytic  path in  reinforced
cementitious systems is dependent on the Kinetics
of ion transport mechanisms. These mechanisms, in
addition to the cement hydration and the
morphological alterations, are affected by the pore
size distribution and the pore connectivity of the
bulk concrete material. The critical pore size can be
conceived as the diameter of the pore that
completes the first interconnected pore pathway in
a network, developed by a procedure of
sequentially adding pores of diminishing size to this
network. The critical pore size Ic is a unique
transport length scale of major significance for
permeability properties and can be associated with
the inflection point of the cumulative pore size
distribution curve (Fig.3).

Porosity - Corroding cells (250 days)

—/x— OPCn
—— RMOPCn
—O—BFSn

—O— RMBFSn

0.1 1
35 -

pore size (um) 10

Critical pore size - Control cells (250 days)

30 A
25 A

20 4 0.634um

/

—&— OPC
—— RMopc
—e—BFS
RMbfs

porosity %

10 4

-3
S5 %

porosity %

35

30 4

25 4

20 A

15 4

10 4

0.1 1 pore size (um) 10

Critical pore size - Corroding cells (250 days)

—A— opcn

—{— RMOPCn

—O—BFSn
RMBFSn

5 4

0.1 1 pore size (um) 10

0 T LD

0.1 1 pore size (um) 10

Fig. 3. Porosity and pore size distribution (bulk matrix) for control cells and corroding cells
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Fig. 4. Correlation of pore network capacitance and resistance (top) for disconnected (left) and connected (right) pore
pathways; correlation of porosity and pore connectivity (bottom, left) and pore network resistance (connected pores)

and permeability (m/s) — (bottom, right).

For more details on the fundamental aspects and
image analysis of cement-based materials,
including mortar, plain concrete and reinforced
concrete, please see [16-18].

A set of SEM images on polished sections were
made and were further subject to image analysis.
The hereby discussed porosity and pore size
distribution refer to the bulk matrix only. The
structural parameters were averaged from at least
35 locations in the bulk matrix (sample of 2x2 cm).
The final data were considered after performing a
statistical evaluation in terms of frequency of
occurrence (% distribution) vs class (porosity in
%). The calculated pore size distribution and
critical pore size are presented in Fig.3bottom) for
the bulk matrix (> 250 pm away from the steel
surface). Lower porosity was observed for the
corroding cells, compared to the control cells, Fig.3
top (as a result from the influence of NaCl as
accelerator of cement hydration at initial stages).
Further, the influence of BFS and RM is well
visible, the lowest recorded porosity being in the
RM containing BFS cells. The critical pore size for

all investigated groups is similar (approximately
0.634 um), except for the control BFS cells (0.951
um).

For the BFS control cells, carbonation of the
mortar cover was specifically relevant (well known
is the high susceptibility of BFS to carbonation),
resulting in coarser structure of the mortar cover,
higher pore network connectivity and therefore
influence on critical pore size. Additionally, the
difference in mortar cover porosity (not hereby
presented) and internal bulk matrix porosity and
connectivity respectively, for the BFS specimens,
resulted in some discrepancies in the correlation of
EIS and structural parameters.

The microstructural investigation reveals that
the RMBFSn corroding specimens, which
electrochemically behave as control ones (i.e.
higher corrosion resistance compared to OPCn,
BFSn and RMOPCn) exhibit the lowest porosity. In
addition to the specific properties of RM in terms of
inducing steel passivity, the combination of RM
and BFS apparently exerts a significant positive
effect (reduced permeability, increased chloride
binding mechanisms) and thus is responsible for the
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observed higher corrosion resistance in these
specimens.

Porosity alone is, however, not a factor solely
determining the significantly different
electrochemical behavior. What has to be
considered is the pore interconnectivity in the
cement-based matrix and thus the matrix
permeability. What will be further discussed is the
correlation of these microstructural parameters with
derived EIS parameters for the bulk matrix.

A correlation can be made between pore
network parameters (Fig.3) and electrochemical
(EIS) parameters (Table 2), mainly pore network
capacitance (Cynenw) and pore network resistance,
Rpnew — Fig.4. The higher porosity (P%) and
permeability (m/s) in OPC control and corroding
cells (Fig.4. bottom right) corresponds to the
highest Cp.nenw and lowest Ry e, the values being
lower for OPC corroding cells, compared to OPC
control cells (Fig.4 top left). The lowest C,new
(Fig.4top) corresponds to the lowest permeability
values, derived for specimens BFS (both corroding
and control groups). The result is very well in line
with the derived global bulk electrical resistivity of
the matrix in BFS as well (Table 2). Consequently,
the BFS matrix (and especially in the presence of
RM) in the corroding specimens would be
characterized with a larger pore surface area but
also increased portion of disconnected and isolated
conductive pore pathways (increased pore network
resistance). The capacitance values for BFS
corroding cells are significantly lower than those
for the OPC corroding cells, therefore a comparison
of pore network permeability and interconnectivity
between OPC and BFS specimens can be reliably
derived on the basis of pore network capacitance
and resistance.

Consequently (and moreover, after verification
with microstructural analysis), it can be stated that
EIS is a powerful, non-destructive technique for
evaluation of pore network parameters. Combined
with the electrochemical parameters, derived for the
embedded steel, EIS allows a thorough evaluation
of a reinforced concrete system.

CONCLUSIONS

Summarizing, this study discussed the corrosion
behavior of reinforcing steel in OPC and BFS
concrete with and without Red Mud replacement,
subjected to chloride-induced corrosion (5% NaCl),
in comparison with control cases for both concrete
types. Additionally, the electrochemical parameters
for the embedded steel were correlated with the
microstructural parameters and properties of the
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bulk concrete matrix. After 250 days of
conditioning, corrosion resistance is higher in the
RM containing BFS corroding cells, whereas active
behavior was observed for the Red mud free
corroding cells and the RM containing OPC cells.
The higher corrosion resistance in RMBFS
reinforced mortar is denoted to decreased pore-
network interconnectivity, evident from the
significantly lower pore network capacitance and
higher pore network resistance, as derived from EIS
and verified on the basis of microstructural
analysis. In that sense EIS appears to be a valuable
tool for non-destructive and thorough evaluation of
not only the electrochemical behavior of
reinforcing steel, but also for detailed investigation
of the bulk cement based matrix.
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N3CJIEABAHE HA XXEJIE3OBETOHHM YPE3 KOMIIIEKCHOTO ITPUJIOXXEHUE HA
EJIEKTPOXMMNYHA UMIIEJAHCHA CIIEKTPOCKOIIMA U METOU 3A
MUKPOCTPYKTYPHO XAPAKTEPU3HPAHE

. A. Konesa, K. Ban bproren

Texnonoeuuen ynusepcumem [Jeagpm, Qaxynimem no cmpoumencmeo u HayKu 3a 3emsama, kameopa Mamepuan u
oxoana cpeda, , Cmesungee 1, 2628 CN, /leagpm, Xonanous

IMoctremmna Ha 20 despyapu, 2012 r.; npuera Ha 20 dpespyapu, 2012 1.

(Pestome)

Kopo3susita Ha xene300eToHa € 3HAYMTENCH M CKBIIO CTPYBAlll HA WKOHOMHKaTa Mpo0jeM, MPpOU3THUYAll OT
KOMIUICKCHOCTTA Ha Pa3JIMYHATE IPOTHYALIM IPOLECH, CBBP3aHU C MaTepPUATO3HAHHETO (HApHMeEp eIEKTPOXUMUS U
MaTepHalo3HaHUe B 00JIacTTa Ha OETOHUTE), KAKTO M OT CBOMCTBaTa Ha MaTepHaINTE Ha MaKpO-, MHKPO- ¥ HAaHO HHBO.
JKene300eTOHBT MpeACTaBIsIBA MHOTO(A3eH KOMIO3UTEH MaTepuajl ¢ Pa3iMyHa CTENeH Ha arperanys Ha OTACIHHTE
¢azu. CnenoBaTenHO, T'PaHHLUTE MEXKIY IIOCICAHUTE CBIIO y4acTBaT IIPU XapaKTepHU3HpaHe Ha CTPYKTypara U
MOBEJCHUETO Ha MaTepuaia. JKene300eTOHBT € IBIAroTpacH MaTepuall U € B ChCTOSHHE Ja U3IbpiKa Ha Ha-pa3iInvHu
BB3/ICHCTBUS Ha OKOJHATa cpena. EjHa OT OCHOBHHTE TPYJHOCTH B WHXKCHEpHATa MpPakTHKa obaue € CBbp3aHa C
YCTaHOBSIBAHETO HA Pa3HOOOpA3HHUTE NMPOSIBH HAa MPOTHYANIMTE KOPO3HMOHHU IPOIECH B TO3H Marepuasl. OOGMKHOBEHO
MPOLIECUTE M MaTepUAIINTE, XapaKTePH3UPaIlK €KCIUIOATAlMOHHUSI Pecypc Ha AaJieHa KOHCTPYKIHS B CTPOMTEITHOTO
WH)KEHEPCTBO, KaKTO M TAXHOTO B3aMMOJEHCTBHE Ce M3CIEABAT MOOTICIHO, a HE B TAXHATAa KOMIUIEKCHOCT. MHOTO
4ecTo NoAOOPHT Ha ChCTaBa Ha OETOHOBUTE CMECKU M Ha MEPKHUTE 3a 3aluTa (HanpuMep MpuiiaraHe Ha MOKPHUTHS HIIH
CJIEKTPOXUMHUYHH TEXHHKH) CE€ PEeaM3UpaT MOOTICTHO, & Bb3MOKHUTE B3aUMOACHCTBUS MEXKIY TSIX (IMO3UTHBHU HIIH
HETaTHUBHH) Ce IpeHeOperBar.

Hacrosimiata pabota noka3pa CbBMECTHOTO NMPHIOKSHHE HA (HYHIAMCHTAJIHH SJICKTPOXUMHYHYU TEXHHKU KaTo
EnekTpoxMMHYHA HMMIICIAHCHA CIICKTPOCKONHMS M MaTepHalo3HaHWe B obnacTTa Ha OeToHAa (MHKPOCTPYKTYPHO
XapaKTepU3UpaHe) 32 MOHUTOPHHT U OLCHKa Ha KOPO3MOHHATAa YCTOMYMBOCT Ha jkele300eToHa. JIUCKyTHpaHa € ChIIo
Taka BB3MOXKHOCTTA 33 €KOJIOTMYCH IMOJXOJM, T.C. M3IOJ3BAHE Ha OTHAJHU NPOIYKTH, IPH KOPO3HOHHHUS KOHTPOJ H
nomoOpsiBaHE HA MEXaHHYHUTE MOKA3aTeH Ha jKelle300eTOHa.
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Ethanol oxidation in sulfuric acid solutions was studied at polycrystalline Pt electrode using cyclic voltammetry and
dynamic electrochemical impedance spectroscopy (DEIS). It was found that negative resistances appear in the vicinity
of the voltammetric peak causing instabilities (saddle-node bifurcation) and sharp peaks on the voltammograms. At the
least positive potentials some H UPD takes place but the capacitance drops quickly at more positive potentials due to
strong adsorption of EtOH fragments and CO. At the foot of the voltammetric peak log Ry is a linear function of the
potential with the slope of -0.143 V dec™.

Keywords: Ethanol oxidation, Platinum electrode, Dynamic electrochemical impedance spectroscopy, Instabilities in

cyclic voltammetry, Negative charge transfer resistances, Double-layer capacitance

INTRODUCTION

Ethanol is considered as a potential fuel for the
direct ethanol fuel cells (DEFC) [1]. Although
many electrode materials were tested it is not
possible to oxidize it completely to CO,. Platinum
is the reference material in electrochemistry.
Mechanism of ethanol oxidation reaction at Pt was
studied in the literature by cyclic voltammetry [2—
5], FTIR based techniques [3, 6-9] and DEMS [6,
10]. Some authors obtained strange
voltammograms with a very sharp peak during the
backward sweep [3, 5, 8] and tried to explain it by
assuming fast desorption. Very few studies of the
EtOH oxidation reaction were carried out using
electrochemical impedance spectroscopy (EIS).
Some authors reported simple semicircles at the
complex plane plots others observed inductive
loops [5, 11] or negative resistances [12, 13].

The purpose of the present work was to explain
the impedance spectra of EtOH oxidation in 0.5 M
H,SO, using dynamic electrochemical impedance
spectroscopy (DEIS).

2. RESULTS AND DISCUSSION

2.1. Cyclic voltammetric studies

Our first goal was to explain the differences in
cyclic voltammograms observed by different
authors [2-5]. Comparisons of the cyclic
voltammograms at Pt wire electrode in 0.5 M
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sulfuric acid and with addition of 1 M EtOH is

shown in Fig. 1.
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Fig. 1. Cyclic voltammograms of Pt wire electrode in
0.5 M H,SQ, in the absence (A) and presence (B) of 1 M
EtOH.

Current observed in the presence of EtOH is two
orders of magnitude larger that in its absence. There
are two anodic peaks on the forward scan and one
on the backward scan. By adding a resistor in series
in the working electrode connection changes the
form of backward peak to a sharp spike. The results
are shown in Fig. 2. Such a behavior is
characteristic of the systems with negative
resistances [14-16]. Adding the resistance in series
shifts the low frequency negative resistance to zero
causing the saddle-node bifurcation [14]. Therefore,
this peak is an artifact only. Similar behavior was
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Fig. 2. Cyclic voltammograms of Pt in 1 M EtOH and
0.5 M H,SO, measured directly and after adding a
resistance of 300 Q in the working electrode connection;
sweep rate 50 mV s,
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Fig. 3. Influence of the sweep rate on the
voltammograms of Pt in EtOH.

observed for larger Pt electrodes when shifted
further from the Luggin capillary where the larger
solution resistance displaced the low frequency
resistance to zero.

Cyclic voltammograms observed are strongly
dependent on the sweep rate, cf. Fig. 3. With the
decrease of the sweep rate the second anodic and
the reverse peaks decrease relatively to the first
anodic peak. It has been reported that CO, is
formed only at the potentials of the first anodic
peak [10]. The second peak only was observed
during the oxidation of acetaldehyde [8] while
fragments CH;O" and CH;" are produced
proportionally to the current in cyclic
voltammograms of EtOH [10]. The proposed
mechanism is presented in ref. [9].
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Fig. 4. Voltammograms at Pt electrode at the sweep
rate of 2 mV s™ at two potential zones.

2.2. DEIS measurements

The problems with the classical impedance
measurements of EtOH oxidation are related to the
fact that a steady state in not easily reached and, at
some potentials it takes ~7 h to stabilize the current.
This makes it difficult to measure impedance at a
steady state at different potentials.

Sacci and Harrington [17] recently developed
software for dynamic electrochemical impedance
spectroscopy (DEIS) and applied it to study formic
acid oxidation [16]. In this method multiple
frequencies are applied simultaneously during a
slow voltammetric sweep and the Fast Fourier
Transform (FFT) is carried to analyze small
segments of the data and calculate the dynamic
impedance of the system. Our experiments were
limited to the first anodic peak. Cyclic
voltammograms and DEIS were recorded at v = 2
mV s ™. Fig. 4 presents the voltammograms in a
wide and a narrow potential zone; the forward
currents are identical.

Depending on the potential zone different
impedance curves were obtained. They can be
divides in three groups:

1.Simple R-CPE blocking electrode circuit

2.Rs-(CPE-R) circuit producing one semicircle

3.Rs-(C-CPE-Ry) (in parallel) observed when
negative resistances were obtained

Types of the equivalent circuits used are shown
in Fig. 5. It is interesting to note that at the
potentials around the voltammetric peak negative
dynamic resistance is observed. All the obtained
impedance data are Kramers-Kronig transformable.
It should be stressed that in the case of negative
resistances only the transformation of admittances
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Fig. 5. Cyclic voltammogram and the types of the equivalent circuits used for the approximation of the impedances.
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Fig. 6. Impedance and its Kramers-Kronig transform;
the transform was carried out on the admittances.

leads to the correct results [18]. An example of the
Kramers-Kronig transform of admittances in shown
in Fig. 6 where data are displayed in the complex
impedance plot.
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Fig. 7. Dependence of the CPE capacitance parameter
T on potential.

Dependence of the double layer capacitance
expressed here as the CPE capacitance parameter T
is shown in Fig. 7. By sweeping to more
positive potentials there is a strong decrease of
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the capacitance due to adsorption of different
organic fragments (CHs;, CH3;CO) and CO
which block the electrode surface. This process
is reversible. Dependence of the logarithm of
the charge transfer resistances on potential is
linear, Fig. 8, in the zone where current is
increasing/decreasing with potential, the slopes
are — 0.143 and — 0.198 V for the forward and
backward sweeps.
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Fig. 8. Dependence of the logarithm of the charge
transfer resistance on potential.
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Fig. 9. Dependence of the negative R on potential.

Negative values of the charge transfer
resistances appear at potentials > 0.65 V, close to
the current peak in Fig. 4. Their presence is not
evident from the cyclic voltammograms. The plot
of negative R, is shown in Fig. 9.

The dynamic impedance results shed new
insight into the mechanism of EtOH oxidation at
polycrystalline Pt and explain the behavior of cyclic
voltammograms.  Further studies at lower
concentrations of EtOH and of acetaldehyde and
acetic acid are planned.
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JUHAMWYHO UMIIEJAHCHO N3CJIEABAHE HA OKUCJIIEHMETO HA ETAHOJI BbPXY
[NHOJIMKPUCTAJIHA IINTATUHA

M.-JI. Tpam6ne'?, JI. ['e?, A. Jlazua®”

' Vuusepcumem Ilep6pyx, Ilep6pyk, Keebex, Kanada
2 INRS-ET, Bapen, Keebex, Kanaoa

Ioctenuna Ha 20 despyapu, 2012 r.; npuera Ha 20 dpespyapu, 2012 r.
(Pestome)

Upe3 nuKiIMYHA BOJNTAMETPUS M JMHAMUYHA €JIeKTPOXMMHYHA MMIenancHa crnekrpockonust (DEIS) e muscnenBano
OKHCJICHHETO Ha €TaHOJI B Pa3TBOP Ha CAPHA KUCEJIMHA BEPXY MOJUKPHUCTAJICH TNIATUHOB €JIEKTPOJI. Y CTAaHOBEHO €, Ue B
OnMM30CT [0 BOJTAMETPUYHMA MUK BB3HUKBAT OTPUIATENHH CHIPOTHUBICHHS, NPEIU3BUKBAIIM HECTAOMIHOCT
(cennoBUHHO-BB3NIOBAa OndypKamus) ¥ OCTPU INHKOBE BBHB BoaTamMorpamara. Ilpum Hali-MankuTe MOJIOKUTEITHU
MOTEMAIH C€ MOoTydaBa IMOJNOTEHIIMATHO OTJaraHe Ha BOAOPOJ , HO KalaluTeThT craja Obp30 MpH MO-TIOJI0KATEITHA
NOTEHUMAIH MOpaan criHata ancopOums Ha yactu ot EtOH u CO. B ocHoBaTa Ha BonTamMeTpH4HHUs MUK, 10g Ry e
nmuHelHa QyHKIWI Ha ToTeHnrana ¢ HakioH -0.143 V dect.
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Electrochemical impedance spectroscopy (EIS) is commonly used by electrochemists to analyze multi-step reaction
paths occurring at electrode/electrolyte interfaces. Since the kinetics of individual reaction steps is usually a function of
electrode potential, the impedance of the interface is measured for different but constant potential values. In most cases,
impedance diagrams are obtained from harmonic analysis: a surimposed low amplitude (typically 5-10 mV) ac potential
modulations or alternatively, a low amplitude (typically a few mA) ac galvanostatic modulation, is used as perturbation.
However, according to the theory of linear and time invariant systems, harmonic analysis should be restricted to the
analysis of linear and reversible processes. To a certain extend, the problem of linearity can be circumvented by
reducing the amplitude of the modulation. But that does not help to solve the problem of irreversibility. For example, a
significantly large hysteresis is observed during the electro-insertion of hydrogen into palladium or palladium alloy
electrodes. This is a clear indication that non-linear phenomena are taking place and therefore, the use of harmonic
analysis should be prohibited because the system does not fulfill the requirements of linearity and time invariance
imposed by the theory of systems. There is therefore a need to use non-alternating perturbations. The purpose of this
paper is to report on the measurement of impedance spectra from exponentially-rising voltage-step excitations. This is a
methodology-oriented communication. In the first part of the paper, an electrical circuit containing only electrical
resistances and capacitances is used as a model system to explain how impedance diagrams can be obtained from such
non-harmonic perturbations. In the second part of the paper, the methodology is extended to the electro-insertion of
hydrogen in palladium foils.

Key words: Impedance spectroscopy, Voltage excitation, Electrical circuit

INTRODUCTION

In chemical science, the term “kinetics” is
usually making reference to the rate (expressed in
mol.s™ or in mol.s™.cm™ when the active surface is
known) at which a given process is occurring. But
raw kinetic data, when properly analyzed, carry
detailed information on chemical or

analysis (using sine-wave perturbations) is certainly
the most popular way of measuring electrochemical
impedances [1] but miscellaneous signals (such as
white noise [2], square-waves [3] or multiple sine
waves [4]) have also been used as input potential or
current perturbations. Other techniques such as
current interrupt [5] and alternating current (ac)

electrochemical multistep reaction mechanisms.
From a practical viewpoint time domain analysis
and modeling of raw data is not always trivial
because kinetic features of individual steps are
usually convoluted. Alternatively, frequency-
domain (Fourier) analysis offers the possibility of
measuring transfer functions which unambiguously
characterize reaction mechanisms and gives access
to the rate parameter associated with each reaction
step. Electrochemical transfer functions measured
at electrode/electrolyte interfaces relate potential
perturbations to associated current responses. Such
(complex) transfer functions are thus electrical
impedances (or conversely, admittances). Harmonic

* To whom all correspondence should be sent:
E-mail: pierre.millet@u-psud.fr

voltammetry, which was invented in the 1950s [6-
9], can also be used for quantitative evaluation of
the  mechanisms of electrode  processes.
Conventionally, with the ac technique, a small
amplitude sinusoidal potential with a frequency of
10 Hz-100 kHz is superimposed onto the triangular
waveform used in dc cyclic voltammetry, and either
the total ac response or the dc, fundamental, and
higher harmonic are then measured as a function of
dc potential and frequency. Garland et al. used the
technique to study the UPD adsorption of Bi** at
gold electrodes [10]. The technique has also been
extended to the combination of cyclic voltametry
and surimposed square waves, triangles, sawtooth
waveforms or non-harmonically related sine
components [11]. However, according to the theory
of linear and time invariant systems, the use of
wave (alternating) perturbations is restricted to the
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characterization of linear systems and reversible
transformations. To a certain extend, the problem of
linearity can be circumvented by reducing the
amplitude of the surimposed modulation. But that
does not help to solve the problem of irreversibility.
For example, a significantly large hysteresis is
observed during the electro-insertion of hydrogen
in palladium or palladium alloys. This is a clear
indication that non-linear phenomena are taking
place and therefore, the use of harmonic analysis
should be prohibited because the system does not
fulfill the requirements of linearity and time
invariance imposed by the theory of systems. To
investigate the dynamic features of such systems,
there is therefore a need to use non-alternating
perturbations. Potential steps are appropriate
signals for the measurement of impedances at
electrode/electrolyte interfaces where irreversible
processes are taking place because their first time-
derivative is strictly positive (rising up step) or
negative (rising down step). Application of
potential steps to such systems offers the possibility
to study separately back and forth transformations.
The concept has already been proposed to analyze
the electrochemical hydriding reactions of
palladium in two-phase domains [12] but few
details were given concerning the methodology
used for the measurements. A similar concept based
on the application of “pressure steps” has also been
used to analyze gas-phase reactions [13]. The
purpose of this paper is to describe the
measurement of impedance diagrams from potential
steps. This is a  methodology-oriented
communication and we focus primarily on the
constraints and criteria of measurements in the
context of new data acquisition electronics that
became available during the last few years. In the
first part of the paper, an electrical circuit
containing only electrical resistances and
capacitances is used as a model system. This is a
simple case because experiments are very brief (a
few milliseconds long). As a result, sampling
conditions and data treatment procedures are easy
to manage and impedance diagrams easy to obtain.
In the second part of the paper, the methodology is
extended to the study of a more complicated case,
the electro-insertion of hydrogen in palladium foils.

EXPERIMENTAL
Experimental setup

A computer-controlled Radiometer Analytical
PGZ 402 potentiostat-galvanostat has been used to
apply voltage excitations. In addition, an Agilent
DSO 6032 A (2 channels, 300 MHz) oscilloscope

has been used to sample the potential and current
transients. Short (10 cm long) electric cables were
used to minimize parasite impedance losses.

Electrical circuit

The model electrical circuit used for the
experiments is pictured in Fig 1. Two parallel RC
circuits (Ry, C; and R,, C,) are connected in series.
The time constants of each sub-circuit (t; = R;.C; =
2.35x10° s and 1, = R,.C, = 107 s) differ by a
factor of t,/(t; = 425, and each sub-circuit has quite
different dynamic features. A third resistance Ry is
connected in series.

E()
|
I, A
C,
Il
U
L
Ly
(R, |

Fig. 1. Model electrical circuit. Ry = 12100 Q; R; =
4990 Q; C, = 4.7x10° F;R, = 10000 Q; C, = 1x10° F.
E(t) = voltage excitation. Iy, Iy, 15, I3 and I. current
responses.

8000 -
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-Z10
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o] T T T
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Z/0
Fig. 2. Impedance diagram of the electrical circuit of

Fig 1.(0) experimental (sine wave perturbation); (—)
calculated from Eq. (1).

The analytical impedance of the electrical circuit
of Fig. 1 is given by equation (1) where ® = 2xf is
the pulsation in rad.s™ and f is the frequency in Hz:

1 1
+

- @

The experimental impedance diagram measured
with the Radiometer potentiostat using sine wave
potential perturbations is plotted in Nyquist
coordinates in Fig. 2. The measure was made at a
constant voltage of 0 V with a 5 mV sur-imposed
ac perturbation. The model impedance diagram
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obtained from Eq. (1) is also plotted for
comparison. There is a good overall agreement over
the entire frequency range, indicating that the
values of Ry, Ry, Ry, C; and C; given in the caption
of figure 1 are known with a sufficiently good
accuracy and that the signal-to-noise ratio is
appropriately high. The time constant of the two
RC circuits are significantly different and the
impedance of each sub-circuit (a semi circle along
the real axis) are well separated in frequency. The
impedance of the first sub-circuit (R, C;) with the
lowest time constant appears in the high frequency
range and the impedance of the second sub-circuit
(R2, C,) appears in the low frequency range. The
characteristic pulsations o, (in rad.s™) at the top of
each semi-circle is related to each time constant:

¢ = 2nf; = 1/t where f is the corresponding
characteristic frequency (in Hz or s™). Practical
conditions required for obtaining impedance
diagrams from potential step excitations are
discussed in the following sections.

THEORY

Linear and time invariant systems (LTIS)

In the followings, the implicit variable is time (t)
throughout.  System  theory analyzes the
relationships between any given input i(t) and the
corresponding output o(t). A system is said to be
linear and time invariant when the following
conditions are satisfied:

(i) causality:

i(t) o(t)=0 Vt<O )

(i) linearity:

a, i1 (t)+ a, iz (t) - ﬂl 0, (t)+ 182 0, (t) 3)
where o, o, 1 and f3, are scalars.

(i) time invariance:

i(t-7) > o(t—17) (4)
where 7 is the time shift.

Let h(t) be the output obtained when the unit
impulse (Dirac) function [I(t) is applied as input.
h(t) is called the impulse response :

5(t) = h(t)

(%)

The theory of LTIS demonstrates that for
systems satisfying conditions (2), (3) and (4), the
output o(t) is related to the convolution product of
the input i(t) by h(t) :

o(t)= [ "i(e)h(t-r)dr =i(t)*h(t)(6)

Complex exponentials remain  frequency
unaltered when passing through LTIS. Only
amplitude modulations and phase shifts occur. i(t)
and o(t) can thus be adequately expressed on the
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basis of complex exponentials. This operation is
called Fourier transformation:

G(f)=FTlg@®]=["g(t)e i dt (7)

where f is the frequency in Hz, = 2xnf is the
pulsation in rad.s®, and FT[g(t)] is the Fourier
transform of g(t).

An interesting property of the Fourier
transformation is that the convolution product (6) in
the time (direct) domain is simply an algebraic
product in the Fourier (frequency) domain:

FTli(t)*h(t)] = FT[i(t)]e FT [h(t)] = FTo(t)] (®)

The FT of the impulse response h(t) is called the

transfer function of the system:

FTh(@)]=H(f)=] h(t)e " dt()

Thus, for a LTIS, the general relationship
between input i(t) and output o(t) is a convolution
product in the time-domain and an algebraic
product in the Fourier domain. According to Eq.
(8), the transfer function H(f) can be obtained in
principle by taking the ratio of the FTs of any pair
{i(t); o(t)}, ie : H(f) = FT{o()}/FT{i(t)}. This is
possible as long as the denominator is non-zero at
the frequencies of interest. It turns out that this is
the case for electrical and electrochemical systems
for which the input i(t) is the electric potential E(t)
and the response o(t) is the current I(t). The
associated transfer function is a complex
impedance Z(w):

Z (o) = (o) (10)

E(w) is the Fourier Transform (FT) of the

voltage excitation E(t) in Volt and I('!) is the FT of
the current response in Amp.

Voltage excitations
Electrical potential steps E(t) generated by
commercial potentiostats are not true Heaviside
steps. In order to avoid dumping effects, E(t) has
usually a finite rising-time and is, instead of a true
step, an exponential function rising to a maximum
value (Fig. 3), the analytical expression of which is:

E(t) =a. [1—exp (- b.t)] (1)

where a is the amplitude in V and b = 1/t ins™ (t is
a time constant in s). This is why in this paper, such
signals are called “exponentially-rising voltage-step
excitations”. Results were obtained using a PGZ402
potentiostat from Radiometer, with a mean time
constant t = 1/b = 6.424x10" s (when no filter is
used). Experimental voltage excitations generated
by the potentiostat were found to be reproducible
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within £ 0.05 % from one experiment to the other.
The frequency content of such voltage excitations
can be determined by taking the Fourier transform
(FT) of Eg. (11). A convenient way to do that is to
calculate the Laplace transform (LT) and then
explicit the transformation variable s = jo:

+ 1 1 ab
LTE[)=a| {L-e™)"dt=a =———|=
et=af) e vag -t
(12)
. ab+j0
FTiE(t);=LTiE(t) p= joj=———
EQ)-LTEQ - jol- 2
Eq. (13) is the general solution except for ® = 0
for which (0 (t) is the Dirac function):

(13)

FT{E(t)@=0!= 5(t)% (14)
In conventional harmonic analysis, sine
wave functions of similar amplitudes are used to
measure the impedance of the system over the
entire frequency range of interest on a frequency-
to-frequency basis. As can be seen from Egs. (13)
and (14), the energy content of an exponentially-
rising voltage-step excitations is inversely
proportional to the frequency. This is a limitation of
the technique because the energy of the signal
decreases as the frequency increases. Therefore, the
amplitude of the excitation must be sufficiently
large and the apparatus used to measure the current
response must be sufficiently sensitive to accurately
sample the signals.

RESULTS AND DISCUSSION

Experimentally, the problem to solve consists in
the measurement of the impedance of a given
system of interest by using such smooth voltage
excitations as perturbation. In the first part of this
paper, the system under consideration is the
electrical circuit of Figure 1. This is a low noise
system and equilibrium is reached within a few tens
of milliseconds. In the second part of the paper, the
system will be a noisier electrode/electrolyte
interface for which equilibrium is reached within
only a few seconds. The same methodology is used
to characterize both systems. In a typical
experiment, two transient signals are sampled : the
rising voltage excitation E(t) and the associated
current response I(t). To determine the unknown
impedance of the electrical circuit there are two
options: (i) frequency-domain analysis : the Fourier
transform of both E(t) and I(t) are calculated and
the ratio of the two FTs is taken as shown in Eg.
(10), yielding the impedance Z(w) of the circuit;
this is the most straightforward method; (ii) time-

domain analysis: a model circuit impedance Z() is
postulated; then, I(w), the FT of the current
response to the voltage excitation is calculated from
Eqg. (10): I(®) = E(w) / Z(w); then, model I(t) is
calculated from I(w) by inverse Fourier
transformation and wused to fit transient
experimental current I(t); parameters of the model
impedance Z(w) are iteratively adjusted to
minimize the difference between model and
experimental I(t) in order to determine the exact
characteristic of circuit components. This second
approach is more difficult to implement than the
first one but can sometimes be more efficient and
even more accurate. It can also be automated. The
two approaches are detailed in the followings. The
circuit of Fig. 1 of known impedance is used as a
model system to describe the methodology and to
evaluate the role of data sampling and data filtering
on the quality of the resulting impedance.

Frequency-domain analysis

Solution to the convolution equation in the
frequency domain. The impedance diagram of the
circuit of Fig. 1 can be obtained directly from
frequency-domain analysis of experimental data
using Eq. (15):

E(o)

Io(a’)
where E is the voltage excitation in Volt, I, is the
current response of the cell in A, and o is the
pulsation in rad.s’. E(w) denotes the Fourier
transform of the voltage excitation E(t), and lo(w)
denotes the Fourier transform of the current
response I(t).

Sampling conditions and data treatment. In
order to calculate the impedance diagram, there is a
need to sample both transient signals : voltage
excitation and current response. The Fourier
transform of the discrete transients can then be
calculated and the ratio vyields the desired
impedance diagram. The sampling rate must respect
the Nyquist criterion which states that the signal
must be sampled more than twice as fast as the
highest waveform frequency (f.). If not, it turns out
that all of the power spectral density (PSD) which
lies outside of the frequency range -f, < f < f; is
spuriously moved into that range and the spectrum
is corrupted. This phenomenon is called aliasing
[14]. According to Fig. 2, the impedance of the
circuit reaches the real axis at a frequency value of
=~ 500,000 Hz. Therefore, a sampling rate of one
sample every 1 us (or less) is required. The
sampling rate must be maintained until the end of
the experiment (20 millisec in the present case). As

341

Z(w) = (15)



P. Millet: Electrochemical tmpedance spectroscopy using exponentially-rising voltage steps. (1). Analytical model...

012

measure

—— fit

E /volt

-0.4 0.2 070 OI2 0‘4 06
time / millisec
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Fig. 4. Experimental voltage excitation (bottom) and
current response (top) of the electrical circuit of Fig. 1.

a result, 20,000 datapoints will be collected for
each signal, corresponding to a file of only ca. 4
Mbytes of floats. The signals displayed on the
screen of the oscilloscope at the onset of the step
during a typical experiment are shown in Fig. 4
(time scale 0-500 psec).

Raw data cannot always be used directly.
Electronic or numerical filtering using low-pass
filters is required prior to Fourier transformation in
order to get rid of the polluted high frequency
content of raw data [14]. Different filters (available
on most potentiostats) can be used for that purpose
although they also change the time constant of the
step functions. In order to improve the signal-to-
noise ratio, a first approach is to use the analytical
expression of E(w) (taken from Eqg. (13)) in Eq.
(15) instead of sampling the true experimental
voltage step. This is justified by the fact that
exponentially-rising voltage steps delivered by
potentiostat are highly reproducible. Thus, the
sampled current response is the only source of
noise for the impedance diagram. It should also be
noted that, according to Eq. (13), the PSD =
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Fig. 5. Impedance diagrams of the circuit of Fig. 1; (0)
calculated from Eg. (1); (+) experimental from
exponentially-rising voltage-step excitations: (a) At = 50
us; (b) At =20 ps; (c) At =10 us; (d) At =5 ps.

JRe? {E(w)}+1m? {E(w)} of the exponentially-
rising voltage steps decreases exponentially with
frequency.  Therefore, a highly  sensitive
amperemeter and low-pass filtering should be used
to obtain well-defined impedance diagrams in the
potentially noisiest high-frequency region where
widely scattered data-points are obtained otherwise
[5].

Comparison of model and experimental
impedance values.Impedance diagrams obtained
from exponentially-rising voltage-step excitations
are plotted in Fig. 5. The theoretical impedance
diagram obtained from Eq. (1) is also plotted for
comparison. There is a good agreement between
both techniques, both in terms of impedance values
and frequency content. However, the sampling rate
of current responses plays a critical role. A
sampling rate of at least one data-point every 5 us
is required to obtain a satisfactory fit (curve d). At5
us, a data file of 400 kbytes is obtained and the
impedance is calculated within only a few seconds.
Therefore, this is achievable using conventional
personal computers. If lower sampling rates are
used (curves a, b, c), then significant distortions
appear in the high frequency range.

Time-domain analysis

Solution to the convolution equation in the time
domain. Circuit impedance parameters can also be
determined from a time-domain analysis of
experimental data. In a typical experiment, the
electrical circuit of Fig. 1 is excited by a voltage
transient E(t) of any shape. Egro(t) (the voltage of
the resistance Rp), Eri(t) (the voltage of the
resistance R;), Ec4(t) (the voltage of the capacitance
C1), Ero(t) (the voltage of the resistance R;), and
Eco(t) (the voltage of the capacitance C,) are the
five unknown transient voltages. lo(t) (the main
transient current across the circuit), 14(t) (the current
across capacitance Cj), Is(t) (the current across
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resistance R;), I,(t) (the current across capacitance
C,) and I4(t) (the current across resistance R,) are
the five unknown transient currents. By applying
Kirchhoff’s laws (conservation of charge and) to
the circuit of Fig. 1, the following set of five
equations is obtained:

Cilj; L (t)dt=R, [1,(t)-1,@)] )
Cizj; L) dt=R, [1,t)-1,0)] @)

1 ¢t 1 ¢t
ajo |1(t)dt+c—zj0 1, (t)dt (8)

Io(t): |1(t)+ |3(t) (19)
lo(t)=1,(t)+1,(t) (20)

The system can be solved by use of Laplace
transformation. Solutions for the five voltage transients

E(t)=R, I,(t)+

" ERO( )=Rylo(s) ()
Eny(s)=Ry[l,(s)-1,(s)]  (22)
Ec,(s)= ';él) (23)

Ero (S): Rz[lo(s)_ |2(S)] (24)
Ec, (S):? (25)

Solutions for the five current transients are:

_ AR LR (26)
l,(s)=E(s) R0+SC1 R1+i +5C2 T
sC, 2 sC,
|1(5): Io(S) R1_1 (27)
R +—
sC,
R
Iz(s)lo(s{zl (29
R, +———
sC,

15(s)=15(5) -1, (s) (29)
IA(S)ZIO(S)_Iz(S) (30)

Time domain solutions to Eqgs. (20-29) can be
obtained analytically (this is not always possible,
especially as the complexity of the circuit
increases) by choosing the shape of the perturbation
E(t). Alternatively, solutions can also be
conveniently obtained numerically by computing

the inverse discrete Fourier transform (IDFT) of
Eq. (20-29) for s = jo. The IDFT h(t) of a signal
with a frequency content H(f) is given by:

h(t)= [ "H(f)e* " df (31)
The discrete expression of Eq. (31) is :
ZH Jcos(2z £ t)—jsin(2z f )] af (32)

Transient voltage values. Numerical voltage
responses of circuit components (Fig. 1) to E(t) =
exponentially-rising voltage-step excitation are
plotted in Fig. 6. Data have been obtained
numerically by solving Egs. (21-25) using the
circuit impedance of Eq. (1).

The time axis is in logarithmic scale to facilitate
the differentiation of the different voltages. The
rising voltage excitation E(t) has an amplitude of
0.1 V and reaches its plateau value in less than 0.5
milliseconds. Stationary signals are obtained after
ca. 2x107 seconds. At that time, capacitances C,
and C, are charged and their impedance is infinite.
A stationary current flows across the series-

connected  resistances: Z R,.=R,+R +R, =
i

16200 Q. Therefore, the stationary current for t >

10%sis | _ ZA =0.1/16200 = 6.17 pA.
R.

Individual stationary voltages are:

E@M)=lim a(le_szazloo mvV

Eqo =Ry 1,=7.5mV; E,, =E., =R 1;=30.8 mV;
Er, =E, =R, I,=617mV.

According to Kirchhoff’s law: E(t) = Ege(t) +
Eri(t) + Era(t).

Therefore, experimental transient voltages of
individual circuit components can be fitted with
model values. The difference between experimental
and model values can be minimized by iteration
and the impedance of each circuit component can
be adjusted until a complete agreement is obtained
between both sets of data.

Transient current values. Numerical current
responses of the electrical circuit of Fig. 1 to a
exponentially-rising voltage-step excitation E(t) are
plotted in Fig. 7. Data have been obtained by
solving Egs. (26-30). Again, the time axis is in
logarithmic scale to facilitate the differentiation of
the different signals.

For t > 1072 s, the stationary currents are:

l,(t—>0)=1,(t—0)=1,({t—>x) = 6.17 yA
and 1, (t—o0)=1,(t—o0)=0.
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Fig. 8. Experimental (o) and model (—) current
responses ly(t) of the circuit of Fig. 1 when a smooth
voltage excitation is applied

Model current responses can be used to fit
experimental current values, as discussed in the
next section.

Comparison of experimental and model values.
The experimental current response lg(t) has been
fitted as follows. First, I(w) has been calculated
from Eq. (10): l(®) = Z(») / E(®). Z(w) was taken
from Eqg. (1) and E(w) was taken from Eq. (13).
Second, I(t) was calculated from I(®) by discrete
inverse Fourier transformation. Results obtained for
the first millisecond of the experiment are plotted in
Fig. 8. There is a good agreement between
experimental and calculated transients. Therefore,
time-domain analysis of the current response of the
interface to a smooth voltage excitation can also be
used to determine the impedance of an unknown
circuit.

CONCLUSIONS

The work reported here describes a
methodology used to determine the impedance of
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0.0

electrical ~ circuits from  exponentially-rising
voltage-step excitations. When such experiment is
carried out, two transient signals are synchronously
sampled: the potential excitation E(t) and the
current response I(t). To determine the unknown
impedance of the electrical circuit there are two
options: (i) frequency-domain analysis : the Fourier
transform of both E(t) and I(t) are calculated and
the ratio of the two FTs is taken using Eq. o (10),
yielding the impedance Z(w) of the circuit; this is
the most straightforward method; (ii) time-domain
analysis: a model circuit impedance Z(w) is
postulated; then, the FT I(w) of the current response
to a exponentially-rising voltage-step excitation is

calculated from Eq. (10) : (o) = E(®) / Z(®); then,
model I(t) is calculated from I(®w) by inverse
Fourier transformation and used to fit transient
experimental current I(t); parameters of the model
impedance Z(w) are iteratively adjusted to
minimize the difference between model and
experimental I(t) in order to determine the exact
characteristic of circuit components. There are two
critical problems. First, an appropriate sampling
rate must be used. Second, data filtering is required.
When these problems are appropriately handled,
then correct impedance diagrams are obtained.
Therefore, it can be concluded that exponentially-
rising voltage-step excitations can be used to
measure impedance diagrams of electrical circuits.
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EJIEKTPOXUMHUYHA UMIIEJAHCHA CIIEKTPOCKOIIMA C EKCITOHEHITMAJIHO
HAPACTBAIIIU CTBIIKM HA HAIIPEXKEHUETO
() AHAJIN3 HA MOJEJIHA EJIEKTPUYECKA CXEMA

1. Muiie

Hucmumym no monexynsapua xumus u mamepuanu 6 Opce, UMR CNRS n° 8182, Yuueepcumem Ilapuoic IOe, yn. XKopoic
Knemanco 11, 15, 91405 Opce cedexc, Ppanyus

[ocrermna Ha 20 despyapu, 2012 r.; mpuera Ha 20 dpeBpyapu, 2012 r.

(Pesrome)

EnextpoxumuuyHara ummnenaHcHa crnekrpockonus (IES) oOMKHOBEHO ce M3MO0JI3Ba OT EJNEKTPOXUMHLUTE 3a
aHAJM3MpaHEe HAa MHOTOCTCIICHHM pEaKI|H, NPOTHYAN(M Ha (a3soBaTa TpaHUIA CIIEKTPOMI/CIeKTPOauT. [loHeke
KHHETHKAaTa Ha OTACITHHUTE CTHIIKA Ha PEaKIUATa OOMKHOBEHO € (DYHKIHUS Ha CNEKTPOIHUS TOTCHINAN, UMIICJAHCHT Ha
(da3oBara rpaHHWIa ce W3MEpBa NpPU PA3IUYHH, HO IMOCTOSHHM CTOWHOCTH Ha TOTCHIOHANA. B moBedeTo ciywan
MMICIAHCHATE JAHWarpaMH ce I[oNydaBaT uYpe3 XapMOHHYCH aHalW3: 3a BB30YKIaHE ce U3MOJ3Ba HAllOKEHA
MPOMCHIMBOTOKOBA MOJYJAllMs HA IMOTEHIMAjda C HHCKa aMIuMTyda (tunmyHo 5-10 MB) wim rajaBaHOoCTaTHYHA
MIPOMEHJIMBOTOKOBA MOJYyJAIMs C HHCKAa aMIUINTyAa (TUMWYHO HAKONKO MA). Cropen TeopusTa Ha JHHEHHHUTE U
HEMIPOMEHJIMBY BHB BPEMETO CHUCTeMH o0ade, XapMOHWYHHUAT aHAU3 CiiefBa Ja Oblle OrpaHWYeH JO aHalu3a Ha
JUHEHHN W oOpatumu mporecu. [IpobaeMbT ¢ IWHEHHOCTTA MOXKe Ja OBbJe MPEOJOJISTH 10 W3BECTHA CTENEH 4Ypes
HaMaJsIBaHE aMIUIMTyJaTa Ha Mojaynanusata. Ho ToBa He momara Jia ce paspemu mnpobiiemMa ¢ HeoOpaTHMOCTTA.
Hanpumep, npu enekTpo-uHTEepKAJIAMITa Ha BOJAOPO/ B SIICKTPOAX OT Hallaui ITH MAJIaieBH CIUIABH, ce HaOJIr01aBa
3HAYUTeNIeH XucTtepe3uc. ToBa € SICHO yKa3zaHUe, Y€ NPOTHYAT HEJIMHEHHM MpOLECH U CJIEeI0BATENHO XapMOHHYHUST
aHaJIM3 He MOXKE J]a C€ M3IO0JI3BA, 3alI0TO CUCTEMAaTa He M3IIBJIHABA W3UCKBAHUSATA 32 JIMHEHHOCT U HEM3MEHHOCT BbHB
BpPEMETO, HAJIOKCHH OT CHCTEMHATa TEOpHUs. 3HA4YM TPsOBa Jla ce W3IOJI3Ba HEMPOMCHIMBO BB30OyxmaHne. llenra Ha
HacTosmara padboTa € Ja ce AOKJIaJBa 32 U3MEPBAHETO HA UMIIEIAHCHU CTIEKTPU NPH BB30YKJaHE C €KCITIOHEHITMATHO
HapacTBallX CTBIIKH IO HAIPEKCHHUEC. ToBa CT)O6H1€HI/IC € OPUCHTUPAHO KBM MECTOJO0JIOTHUATA. B mppBaTa 4acT Ha
paboraTa, eleKTpHuYecKka CXeMa ChAbpIKAIlla CaMO EJIEKTPUYECKO CBHIPOTHUBJICHHE W KalallUTeT C€ HW3IMOJ3Ba KaTo
MOJIeNTHa CHCTeMa, 3a Ja ce OOsJCHU KaK OT TaKoBa HEXapMOHHYHO BH30YXKJTaHE MOXKE Ja ce IMOJNydd HUMIIEAaHCHA
nuarpaMa. BeB BTopara yacT Ha paboTaTta, METOAOJIOTHATA CE pa3UIUpsIBa 10 CICKTPO-MHTEPKAIAIMATA HA BOJOPO B
MaJIaJueBo Qojro.
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Electrochemical impedance spectroscopy (EIS) is commonly used by electrochemists to analyze multi-step reaction
paths occurring at electrode/electrolyte interfaces. Since the kinetics of individual reaction steps is usually a function of
electrode potential, the impedance of the interface is measured for different but constant potential values. In most cases,
impedance diagrams are obtained from harmonic analysis: a surimposed low amplitude (typically 5-10 mV) ac potential
modulations or alternatively, a low amplitude (typically a few mA) ac galvanostatic modulation, is used as perturbation.
However, according to the theory of linear and time invariant systems, harmonic analysis should be restricted to the
analysis of linear and reversible processes. To a certain extend, the problem of linearity can be circumvented by
reducing the amplitude of the modulation. But that does not help to solve the problem of irreversibility. For example, a
significantly large hysteresis is observed during the electro-insertion of hydrogen into palladium or palladium alloy
electrodes. This is a clear indication that non-linear phenomena are taking place and therefore, the use of harmonic
analysis should be prohibited because the system does not fulfill the requirements of linearity and time invariance
imposed by the theory of systems. There is therefore a need to use non-alternating perturbations. The purpose of this
paper is to report on the measurement of impedance spectra from exponentially-rising voltage steps. This is a
methodology-oriented communication. In the first part of the paper, an electrical circuit containing only electrical
resistances and capacitances is used as a model system to explain how impedance diagrams can be obtained from such
non-harmonic perturbations. In the second part of the paper, the methodology is extended to the electro-insertion of
hydrogen in palladium foils.

Key words: Impedance spectroscopy, Palladium, Hydriding kinetics, Voltage step

interest for miscellaneous industrial applications
INTRODUCTION such as H,(g) storage and purification, NiMH
batteries, heat pumps or hydrogen isotopic
separation. The current status of metal hydride
technology is such that new materials with
enhanced thermodynamic and Kinetic properties are
still required, in particular for the storage of
gaseous hydrogen in the automotive industry, an
application for which the energy density of current
storage tanks is still a limiting factor [1]. The
kinetics of hydrogen insertion can be analyzed
through either electrochemical or chemical (gas-
phase) experiments and both techniques provide
complementary information [2]. One of the most
striking characteristic of metal hydrogen systems is
the presence of a large hysteresis which
complicates the measurements of  Kinetic
parameters. Hysteresis indicates that irreversible
processes are taking place at the microscopic scale
and therefore, sine waves perturbations commonly
* To whom all correspondence should be sent: used in the popular electrochemical impedance

E-mail: pierre.millet@u-psud.fr
346 © 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

The advantages of exponentially-rising voltage
steps over voltage sine waves for the measurement
of chemical or electrochemical impedances have
been exposed in the first part of this part. The
purpose of this second part is to report on the
determination of the impedance of a palladium
electrode during hydrogen insertion using an
exponentially-rising voltage step as electrical
perturbation. Analysis of phase transformation
processes observed in most hydrogen-absorbing
materials (pure metals, alloys or compounds) is still
a matter of active research, in view of
electrochemical or chemical hydrogen storage
applications. Metal-hydride forming materials
(some elemental metals, some alloys and some
intermetallic compounds) are of great practical
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spectroscopy (EIS) are inappropriate. There is a
need to use non-alternating perturbations. The
purpose of this paper is to investigate the possibility
of measuring electrochemical impedances from
exponentially-rising voltage step experiments. This
is a methodology-oriented communication. In the
first part of the paper, an electrical circuit
containing only electrical resistances and
capacitances was used as a model system. The
situation was simple because experiments are very
brief (a few milliseconds long). As a result,
sampling conditions and data treatment procedures
are easy to manage and impedance diagrams are
easy to obtain. In the second part of the paper, the
methodology is extended to the study of a more
complicated case, the electro-insertion of hydrogen
into palladium foils.

EXPERIMENTAL

Chemicals

A palladium foil (99.9 %, 100 pum thick, 680.23
mg = 6393 Pd umole, S = 8 cm?, Aldrich) has been
used as working electrode. The roughness factor of
the foil determined from cyclic voltammetry
experiments by integrating the reduction peak of
chemisorbed oxygen [3] and using a reference
charge of 0.42 mC cm™, was found to be close to
unity. Although the sample microstructure can
potentially have a strong impact on hydrogen
solubility and mobility, the Pd electrode was used
“as-received” (a cold-rolled sample) without any
preliminary treatment to adjust the microstructure
to any reference state. 0.1 M H,SO, solutions
prepared from suprapur (Merck Co.) H,SO, using
18 MQ cm deionised water have been used as
liquid electrolyte.

Experimental setup

Electrochemical  experiments have been
performed using a conventional one-compartment
electrochemical cell. The Pd working electrode was
connected to the external electric circuitry using a
gold connector. Two large counter electrodes (Pt
foils) were placed on each side of the Pd WE to
warrant  symmetrical loadings/un-loadings as
described elsewhere [4]. Short (10 cm long) electric
cables were used to minimize parasite impedance
losses. A computer-controlled  Radiometer
Analytical PGZ 402 potentiostat-galvanostat was
used to apply exponentially-rising voltage steps and
collect transient current responses with sampling
rates of a few kHZ. In addition, an Agilent DSO
6032 A (2 channels, 300 MHz) oscilloscope was
also used to sample the transients during the first

tens of milliseconds of the experiments, when the
double layer capacitance is charged.

PdH isotherms

A typical electrochemical PdH isotherm
measured at room temperature using galvanostatic
pulses [5] is plotted in figure 1. The hydrogen
content of the Pd foil is expressed in terms of H/Pd,
the dimensionless ratio of mole numbers. At low
hydrogen contents (H/Pd < 0.04), a homogeneous
solid solution (a-PdH) of hydrogen in palladium is
formed. In this composition range, the Pd-H system
is bi-variant and the electrode potential rises with
composition. After saturation, a sub-stoechiometric
(PdH, at this temperature) hydride phase (B-PdH)
starts to precipitate. The system becomes mono-
variant and according to Gibbs’ rule of phase, a
potential plateau appears. Once the sample is fully
hydrided (H/Pd = 0.6), it is still possible to insert
limited amounts of hydrogen to form a new solid
solution of hydrogen in B-PdH. Since a-PdH is now
totally transformed into B-PdH, the PdH system is
again bi-variant and the electrode potential rises
again sharply with composition. A symmetrical
situation prevails during desorption. However,
phase limits are slightly different because of
hysteresis. As can be seen from Fig. 1, the potential
plateau during electrochemical insertion is close to
+ 50 mV vs. RHE at 298 K and the amplitude of
hysteresis is ca. 12 mV. Because of hysteresis, it is
not possible to follow a reversible path during a
displacement from one plateau to the other. Starting
from one equilibrium  point  {electrode
potential;composition point) along the absorption
plateau, it is only possible to move along a closed
loop (labels A and B in Fig. 1). The use of sine
wave perturbations in this two-phase domain would
change the composition at the measurement point
during the experiment and would complicate the
interpretation.

t o domain
(solid solution)

~160 1 i p domain

PdH
o—p two-phases domain——=] ( 1)
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Fig. 1. Experimental PdH isotherm measured at 298K
in H,SO, 1 M.
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Results reported in this paper focus on the
methodology. Data were obtained in the solid
solution domain (a -PdH) were reversible
hydriding phenomena are taking place. In such
domains, both sine waves and exponentially-rising
voltage steps can be used as perturbations and it is
therefore possible to compare impedance diagrams
obtained by both methods.

THEORY

The basic principles of impedance spectroscopy
from exponentially-rising voltage steps have been
described in the first part of the paper.

Hydrogen insertion mechanism

As discussed elsewhere [2], the electrochemical
insertion of hydrogen in Pd is a multi-step process.
In the low hydrogen concentration domain (where
single-phased solid solutions are formed), each
individual step of the multi-step process is
reversible. In acidic media, the detailed reaction
path is:

H"+1e +M <—> MH,""™® (step 1-a)
2 MH, "™ <—> Hy(g)+2M  (step 1-b)
H' + 1 e + MHy"™® <—> H,(g) + M (step 1—
b’
M)Hadsurface <«——>M +Habsub-surface (step 1 —C)
Habsub-surface < Hbulk (step 1—d)
where H,y denotes a surface ad-atom, Hg
denotes a hydrogen atom absorbed in the metal sub-
surface and Hy, denotes a hydrogen atom in bulk
regions. Hyy species are formed by the reduction of
protons (Volmer step 1-a). From the viewpoint of
H insertion, surface recombination of hydrogen ad-
atoms (Tafel step 1-b) and electrochemical
recombination (Heyrovsky step 1-b’), both leading
to hydrogen evolution, are side-steps, the kinetics
of which is an increasing function of electrode
overvoltage. Surface ad-atoms can also cross the
metal surface, reach sub-surface regions (step 1<)
and then bulk regions (step 1-d) by diffusion.
According to Frumkin et al. [6], steps (1-a) and (1-
c) form one single step whereas according to
Bockris et al. [7], they are separated steps.

Model impedances

Impedances associated with reaction steps (1-a,
1-b, 1-b’, 1-c) can be modeled by frequency-
independent resistances. Analytical expressions of
diffusion impedances (step 1-d) have been derived
in the literature for various geometries including
planar diffusion [8, 9] which is more specifically
considered here. Electrochemical impedance
diagrams can be modeled using the equivalent
circuit shown in Fig. 2.
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Fig. 2. Electrical equivalent circuit associated with the
hydriding reaction

The corresponding impedance expression is
given by Eq. (1):

Z(a)):ReI+ 1
joCy+
R

1
+

ct

joC d+[1]+1
“ARMAZY) R, (1)

where:

Re in Q cm? is the resistance of the electrolyte
between working and reference electrodes

Ca in F cm ™ is the double layer capacitance

Ry in Q cm’ is the charge transfer resistance
associated with step (1-a)

C. in F cm? is the adsorption capacitance
associated with step (1-a)

R in Q cm? is the resistance associated with
step (1<)

Rev in Q cm? is the resistance associated with the
hydrogen evolution step (1-b or 1-b*)

Z ¥ (@) in Q cm? is the diffusion impedance
associated with hydrogen transport to bulk regions

(step 1-d). An analytical expression is available
from the literature [8,9] :

coth (u”®
28 (0)= e O 07)

u )
where D stands for diffusion and SP for single

phase domain.
S -
® FD, | ocC,

. . . . . 2.
1s the diffusion resistance in Q cm*;

j is the imaginary unit; 26 is the thickness of the
palladium foil in cm; Dy is the hydrogen diffusion
coefficient in cm? s*; 0 < p < 1 is a dimensionless
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factor used to model interfaces with distributed
properties [10] (p = 0.5 for an ideal interface);

_(GEJ is the slope of the electrochemical
ac,,
isotherm at the measurement point in V mol ™ cm®.

The graph of Z ¥ (w) is very typical. At high
frequencies

lim coth [u(e)] = lim :

o—>®

(the imaginary part is zero), since
lim ¥ (a))zizm jo={0;0}
u

>0

In the intermediate frequency range (f in Hz), as
long as o is sufficiently high, coth(u) = 1, and
therefore,

23 (@)=

. o2 . o2
Takin u:\/ \/ f— (o =2.mnf).
g z D+J 7f5 ( )

1 . 1

2F[—£j\5\/ﬁ_JzF(—§jﬁ\/ﬁ

oE

Z3 ()=

©)

This is the equation of a semi-line in the Nyquist
plan.

th(u) = &=2
In the low frequency range, e +e .

The exponential function can be approximated
by Taylor series:

N=0 n 2
T u _ u
e = E —n!—1+u+—2!+...
n=0

By considering only fifth order terms, we
obtain:

uo_ u ,u L u . u-

e_1+u+2+6+24+120

2 3 4 5

U1 u _u _u _ u-

¢ =l-U+ T -t %7 T 10
Therefore:

3 5 3 5 2 4

u+ Uy U U U 2

thiu)s — 360, 120 |6 12 :u[l_u)
2+u2+l£—2 1+ u

therefore :

23w 1 3 3+j0

R¥ N300 T 0?6t Bwo?
b Uz(l—L] tz +] wD

Neglecting fourth order terms, we obtain:

R¥ . D,R¥ .1
ZSDP(w)zTD_J ;5? :Rin_J(()C-
G

Eqg. (4) is the equation of a vertical semi-line
along the imaginary axis in Nyquist coordinates. R;,
is the insertion resistance in Q cm? :

R _Ro__ o (_E
"3 3FD, | oc, )

Cin is the insertion capacitance per unit area of
interface in F cm ™

o? oF

Cin = -
D, R, [_ OE j
oCy 6)

Tn = Ri.Cin in seconds is the insertion time
constant.

RESULTS AND DISCUSSION

From the experimental viewpoint, the problem is
to determine the impedance of a given system of
interest by using an exponentially-rising voltage
step as perturbation. In the case considered here,
the  system is the electrode/electrolyte
electrochemical interface represented by the circuit
of Fig. 2. In a typical experiment, two transient
signals are sampled synchronously: the
exponentially-rising step E(t) and the current
response I(t). To determine the unknown
impedance of the interface there are two options: (i)
frequency-domain analysis : the Fourier transform
of both E(t) and I(t) are numerically calculated and
the ratio of the two FTs is taken as shown by Eqg.
(10), yielding the impedance Z(w) of the circuit;
this is the most straightforward method; (ii) time-
domain analysis: a model circuit impedance Z(®) is
postulated; then, I(w), the FT of the current
response to a voltage step is calculated from Eq.
(10): I(0) = E(w) / Z(w); then, model I(t) is
calculated from I(w) by inverse Fourier
transformation and used to fit transient
experimental current I(t); parameters of the model
impedance Z(w) are iteratively adjusted to
minimize the difference between model and
experimental I(t) in order to determine the exact
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characteristic of circuit components. This second
approach is more difficult to implement than the
first one but can sometimes be more efficient and
even more accurate. It can also be automated. The
two approaches are detailed in the followings.

Frequency-domain analysis

Impedance diagram of the hydrogen insertion
reaction

Interface impedance parameters can be
determined from a frequency-domain analysis of
experimental data. The equivalent electrical circuit
of Fig. 2 can be simplified by considering that (i)
the parasitic reaction of the HER is negligible (this
assumption is justified because experiments
considered here were made at high potential values
where Pd-H solid solutions are formed;
accordingly, resistance R, is infinite); (ii) the
adsorption capacitance C, is small and its
impedance is infinite. The simplified electrical
circuit is pictured in Fig. 3.

E(t)
N
| | |
Rel
Ca
M L \an
Ll -
R,

L

Fig. 3. Simplified equivalent circuit of the Pd-H
interface

400

—— model g 10 mHz
300 4| —=— experimental i

£

G 200 10 Hz
;_

" 100

o, M50Hz  06Hz |
0 200 400 600 800

Z./Q.com’

Fig. 4. (0) experimental impedance diagram measured
at 298K on a PdH electrode in 0.1 M H,SO, solution at +
60 mV RHE;(+) model impedance diagram from Eq. (7).
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The analytical impedance of the electrical circuit
of Fig. 3 is given by equation (7) where ® =2 nt f'is
the pulsation in rad.s™ and f is the normal frequency
in Hz:

1
+

Z(C())= ReI
JoC+———
Ry +Zp

ct

(7)

The impedance diagram of the working
electrode has been measured at a potential of + 60
mV (Fig. 4). The experimental impedance diagram
has been fitted using Eg. (7) and the best fit is also
plotted in Fig. 4.

At E = + 160 mV RHE, the slope of the
isotherm is large (see Fig. 1) and the corresponding
insertion capacitance C;, is rather low. The value of
the hydrogen diffusion coefficient obtained from
the fit is similar to values reported in the literature
for palladium at 298 K [11]. The pulsation at the
summit of the HF semi-circle is rather low, and this
may be partly due to un-reduced surface oxides (the
experiment was performed on the “as-received”
sample) or to un-activated surface sites. On a fully
activated sample, characteristic frequencies of
several hundred Hz can sometimes be observed.

Solution to the convolution equation in the
frequency domain

The impedance diagram of the circuit of Fig. 1
can be obtained directly from exponentially-rising
voltage-step experiments. The impedance Z(w) is
obtained directly from Eq. (8):

E
Z(w)=E@)
(o)
(8)
where E is the voltage excitation in Volt, I is
the current response of the cell in A, and o is the
pulsation in rad.s’. E(o) denotes the Fourier

transform of the rising step E(t), and lo(®) denotes
the Fourier transform of the current response I(t).

Sampling conditions and data treatment

A correct sampling rate is a key factor for
obtaining experimental impedance diagrams. The
sampling rate must respect the Nyquist criterion
which states that the signal must be sampled more
than twice as fast as the highest waveform
frequency (f.). If not, all of the power spectral
density (PSD) which lies outside of the frequency
range -f, < f <f; is spuriously moved into that range
and the spectrum is corrupted. In other words, high-
frequency components of a time function can
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impersonate lower frequencies if the sampling rate
is too low. This phenomenon is called aliasing [12].
As discussed above, experiments have been made
using exponentially-rising voltage steps. The
typical current measured on the Pd electrode at E =
+ 60 mV RHE and T = 298K in response to a 10

mV rising step is reproduced in Fig. 5.
D o/ B 2000/ s 70208 200/ Swp F @ 1%

| o

‘M‘."'ul' il
Mm

4

Display Menu

©0 Persist | Clear < Grd I
Display %

Fig. 5. Transient rising voltage step (top) and current

response (bottom) measured on the Pd electrode at E = +

60 mV vs. RHE and T = 298K.

Vectors ‘
- !

600

200 H

0

0 260 400 600
Z./1Q.cm?

Fig. 6. Experimental electrochemical impedance
diagrams measured on Pd-H at 298 K at E = +160 mV
RHE. (o) theoretical from Eq. (7); (+) exponentially-
rising voltage steps: (a) At =50 ms (f..x = 10 Hz); (b) At
=25 ms (fnax = 20 Hz); (c) At = 2.5 ms (fiax = 200 Hz)

Considering the time constant of the
exponentially-rising voltage step (t = 1/b = 65 pus),
an appropriate sampling rate of one data-point
every 10 us (or less) corresponding to a maximum
frequency of 50 kHz should be used to properly
sample the peak current. Such a rate should be
maintained until the end of the experiment
(sometimes, depending on the electrode potential
and hydrogen solubility, several tens of seconds are
required) and this of course will yield large

amounts of data points. However, the problem of
data sampling can be simplified as discussed in the
first part of this paper. First, there is no need to
sample the exponentially-rising voltage step. Its
shape was found sufficiently reproducible from one
experiment to the other to allow the direct use of
the analytical expression of E(®) (Egs. 13—14 in the
first part of this paper) directly into Eq. (8). The
amount of data is thus reduced by a factor of two.
An additional advantage of this approach is that the
voltage excitation does not introduce any noise in
the impedance diagram. Second, the Kinetics of
surface (charge transfer step) and bulk (diffusion
step) rate contributions usually differ significantly
and appear at quite different frequencies (see Fig. 4
where the HF semi-circle is due to the parallel
connection of the charge transfer resistance with the
electrode/electrolyte capacitance and the MF 45°
semi-line is due to bulk diffusion of atomic
hydrogen). Therefore, the high frequency (HF) part
of the impedance diagram associated with the
surface step can be obtained with a good precision
from the current response in the 0-0.5 ms time
range. This is the period of time during which the
double layer capacitance is charged and when a
peak current is observed (Fig. 5). The medium
(MF) and low (LF) frequency part of the impedance
diagram can be obtained from the current response
in the 0-10 s time range with a lower sampling rate
of a few milliseconds. In the work reported here,
the oscilloscope was used to record the transient at
short times and the potentiostat was used to record
the signal until equilibrium with a typical sampling
rate of a few milliseconds. The oscilloscope was
triggered by the rising potential on the first
acquisition channel. The complete I(t) transient was
finally obtained by adding the two signals, low-pass
filtering and interpolating.

Comparison of model and experimental impedance
values

The theoretical impedance diagram of the Pd
foil polarized at E = + 160 mV RHE measured with
sine wave perturbations is plotted in Fig. 6. Then,
experimental electrochemical impedance diagrams
have been obtained from rising voltage step
experiments. Typically, the WE was first polarized
at +160 mV RHE until equilibrium was reached
and then a 10 mV amplitude step was applied and
the resulting transient current was sampled.
Impedance diagrams obtained with different
sampling rates are also plotted in Fig. 6 for
comparison. A sampling rate of one data-point
every 25 ms is necessary to obtain a good
agreement between theory and experiments in the
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medium and low frequency regions (hydrogen
diffusion). However, the HF semi-circle still
remains distorted due to aliasing effects and higher
sampling rates are required to obtain a better
resolution of the HF semi-circle and extract the
corresponding kinetics information.

From these results, it can be concluded that
impedance diagrams can be obtained with a good
accruracy from exponentially-rising voltage-step
experiments. Although impedance diagrams can be
computed easily within a few seconds, a
disdavantage of the technique is that it requires the
acquisition of large amounts of data (several Mbyte
files) and data sampling is the most critical issue.
To a certain extend, logarithmic sampling of data
can be used to circumvent the problem. Although
Fourier-transforms cannot be obtained directly from
such sketch of data, some solutions have been
described in the literature [13]. Another option
would be to use Laplace transformation in place of
Fourier transformation as discussed in Ref. [14].

Time-domain analysis

Solution to the convolution equation in the time
domain

Electrode impedance parameters can also be
obtained from  time-domain  analysis  of
experimental data. In a typical experiment, the
circuit of Figure 3 is excited by a voltage transient
E(t) of any shape. Ere(t) (the voltage drop over the
electrolyte resistance Rg)), Ecq(t) (the voltage of the
double layer capacitance Cq), Erc(t) (the voltage of
the charge transfer resistance Ry) and Ezp(t) (the
voltage drop due to hydrogen diffusion) are the four
unknown transient voltages of the problem. Ig(t)
(the main transient current across the circuit), 1,(t)
(the current across capacitance Cq) and I,(t) (the
current across resistance R;) are the three unknown
transient currents of the problem. By applying
Kirchhoff’s laws (conservation of charge and
energy) to the circuit of Figure 3, the following set
of three equations is obtained:

1 t
E(t)=R, |0(t)+c—j0 1, (t)dt
. dl (9)
= ("1, (t)dt =Ry [1,(0)- 1, O]+ Z [1, (€)1, (¢
c [, L@ dt=R, [1,()-1, O]+ Z, [1,(0)- 1, ()] (10)
Io(t): |1(t)+ |2(t) (11)

The system can be solved by use of Laplace
transformation. Solutions for the five voltage
transients are:

EReI (5): Rel Io (5) (12)
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ECdI (S) = ?T(S) (13)
di

Bra (8)=Ra[lo(5)- L (8)] =R 12(5) (14

Ex (5)=2, (S)[Io(s)_ |1(S)]:ZD (s)1,(s) (15)
Solutions for the three current transients are:

sCy Ra Ry

|j(s):%:)[Rn+zD(s)] [L[1+E+ZD7(S)]+RC,+ZD(s)y (16)

u@):ﬂe@)—gf)} an

dl

|2(S): IO(S)_II(S) (18)

Time domain solutions to Egs. (12-18) can be
obtained numerically by computing the Fourier
transforms (s = jo) and by taking the inverse
discrete Fourier transform (IDFT), as discussed in
the first part of this paper.

Transient voltage values

Numerical voltage responses of the circuit
components (Fig. 3) to E(t) = exponentially-rising
voltage step are plotted in Fig. 7. Data have been
obtained by solving Egs. (12-15) using parameters
of Table 1. The time axis is in logarithmic scale to
facilitate the differentiation of the different
voltages. The rising voltage step E(t) has an
amplitude of 10 mV and reaches its plateau value in
less than 0.5 milliseconds. The main differences
with the electrical circuit analyzed in the first part
of the paper are (i) the total experiments extends
over several tens of seconds; (ii) no stationary
current is reached since Zp(y), the impedance of the
electrode because infinite when the ® — 0.

0.012

E(t)

0.010 +

e
o
=1
&

Cell-component voltages / V
(=] Q
o P
(=] Q
'S (=2}

—__\

T L T T T
1e-6 1e-5 1e-4 1e-3 le-2 1e-1 1e+0 1e+1

time /s

Fig. 7. Transient voltages responses of the electrical
circuit of figure 1 when E(t) = a [1 —exp (-t/t)]; a= 10
mV; 1= 1/b=6.424x10"s
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Table 1. Fit parameter values corresponding to the plot of Fig. 4.

Rel T Ca Ret Rpb
Q.cm? s pF.cm™ Qcem® | Q.cm?

2 1

_(aE/aCH) Rin Cin Tin p

V.mol™*.cm?® Q.cm? F.cm™ s

24 1x107 45 224 1194

2.8x10” 6484 398 0.074 295 052

04

0.3 -

0.2

current / mA

0.1 4

0.0 T T T "
1e-6 1e-5 le-4 1e-3 1e-2 1e-1 1e+0 1e+l

time / sec
Fig. 8. Transient current responses of the interface
(Fig. 3) when E(t) =a [l —exp (-t/1)] ;a=10mV ; 1 =
1/b=6.424x107"s.

At the onset of the voltage step (t < 0.2 ms) the
main voltage drop is located across the electrolyte
resistance. Then (0.1 —> 2 ms) the double layer
capacitance charges and the charge transfer process
begins, leading to the formation of hydrogen
surface ad-atoms. Then hydrogen diffusion takes
place for t > 10 ms until the end of the experiment.

Transient current values

Numerical current responses of the different
components of the electrical circuit of figure 4 to an
exponentially-rising voltage step E(t) are plotted in
Fig. 8. Again, the time axis is in logarithmic scale
to facilitate the differentiation of the different
signals. The stationary currents are :

|O(t—>oo)= Il(t—)oo): Iz(t—)oo)=0.

Comparison of experimental and model values

Results were obtained using a PGZ402
potentiostat from Radiometer. Exponentially-rising
voltage steps with a mean time constant T =
6.424x107° s have been used as voltage excitation:

E(t) =a. [1—exp (-V/7)] (19)

Experimental step-functions generated by the
potentiostat are reproducible within + 0.05 % from
one experiment to the other. The experimental
voltage step has been fitted using Eq. (19). Results
are plotted in Fig. 9.

Then, the experimental current response ly(t) has
been fitted using a model equation. The model
equation was obtained as follows. First, (o)

0.012

measure

—— fit

0.010 4

0.008 -

0.006

E / volt

0.004

0.002 +

0.000 | dissmsdiinnbniiviy | |
04 02 0.0 02 04 0.6

time / millisec

Fig. 9. Experimental (o) and model (—) potential
steps..
04

0.3 A

0.2

1,/ mA

0.1+

0.0 et ! ! !
05 0.0 05 1.0 15 20

time / millisec

Fig. 10. Experimental (0) and model (-) current
responses ly(t).

was potential steps.calculated from I(0) = Z(w) /
E(w). Z(w) was taken from Eq. (7) using the
parameters of Table 1 and E(w) was obtained by
taking the FT of the exponentially-rising voltage
step E(t). Second, I(t) was calculated from I(w) by
discrete inverse Fourier transformation. Results
obtained for the first 2 milliseconds are plotted in
Fig. 10. There is a good agreement between
experimental and calculated transients, indicating
that time-domain analysis of the current response of
the electrochemical interface to an exponentially-
rising voltage step can also be used to determine the
impedance of an unknown circuit. Of course, the
calculation is simple in the case presented here
because Z(w) was known accurately from sine
wave experiments. Nevertheless, a similar
methodology can be used when Z(®) is unknown.
In such cases, a model impedance is first postulated
and then parameters are optimized iteratively by
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minimizing the difference between experimental
and model lq(t).

CONCLUSIONS

The work reported here describes a
methodology used to determine the impedance of
palladium electrodes from exponentially-rising
voltage step experiments. When a voltage step
experiment is carried out, two transient signals are
measured: the voltage step E(t) and the current
response I(t). To determine the unknown
impedance of the electrochemical circuit there are
two options: (i) frequency-domain analysis: the
Fourier transform of both E(t) and I(t) is taken and
the ratio of the two FT is calculated, yielding the
impedance of the circuit; (ii) time-domain analysis:
a model impedance is postulated, the associated
current transient I(t) obtained in response to the
exponentially-rising voltage step is calculated and
used to fit transient experimental current I(t);
parameters of the model impedance circuit are
iteratively adjusted to minimize the difference
between calculated and experimental I(t) in order to
determine the exact characteristic of circuit
components. From a practical viewpoint, there are
two main critical problems. First, an appropriate
sampling rate must be used. Second, data filtering
is required. When these problems are appropriately
handled, then correct impedance diagrams are
obtained. Therefore, it can be concluded that
exponentially-rising voltage steps can be used to
measure electrochemical impedance diagrams.
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EJIEKTPOXUMHUYHA UMIIEJAHCHA CIIEKTPOCKOIIMA C EKCITOHEHITMAJIHO
HAPACTBAIIU CTBIIKM HA HAIIPEXKEHUETO.

(I1) AHAJIM3 HA UHTEPKAJIALIUSATA HA BOAOPO/ B ITAJIAVMEBU ®OJIUA.

I1. Muiie

Hnemumym no monexynsapua xumusi u mamepuanu 6 Opce, UMR CNRS n° 8182, Yuugsepcumem Ilapuoic FOe, yn. Koporc
Knemanco 11, 15, 91405 Opce cedexc, @panyus

IMoctremmna Ha 20 despyapu, 2012 r.; npuera Ha 20 dpeBpyapu, 2012 1.
(Pestome)

EnextpoxumuyHara umnenancHa crekrpockonust (IES) oOMKHOBEHO ce H3MON3Ba OT EJNEKTPOXMMHUIUTE 32
aHaJIM3MpaHe Ha MHOTOCTENICHHM pEakKLUH, MpOTHYalld Ha (a3oBaTa TpaHUNA EIEKTPOn/eneKTpoiuT. IloHexe
KMHETHKaTa Ha OTJCITHNUTE CTHIIKM Ha PEaKLUsITa OOMKHOBEHO € (YHKIMA Ha €JIEKTPOAHUS MOTCHINAI, IMIICIaHCHT Ha
(asoBaTa rpaHMIla ce W3MEpBa NPH pPa3IUYHHU, HO MOCTOSHHM CTOMHOCTH HAa NOTEHIHMana. B moBeueTo cimydan
HUMIIEIAaHCHUTE JHWarpaMy ce I[oJTydaBaT dYpe3 XapMOHHYECH aHajiMu3: 3a BB30OyKHaHe ce U3I0N3Ba HaJ0o)KeHa
MIPOMEHJIMBOTOKOBA MOJYJAIWsA Ha ITOTEHIMana C HHCKa aMruuryzaa (tumuaHo 5-10 MB) wmnm ramBanocTaTHdHA
IIPOMEHJIMBOTOKOBA MOJYyJAIMsl C HUCKA aMIUIUTyAa (TUIMYHO HAKONKO MA). Cropen Teopusra Ha JTUHEHHUTE U
HEMPOMEHJIMBU BBbB BPEMETO CHCTEMH o0aue, XapMOHMYHMAT aHaJIM3 clienBa Aa ObJe OrpaHMYeH O aHali3a Ha
JMHEHHN ¥ oOpatumu mnpouecH. [IpobnembT ¢ JHHEHHOCTTa MOXe 1a ObJe MPEOJOJsSH J0 M3BECTHa CTENEH 4pe3
HaMallsIBaHe aMIUINTyJaTa Ha Mopmyianuata. Ho ToBa He momara na ce paspemd mpoOieMa ¢ HEOOpaTHMOCTTA.
Hanpumep, npu enekTpo-uHTEepKaaIisITa Ha BOAOPO B €IEKTPOAX OT Majlauil UiIH NanaJieBy CIUIaBH, ce HaOIronaBa
3HAa4YMTENEH XHcTepe3nuc. ToBa e sICHO yKa3aHHe, 4e NMPOTHYAT HEIMHEHHHU IMPOIECH U CIIENOBATEIHO XapMOHUUYHUAT
aHaJ M3 HE MOXE JIa C€ M3II0JI3Ba, 3aI[0TO CHCTEMaTa HE M3ITBJIHABA M3UCKBAHUATA 33 JIMHEHHOCT M HEM3MEHHOCT BBHB
BpPEMETO, HaJOXXEHH OT CHCTEMHAaTa Teopus. 3HauM TPAOBa Ja ce HM3IM0J3Ba HENPOMEHIMBO BB3OyknaHe. Llenra Ha
HacTosmaTa padboTa e J1a ce JOKJIaBa 3a N3MEPBAaHETO HA MMIIEAHCHH CIICKTPH NPH BB30YKAaHE C €KCIIOHEHIHAIHO
HapacTBall¥ CTBIIKH IO HampexxeHue. ToBa ChOOIIEHHWE € OPHEHTHPaHO KbM METOJOoJoTusATa. B mbpBara wact Ha
paborara, eJeKTpHYeCKa CXeMa ChABpPXKAIIA CaMO EJNEKTPHUYECKO CHIIPOTHUBIICHHE M KalalUTeT Ce W3M0J3Ba KaTo
MOJIeJIHA CHCTEMA, 32 Ja ce OOSCHM KaK OT TaKOoBAa HEXapMOHMYHO BB30OyKJaHEe MOXE Jia ce INOJy4d HMIIeJaHCHA
nuarpaMa. BeB BTOparta yacT Ha paboTaTa, METOJOJIOTHATA CE Pa3UINpsIBa O €JIEKTPO-MHTEpKAJaluaTa Ha BOJOPOA B
najaaneBo GoJuo.
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Parametrization of impedance spectra of GC/H,SO, electrode: trials and errors
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Impedance spectra of two differently prepared (polished and anodically oxidized) GC electrodes measured at +0.30
V vs. SCE in 0.5 mol dm™ H,SO, electrolyte have been analysed on the basis of presumed electrical equivalent
circuit(s) and complex non-linear least square fitting procedure. Statistical analysis of model residuals and reliability of
the estimated values of parameters were used as indicators for correct or incorrect modeling. In such a way, the polished
GC electrode has been modeled using not-ideal capacitive element describing relatively flat surface, whereas
anodically oxidized GC electrode has been modeled using not-ideal capacitive element loaded by transmision line

element representing a porous surface structure.

Key words: GC electrodes, Electrochemical impedance spectroscopy, Electrical equivalent circuits, Parametrization

INTRODUCTION

It has already been shown that oxidized GC
electrodes, like most of other carbon materials [1],
exhibit high capacity values that become relevant
even for advanced electrochemical double-layer
capacitors [2, 3]. In that area, Electrochemical
Impedance Spectroscopy, EIS, technique appears
to be one of the principal methods for examining
fundamental behaviour of electrode materials. This
is primarily due to the possibility of EIS to
estimate not only capacitance values, but also to
follow charge transfer and transport related
phenomena occurring at different time scales, what
is essential for predictions of rate capabilities of
capacitor devices [1, 4]. There are, however, only
few studies available in the literature on the
impedance analysis of GC electrodes. Although for
a polarized carbon electrode, purely capacitive
impedance response has generally been expected
over broad potential region [1-4], more or less
distributed capacitive response is found dominant
for both: not activated and variously activated GC
electrodes in different electrolyte solutions [2, 5-8].
Consequently, impedance models containing
constant phase element(s), CPE, or transmission
line, TL, have been discussed to account for
roughness, including possible fractal geometry [5-
8] or porosity of the GC surface [2].

The goal of the present paper was to find the
optimum parameter set(s) of impedance spectra of
not treated, i.e. only hand polished GC electrode,
PGC, and anodically oxidized GC electrode, AGC,
in H,SO, electrolyte solution. Impedance analysis
based on electrical equivalent circuits, EECs,

* To whom all correspondence should be sent:
E-mail: vhorvat@irb.hr
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involving lumped RC and/or distributed impedance
elements [9] was applied and submitted to the
statistical analysis of model residuals. The
calculations were performed using the complex
linear least square, CNLS, fitting procedure and
modulus weighting mode [10, 11]. Improvements
were made by replacement(s) and/or addition(s) of
particular impedance(s) to the basic model and re-
fitting this new model to the experimental data.
Criteria for finding the most reliable EEC were
equal frequency distribution and small values of
real and imaginary fitting residuals, A and A’
defined as:

zk(exp) _Zk(cal) Ak _ Zk(exp) _Zk(cal) (1)

A‘k = ]
Zk(exp)‘ ‘Zk(em)‘

In Eqn. (1), Z, Z and k are real and imaginary
impedance and  particular  frequency  of
measurements, respectively. |Z| is impedance
magnitude, while by “exp” and “cal”,
experimentally measured and calculated quantities
are denoted. A fit was considered good for fitting
residuals, A4 and A’, being below 0.01 and near
equally distributed over the frequency region of
impedance measurements.

EXPERIMENTAL IMPEDANCE SPECTRA

Bode plots (log of |Z| and phase angle, ¢ vs. log o,
(= 2xf) of PGC and AGC electrodes (0.028 cm?

© 2010 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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(a)

log (1Z1/9 )
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(b)
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Z2%1Q

Fig. 1. Experimental IS of PGC and AGC electrodes
in 0.5 mol dm~ H,SO, at +0.30 V vs. SCE: (a) Bodq
plots, (b) high to medium frequency parts of Z vs. Z
plots

of apparent area) measured at +0.30 V vs. SCE
using three-electrode cell filled with 0.5 mol dm™
H,SO, electrolyte solution are together with high
frequency parts of Z' vs. Z curves, presented in Fig.
1. Visual observation of experimental impedance
spectra, IS, in Fig. la indicates two distinct
domains, almost resistive response at higher and
almost capacitive response at lower frequencies,
respectively. Not prominent shifts of high
frequency intercepts in Fig. 1b pointed to
domination of the solution resistance, Ry = 13-15
Q, over any contact and/or intrinsic resistance of
GC electrodes. The values of |Z| and degree of
deviation from ideal capacitive response are higher
for PGC than AGC electrode. The capacitance
values, Cis, calculated at f = 0.1 Hz using the
relation C;s = (@ Z) " are 5.15 x 10° F (1.8 mF
cm?) for PGC and 1.90 x 107 F (68 mF cm™) for
AGC electrode, respectively.

IMPEDANCE MODELING PROCEDURE

As is suggested by visual observation of IS in
Fig. 1 and also by other authors [6-8], impedance
response of GC electrodes can be associated with
Rs and almost capacitive electrode impedance with
frequency dispersed CPE having admittance, Ycpe
= (Zcpe) ', defined as:

(b)

0.08
Egn. (2) PGC
222 AGC

q 000 b s S Rl -0

-0.04 |- ST R g

.0.08 L 1 1

0.08

-0.08 4

log (w/rads’)

Fig. 2. (a) EEC with CPE defined by Eqgn. (2) used for
fittings to experimental 1S of PGC and AGC electrodes
in Fig. 1, (b) real and imaginary fitting residuals, A and
A", vs. log .

Yere(io) = Q(ia)" )

This model in the form of EEC is drawn in
Figure 2a, together with, Z,* and Zc* involved for
correction of experimental artefacts manifested at
high frequencies [12, 13]. In all present
experiments, L* = 4.1-6.0 x 10° H and C* = 4.2—
5.7 x 10°® F. EEC in Fig. 2a defines 3+2* model
parameter-case (Rs, Q, n, L*, C*). The mean values
of the extracted impedance parameters Q and n are
together with their standard deviations, listed in
Table 1.

Although for both electrodes, the results of
fitting procedure of the EEC in Fig. 2a to IS in Fig.
1 yielded reasonable values for Q and n with low
standard deviations, A and A" were quite high and
showed significant frequency dispersions (cf. Fig.
2b).

According to Figure 3, similar is obtained when
CPE in Fig. 2a is replaced by the finite
transmission line element, TL, with impedance
defined as [9]:

Z (i) = - coth(ior)® 3)

(iw7)°

Generally, TL element with Z (i) defined by
Eqgn. (3) can describe a situation within a porous
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Table 1. The best fit main parameter values of the EEC in Fig. 2(a) with Ycpe(i @) defined by Eqn. (2).

3+2* parameter-case

Parameter PGC AGC
104 x Q/Q—-1 sn 0.462 +0.001 17.42 + 0.09
n 0.856 + 0.001 0.888 +0.002

Table 2. The best fit main parameter values of the EEC in Fig. 2(a) with CPE replaced by TL and Zt (i) defined

by Eqgn. (3).

Parameter

PGC AGC

4+2* parameter-case Ro/Q
10°x s
p

3.8+0.7 47+04
0.037 £ 0.009 46+04
0.4275 £ 0.0003 0.4464+ 0.0007

(@)

Eqgn. (3) PGC
0.04 v AGC

0.08

0.00 f~—

-0.04 |y

-0.08 L L ! ! 1 1 Il

log (w/rads™)

(b)

0.08

0.04 -

-0.04 |2V

.0.08 L 1 L 1 1 L !
2 2 3 4 5

o

log (w/rads™)

Fig. 3. Real and imaginary fitting residuals, 4 and A"
obtained after fittings the EEC in Fig. 2(a) with CPE
replaced by TL defined by Eqn. (3) to experimental IS of
PGC and AGC electrodes in Fig. 1, vs. log .

electrode where the electrolyte resistance in pores is
dependent not only on apparent conductivity of the
electrolyte but also on a pore length [14]. This
impedance/frequency function has already been
applied in the impedance analysis of porous
electrodes [14], including porous carbon [15] and
anodically oxidized GC electrode [2]. In the ideal
case of p = 0.5, impedance spectrum exhibits —45°
inclined line at higher and —90° (capacitive) line at
lower frequencies. Low frequency differential
capacitance is defined here as C = 7/R,, where zis
relaxation time, while Ry represents resistance to
ion transport.

By replacing CPE with TL having impedance
defined by Eqgn. (3), the model in Fig. 2a becomes
4+2* model parameter-case (Rs, Ro, 7, p, L*, C*).
The mean values of the extracted parameters
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describing TL are, together with their standard
deviations, listed in Table 2.

Although Eqgn. (3) has already been proposed in
impedance analysis of variously activated GC
electrodes [2], use of TL instead of CPE in Fig. 2a
did not improve results of fittings much. As is
demonstrated in Fig. 3, fitting this model to the
actual IS provided poor fits at large domain of
measured frequencies. Therefore, for improving the
results for GC electrodes, new impedance has to be
added to the model. Generally, this can be done in
two ways, what results with the well known
problem of ambiguity in impedance data analysis
[11, 16]. The first way is to add some new
impedance that is capacitive at low frequency limit,
in parallel connection to CPE (model P in Fig. 4a).
The second is to add new impedance in a form of
parallel R-CPE combination in series connection to
CPE (model S in Fig. 4a).
For GC electrode, the P-type model has already
been applied to account for some possible side
reaction(s), including adsorption of electrolyte ions
at the electrode surface [7,8]. On the other side, the
S-type model is generally used to describe surface
films with properties different than surrounding
media (bulk electrode and electrolyte) [17]. For
powdered carbon electrodes, the S-type model has
also been proposed for accounting inhibition of
charging/discharging of high carbon area surface
caused by (bulk electrode/surface film or surface
film/electrolyte) interfacial charge transfer [18, 19].
Somewhat modified S-type model, with two
parallel CPEs, has already been proposed to
account for different rates of charging/discharging
at basal and edge planes of GC
electroderespectively [5]. By replacing CPE with
either P- or S-types of the models drawn in Fig. 4a,
the EEC in

Fig. 2a becomes 6+2* model parameter-case
(Rsy Q1, Ny, Ry, @y, Ny, L*, C*). As is seen from
decreased values of A’ and A’ and their lower
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(@)

CPE,

Fig. 4. (a) EECs used instead CPE in Fig. 2(a) for approximation of experimental 1S of PGC and AGC electrodes in

P CPE,
|
Ry CPE,

log(w/rads™)

Ry

(b)

PGC
AGC

Iog(m/rads')

Fig. 1, (b) real and imaginary fitting residuals, 4 and 4 , vs. log @
Table 3. The best fit main parameter values of the EEC in Fig. 2(a) with CPE replaced by the EECs in Fig. 4(a).

Parameter PGC AGC
6+2* parameter-case p s p s p s

10%x Q/Q7ts™ 0.437 + 0.003 0.474 + 0.001 10.5+0.5
n 0.863 + 0.001 0.869 + 0.001 0.90 + 0.06

RJ/Q 44152 + 8274 373 £ 66 11+9

10%x Q Q7 s™ 0.0345 + 0.003 49+0.3 7+5
n; 0.92 +0.03 0.82+0.01 0.88+0.08
10%x Q. /7 s™ 0.437 + 0.003 0.474 +0.001 10.5+0.5

frequency dispersions in Fig. 4b, these two models
fit better to both experimentally measured IS in Fig.
1 when compared to the results obtained with
previous models (cf. Figs. 2(b) and 3).
Improvements of fits, however, are more
pronounced after using the S-type model. The
extracted main parameter values are together with

their standard deviations summarized in Table
3. For either P- or S-type of the model,
impedance of CPE; remained dominant
impedance of each IS. For the PGC electrode,
there are almost no differences between the
values of parameters Q (n) in Table 1 and Q;
(n;) in Table 3, suggesting minor influence of
additional impedance to the total electrode
impedance. For the AGC electrode, however,
additional impedance is found necessary for
obtaining improvements in fitting results,
suggesting  thus  more  complex  surface

characteristics of this electrode. Although for the
AGC electrode, the results using the S-type model
yielded better fits with minor frequency dispersion
(cf. Fig. 4b), unreasonable values for additional
impedance were obtained (cf. Q, = 187 Q's" and
n, = 0.59 in Table 3). This pointed to another
type(s) of element(s) that should be used instead
CPE; in the S-type of model. As has already been
observed and discussed [1, 2], when carbon
electrodes are polarized to high anodic potential, a
porous surface with high content of oxygen
containing species is formed. For that a reason, TL
element, with impedance defined by Eqn. (4) and
denoted here as TLgj, is included as additional
element to either P or S-type of the model. These
two new models that remain 6+2* model
parameter-cases (Rs, Q1, N1, Ro1, @, p1, L*, C*) are
drawn in Fig. 5a and denoted as P-1 and S-I.
Qualities of fittings are shown in Fig. 5b,
whereas the main parameter values are, together
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Fig. 5. (a) EECs used instead CPE in Fig. 2(a) for approximation of experimental IS of the AGC electrode in Fig. 1,
(b) real and imaginary fitting residuals, 4 and 4 , vs. log .
Table 4. The best fit main parameter values of the EEC in Fig. 2(a) with CPE replaced by the EECs in Fig. 5(a)..

6+2*parameter- case  10%x Q/Qts™ ny Roi/Q o ls P1
P-1 8+6 0.90 +£0.09 20+ 15 0.011 £ 0.004 0.44+0.04
S-l 41+5 0.68 +£0.01 22+0.2 0.006 +0.001 0.491 £ 0.006

with the corresponding standard deviations, listed
in Table 4.

Again, high(er) quality of fitting for the S-I type
model is observed in Fig. 5b. As a consequence of
different ways of connection of two elements in P-I
and S-1 models respectively, contribution of CPE;
to total electrode capacitance is higher for the P-I
than for the S-I type of the model. This means that
in the case of S-I type of the model, impedance due
to CPE; becomes some sort of additional
impedance to dominant impedance of TL;.

High value of Q; and n; = 0.68 for the S-I type
of the model in Table 4 suggests again that some
element exhibiting “Warburg type” of frequency
response (—45° sloped line) should be used as
additional impedance to the dominant impedance of
TL,. It has already been shown [20] that deviations,
frequently observed from medium to low
frequencies after applying the Egn. (3), can be
corrected by adding a new TL element with
impedance defined as [9]:

Ry
Zr (iw) = (iw0)?

tanh(iw7)?

(4)

Series combination of Zy_ defined by Eqn. (4)
and Zy_ defined by Egn. (3) has already been
applied in impedance analysis of thin conducting
polymer films to account impedance of two mobile
charge carriers [21-23]. Here, Zr defined by Eqn.
(4) and denoted as TL, is added to Zr_ defined by
Egn. (3) and already denoted as TL,, in both types
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of the model in Fig. 5a. For the P-I type of the
model, however, over-parametrization becomes
immediately evident by insensitivity of the
calculation results on the impedance of CPE;. Thus
the P-1 model becomes reduced to the series sum of
two TL’s (cf. Figure 6a), what is just the same
situation obtained by substitution of CPE; with Z,
into S-1 type of the model. By using the model in
Fig. 6a instead CPE, the model in Fig. 2a becomes
the 7+2* model parameter-case (Rs, Ro1, 71, P1, Ro2,
7, P2, L*, C*). Frequency dispersion of A4 and A
showing acceptable results of fittings are presented
in Fig. 6¢, while the values of extracted parameters
are, together with their standard deviations, listed in
the first raw of Table 5. The parameter values in
Table 5 indicate that the total AGC electrode
capacitance originates fully from TL;. Due to
relatively high z, the contribution of the Warburg
(—45° sloped line) part of TL, is prominent at
mediate to low frequencies. What is observed not
only here, but also elsewhere [22, 23], n#n, what
has not been predicted theoretically [21].
Interpretation, however, remains unclear, but full
equivalence between impedance of the series sum
of TL;and TL, and parallel sum of two TL, points
toward possible interpretation in the terms of pores
of unequal lengths [20]. Low 7; value makes TL;
response almost capacitive, what could be a basis
for decrease of the number of model parameters. In
its reduced form, shown in Fig. 6b, the sum of TL,
and TL, is reduced to the sum of
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Fig. 6. (a-b) EECs used instead CPE in Fig. 2(a) for approximation of experimental IS of the AGC electrode in Fig. 1,

(c) real and imaginary fitting residuals, Aand 4, vs. log .

Table 5. The best fit main parameter values of the EEC in Fig. 2(a) with CPE replaced by the EECs in Fig. 6a and b.

Parameters Rod/Q 10°x 7 /s P1 Reo/Q s P2
7+2* (Fig.6a)  1.0+0.1 1.0 +0.01 0.4594 +0.0005  22+1 0.67 +0.05 0.50 +0.01
-- 10 x Q/Q7ts" n,
6+2* (Fig. 6hb) - 18.25 + 0.02 0.921 + 0.001 25+1 0.75+0.05  0.491 + 0.008

CPE; and TL,. Now the model in Fig. 2a becomes
reduced again to the 6+2* model parameter-case
(Rs, Ci, N, Rz, o, P2, L*, C*). The results of
fittings are also shown in Fig. 6¢ and the extracted
parameter estimates are listed in Table 5. Very low
residuals, randomly distributed over the range of
measured frequencies and low standard deviation
of each parameter value, point to the acceptable
model used for fittings. This final model is
checked through the potential dependence of
measured IS of the AGC electrode, shown in Fig. 7
as the complex capacitance spectra, Y o *vs. Y &,
that has already been found advantageous in
visualization of not-ideal capacitive impedance
responses of various origins [24].

Almost arc shaped curves in Fig. 7 exhibiting
certain tails at lower frequencies, indicate a series
connection of Ry and impedance of not ideal
capacitive electrode. More or less prominent
vertical lines observed at low frequencies for some
potential values, indicate some additional and
almost resistive contribution(s), probably due
certain faradaic reaction(s) occurring at these
potentials. The values of total electrode
capacitances that can graphically be determined as
the crossing points between the corresponding arcs
and Y @ axis, show that the highest capacitance
value is attained at +0.20 V, what is close to the
redox potential of some oxygen containing,
probably quinone-like surface groups, formed at
carbon/H,SO, (pH=0-3) electrodes [1,25]. Just the
same is seen in Table 6, where the main parameter
values estimates, including Q; (n,) are listed. In

such a way, the potential dependent contribution
from the redox pseudocapacitance to the total
electrode capacitance is approved. Changes of Ry,
and 7, values of TL, impedance in Table 6 show
constant increase suggesting continuous change of
the surface structure with increase of E. This,
however, can have a detrimental effect when GC
electrode is under conditions of continuous
oxidation such as in capacitor devices.

08

E/Vvs. SCE

-0.20

—fit v +0.20
+0.60

» +1.00

06

8 Hz

04

(Y lo)ImF

02

0.0
06 0.8 1.0 12 14 16

(Y"lo)ImF

Fig. 7. Potential dependence of experimental complex
capacitance spectra, Yw ' vs. Y w®, of the AGC
electrode in 0.5 mol dm~ H,SO,

CONCLUSIONS

Experimental impedance spectra of polished,
PGC and anodically oxidized, AGC, electrodes in
H,SO, electrolyte solution have been analysed
using different EECs composed by gradual
addition of different impedance elements.
Statistical analysis of model residuals and
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Table 6. The best fit main parameter values of the EEC in Fig. 2(a) with CPE replaced by the EEC in Fig. 6(b) to
experimental IS of AGC electrode measured at various potentials

E/V vs. SCE 10*x Q/Q's" N Roo/Q s P2
-0.20 4.76 +0.01 0.958 + 0.001 14+5 0.4+03 0.39 +0.02
+0.20 13.99 +0.03 0.952 +0.001 25+1 0.46 + 0.04 0.431 + 0.006
+0.60 3.322 4+ 0.005 0.922 +0.001 23+1 0.077 £ 0.007 0.450 + 0.007
+1.00 1.55 + 0.03 0.939 +0.001 49+2 0.068 + 0.004 0.492 + 0.006

reliability of parameter estimates have been used
as indicators for correct/incorrect modelling.

It has been shown that PGC electrode can be
analysed as the 3+2* model parameter-case (not
ideal capacitive element in series with electrolyte
resistance), describing relatively flat electrode
surface of PGC with some degree of roughness or
fractal-scaled imperfections.

AGC electrode showed more complex

behaviour and impedance analysis was based on
more comprehensive model. While there was not a
fundamental reason that one EEC is more
significant than the other, several different types of
EECs were applied and all were reduced to the
6+2* model parameter-case (nhot ideal capacitive
element loaded by an impedance of distributive
type). This model suggests a porous surface
structure of AGC made by anodic oxidation and
formation of high quantity of oxygen containing
surface groups.
Acknowledgements. Financial support from
Ministry of Science, Education and Sports of the
Republic of Croatia (Project 098-0982904-2905)
is acknowledged.
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OITPEJAEJISIHE ITAPAMETPUTE HA UMIIEJJAHCHUTE CITIEKTPU HA GC/H,SO4
EJIEKTPO/I: ITPOBM N I'PEHIKHA

B. Xopsar - Pagomesuu, K. Marauy, K. KBacrek
HUnemumym Pyoocep bowikosuu, buoicenuuxa 54, 10000 3azpebd, Xvpeamcka
[ocrpnuna va 20 despyapu, 2012 r.; npuera Ha 20 deBpyapu, 2012r.
(Pestome)

HMmnenancHUTE CHEKTpH Ha [Ba IOATOTBEHM MO pa3idiyeH HAauyuH (HOJMpaH M aHOJHO OKCHAUpAH)
CTBKIOBBITIEPOJHH elIeKTpoia, m3Mepern mpu +0.30 V crpsmo SCE B emexrpormut ot 0.5 mol dm™ H,SO, ca
aHaJIM3MpaHU BB3 OCHOBA HA IPE.IOJIaracMu €JeKTPUYEeCKH EKBHBAJICHTHU CXEMH M KOMIUIEKCHA IIpoleaypa Ha
HEJIMHEHHO HamacBaHe IO MeToja Ha Hal-MalKuTe KBajpaTdu. Karto MHOMKAaTOpH 3a MPaBHIHOTO MOJEIIUpAHE €
M3MO0JI3BaH CTATUCTUYECKHU aHAJIM3 Ha OCTaThLUTE B MOJeNla U aHAJIM3 Ha HA/IS)KIHOCTTA HAa OLCHEHUTE CTOMHOCTH Ha
napamerpure. [1o TakbB HaYMH, MOTUPAHUSAT CTHKIOBBITICPOICH EIESKTPO € MOJCINPAH Ype3 HeHAealleH KanaluTHBeH
CJIEMEHT, ONHMCBAIL CPABHHUTEIHO IJIaJKa MOBBPXHOCT, JOKATO aHOJHO OKCHIMPAHHAT CTHKIOBBIVIEPOJCH EICKTPOJX €
MOJCIUpaH 4Ype3 HEeHJCANICH KalalUTHBEH €JIEMEHT, CBbpP3aH C CJIEMEHT Ha IbJra JIMHUS, MPEACTAaBsI] MOPUCTA
CTPYKTypa Ha IOBBPXHOCTTA.
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The dual membrane fuel cell (DMFC) is an innovative SOFC architecture in which an oxygen compartment
(cathode and oxide ion conducting electrolyte) is combined with a hydrogen compartment (anode and proton
conducting electrolyte) through a porous mixed conducting central membrane (CM) where the two types of ions react
and produce water which is evacuated through the pores. This concept is proved on a model cell via sets of
investigations based on D.C. testing and Impedance Spectroscopy. For optimization of the three DMFC compartments
(oxygen, hydrogen and CM) with regard to materials and technological conditions for the deposition of the functional
layers, impedance studies were carried out on symmetrical half cells. Special attention was given to some new

experiments elucidating the processes of water formation and propagation through the central membrane.

Key words: Dual membrane fuel cell, Impedance spectroscopy, Central membrane, LSCF48, BCY15, YDC15

INTRODUCTION

When compared to conventional PEM FC, solid
oxide fuel cells (SOFC), including the proton
conducting design (PCFC), offer several
advantages, mainly concerning efficiently and
multi-fuel operation. However, they also have some
limitations that slow down their marketing. A weak
point is the dilution of the reacting gases with the
exhaust water at the anode side in SOFC and at the
cathode side in PCFC and decrease of the
electrodes catalytic activity. In order to overcome
those limitations, innovative Dual Membrane Fuel
Cell (DMFC) architecture was proposed [1] and is
under development in an FP7 project [1-3]. The
new concept combines the advantages and
eliminates the disadvantages of both SOFC and
PCFC. The main idea is the separation of the
hydrogen and oxygen from the exhaust water. It is
realized by the introduction of a junction layer
between a SOFC electrolyte/cathode (cathode
compartment) and a PCFC anode/electrolyte (anode
compartment) with mixed (H* and O*") conducting
porous structure. Thus protons produced at the
anode progress toward the junction central
membrane (CM) where they meet the oxide ions
that are created at the cathode and produce water
which is evacuated through the pores of the
membrane. Therefore hydrogen, oxygen and
exhaust water are located in three independent
chambers (Fig. 1).

* To whom all correspondence should be sent:
E-mail: d.vladikova@bas.bg
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Fig. 1. Schematic representation of the dual membrane
fuel cell concept.

The innovative concept (Fig. 1) avoids the gases
dilution, the inhibition of the electrodes’
charge/mass transfer by the water, and the
corrosion by the oxygenized water at high
temperatures [2, 3].

In order to prove the new concept and to
understand and evaluate the processes taking place,
impedance studies of the cell and its compartments
were carried out and presented in this work.

EXPERIMENTAL

For investigations of the dual membrane fuel
cell and its three compartments, the following
materials appropriate for operating temperatures
700-600°C were selected: LSCF48
(Laolesr0.4C00.2Feo_303_5) as CathOde, YDC15
(CegssYo01501.925) as oxide ion conductor, BCY15
(BaCepgsY0150,5) as proton conductor and

© 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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BCY15-Ni cermet as anode. For elimination the
influence of the electrodes quality on the
electrolytes characterization, metal (Me = Pt, AQ)
electrodes were also used. For electrochemical
characterization of the selected materials and the
technological procedures for the fabrication of the
functional layers, impedance measurements were
performed on 3 types of symmetrical half cells:
electrolyte supported LSCF48/YDC15/LSCF48,
electrolyte supported BCY15-Ni/BCY15/BCY15-
Ni and central membrane supported
Me/YDC154610usBCY 1550100/ Me with cell diameter
about 2 cm and thickness about 1 mm. The
measurements of the CM half cell were carried out
in oxygen/air and in wet hydrogen, which ensured
information about the conductivity of every
component of the composite porous membrane. For
the proof of the concept measurements at operating
conditions were performed on a model button type
cell (diameter / thickness = 20 / 1 mm) with Pt
electrodes:

Pt/YDC15/ YDC15010usBCY 154410/ BCY 15/P.

From system theory point of view, SOFC are
large statistical multivariable electrochemical
systems with distributed parameters in macro- and
micro-levels. Processes of charge and mass transfer
are taking place, changing (at least partially) the
behavior of the electrodes and that of the cell as an
electrochemical system. Since a big number of
external parameters (temperature, gases flows etc.)
determine the intensity and the nature of the
dominating processes, those parameters should be
conditioned carefully. For improving the quality of
the impedance data, a special furnace with D.C.
galvanostatic current supply (100A, 15V) and a
system for temperature regulation with two
thermocouples was constructed. It ensures less
noisy conditions for measurements in the range 20
—900°C with stability 0.2°C and sensitivity 0.02°C.
The gases flows (air, N,, Ar,, O, and H, or mixtures
of them) were regulated with flow-regulators
ensuring stability exceeding 0.2 % in the full range
of 140 NmL/min.

The impedance measurements were carried out
on  Solartron 1260 FRA. The D.C.
conditioning/loading was ensured by the internal
galvanostat or by external 100 mA galvanostat. The
total control of the experiments was performed by a
home made threefold computerized system for
measurement, monitoring and registration of the
impedance data, temperature and load. The D.C.
control system is monitoring directly the current I,
the voltage U, the power P and P, of the cell. For

low impedance measurements inductance errors
correction procedure, based on carefully collected
calibration measurements, was applied [4-6]. For
the most interesting experiments the method of the
Differential Impedance Analysis [5-6], which
improves the model assessment and the parameters
estimation, was performed.

The big volume of impedance data (more than
3000 records of experimental impedance diagrams
together with their temperature profiles) was stored
in Data Bank applying Large Structured Files (LSF)
[6] as data exchange formats.

The impedance measurements were performed
in a very large frequency range - from 10 MHz
down to 1 mHz. Thus a big variety of phenomena
(with very different time-constants) could be
monitored, distinguished and evaluated: ionic
conductivity, fast  electrochemical  kinetics,
interface behaviour, diffusion and other types of
transport limitations, accumulation of species,
formation and growth of new (water-based) phase.
The combination of impedance with mirco-
structural  analyses (Scanning  Transmission
Electron Microscopy - High Angle Annular Dark
Field (STEM-HAADF) and X-ray diffraction)
ensured the necessary completeness of the
experimental information and its interpretation.

RESULTS AND DISCUSSION

Cathode compartment studies

The performance of the impedance
measurements on  symmetrical  half cells
LSCF48/YDC15/LSCF48 in temperature range
100-700°C combined with the procedures for cell
rig errors correction and DIA ensured evaluation of
both the electrolyte resistance with its two
components coming from the bulk and from the
grain boundaries (Fig. 2a, ¢) and the polarization
resistance (Fig. 2b, d) [3].

Due to the application of DIA, the charge
transfer was separated from the dominating
transport limitation of the charged species in the
bulk of the electrode, identified as Bounded
Constant Phase Element (BCP) [5-7] (Fig. 2b, d). It
was strongly reduced by replacement of the pure
LSCF with a composite LSCF/YDC15 (Fig. 3).

Anode compartment studies

For characterization of the anode compartment
impedance measurements of symmetrical half cell
BCY15-Ni/BCY15/BCY15-Ni (starting powders
ratio: 71,4 vol.% NiO; 28,6 vol.% BCY15) were
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Fig. 2. Impedance measurements of symmetrical LSCF/YDC/LSCF half cell at different temperatures: (a), (b) -
complex plane impedance diagrams; (c) - Arrhenius plots of the electrolyte: (A) bulk; (e) grain boundaries; (m) total;
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Fig. 3. Arrhenius plots of the polarization resistance
for: (m) LSCF electrode; (®) composite LSCF/YDC15
electrode.
performed, preceded by measurements of
Pt/BCY15/Pt for optimization of the electrolyte
support sintering conditions [8]. The obtained
results show that the anode microstructure is an
important  optimization parameter. At lower
sintering temperatures (1100°C), which ensure
sufficient porosity of the anode, both the electrolyte
resistance and the polarization resistance are much
higher than the parameters measured on half cell
with Pt electrodes (Fig. 4). Since the electrolyte
support is the same, the deterioration of the half cell
performance should be related to the cermet anode.
The increase of the sintering temperature above
1350°C brings to significant improvement of the
anode compartment electrochemical behaviour
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Sample 2 (m) - cermet sintered at 1350°C; comparative
measurements of Pt/BCY15/Pt (e). The electrolyte
support for both samples is sintered at 1450°C.
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Fig. 6. STEM-HAADF image of BCY15/NiO interface (A-B) and linear composition profile (in wt. %) across this

interface
(Fig. 4). STEM-HAADF analysis of the samples
sintered at lower temperatures registered

precipitation of Y,05; on both electrolyte/electrode
(Fig. 5) and BCY/NiO (Fig. 6) interfaces, which
can be regarded as an efficient electrical barrier.

At higher sintering temperatures of the anode
the system is stabilized towards segregation of
Y,0;. However, XRD analysis registers small
guantity of a new cerium yttrium oxide phase
(Ce Y,07). Although its influence on the
electrochemical behaviour of the anode is not so
strong (Fig. 4), the deposition of pure BCY/Ni
cermet needs further optimization of the volume
ratio BCY15/NiO and the sintering temperature.
Recent studies showed that the decrease of the NiO
content (starting powders ratio: 67,1 vol.% NiO;
32,9 vol.% BCY15) combined with sintering at
1100°C ensures cermet anodes with 40 vol% open
porosity. XRD analysis confirms lack of parasitic
phases before and after the NiO reduction [9].
Electrochemical testing is in progress.

It was supposed that BCY, which in principle
has oxygen vacancies for initialization of the proton
conductivity [4], could have also oxygen

conductivity. For this purpose measurements of
Me/BCY15/Me half cell in oxygen atmosphere
were performed. They confirmed the presence of
good oxide ion conductivity (Fig. 7). This
phenomenon should be studied systematically,
since it is important for the central membrane
design, as well as for the development of a
“monolithic” DMFC design, based on the
replacement of YDC15 with BCY15. The first
experiments on monolithic design are very
promising [8].

Dual membrane fuel cell performance studies

The impedance measurements of half cells
Me/YDC15.6100sBCY 15p00u/Me with CM  support
in both oxygen and hydrogen atmospheres provided
important  information about the individual
conductivity of each one of the two electrolytes in
the real ceramic structure. As it could be expected,
the porosity increased the resistivity of both
electrolytes. Those experiments, however, can not
give information about the water vapour formation
and transport in the CM, which is an important
factor in the optimization of the cell performance.
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For this purpose impedance measurements during
operation of a model dual membrane fuel cell were
performed in especially selected working points
and frequency range, which ensured observability
of the studied phenomena. The processes related to
the water formation and transport should be
measured at low frequencies. The impedance
notification of water formation and growth could be
a combination of capacitive and inductive loops
corresponding respectively to the formation and to
the spontaneous growth of the new phase. For
registration of the second process impedance
measurement was performed on dried central
membrane after OCV under small current. Those
conditions ensure enough “impedance time” for
registration of the inductive loop, which disappears
after longer exploitation (Fig. 8a, b) when the CM
is watered and the clusters form a layer of polarized
semiliquid film (the BCY pore walls are
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Fig. 7. Arrhenius plots for the electrolyte resistivity of
symmetrical half cell P/BCY15/Pt measured in wet
hydrogen and in oxygen.
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Fig. 8. Complex plane impedance diagrams of monolithic cell Pt/BCY15/BCY15 por0u/BCY 15/Pt measured at 700°C:
a) small load after OCV (AC =0.5 mA, DC =2 mA), frequency range 1 MHz - 0,1 Hz; b) small load (AC = 0.5 mA,
DC =2 mA) and long time of operation, frequency range 1 MHz - 0,1 Hz; c) bigger load (AC = 0.5 mA, DC = 16 mA),
frequency range 1 MHz - 0,1 Hz; d) same load as in c), frequency range 1 MHz - 1 mHz.

hydrophilic). This new phenomenon is described in
more details in [10]. For observation of the slowest
phenomenon - water permeability in the CM, the
frequency range was additionally extended in the
low frequency range down to 1 mHz, where a new
capacitive semi-circle with diameter increasing
with the time was registered (Fig. 8c, d). It can be
related to the continuous formation of water which
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fills the volume of the pores and penetrates towards
the periphery of the CM where it can be evacuated.

It should be noted that the contribution of the
water formation and evacuation from the CM in the
total resistance of the cell is much smaller than that
of the electrolytes, including the CM. Thus the
decrease of their thickness is of big importance.
Since a chemical reaction is taking place in the
central membrane, the principle of Le Chatelier
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could be applied for improving water evacuation
and cell performance.

CONCLUSIONS

The impedance investigations carried out
confirmed the dual membrane fuel cell concept. It
was shown that the oxygen ions and the protons,
produced at the electrodes move toward the central
membrane where they produce water.

The impedance measurements performed on half
cells ensured detailed characterization of the cell
components — electrolytes (including granular and
inter-granular  conductivity), electrodes (charge
transfer and gas transport), central membrane
(mixed conductivity, porosity and presence of
water). Mixed (oxide ion and proton) conductivity
was registered in the proton conducting electrolyte
BCY15. The first steps towards the application of
this phenomenon for optimization of the DMFC are
in progress. Activation of the cells during operation
was also observed, which may be related to the new
phenomenon registered and studied for a first time -
formation of adsorbed film of water in porous
ceramic media at high temperatures. It could be
related to a super-critical state of the water
supported by strong hemisorption. For further
investigations of this phenomenon permittivity and
permeability measurements are in progress.
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Ioctenuna Ha 20 despyapu, 2012 r.; npueta na 20 dpespyapu, 2011 1.

(Pestome)

JIBoitHo-MeMmOpaHHaTa ropuBHa Kiietka (JJMI'K) e HOB nHOBaTHBEeH MU3aifH Ha BUCOKO-TEMIIepaTypHa TOPUBHA
KJIETKa, B KOSATO KHCIOPOIHA CeKNus (KaTox M HOH-TIPOBOISI €IEKTPOJINT) € CBbpP3aHa C BOJOPOAHA CEKIHA (aHOX U
MIPOTOH-TIPOBOJSM] €JIEKTPOJINT) IOCPEICTBOM IopecTa IeHTpamHa MemOpana (ILIM) cbc cMmeceHa NPOBOAMMOCT,
KBAETO IBaTa TUNA HOHM pearupar. [lomyueHara Boja ce oTnens mpe3 mopure Ha MeMOpaHata. KoHmemmusita e
JI0Ka3aHa Ha MOJIeJIHa KJIETKa C MOMOLITa Ha TeXHUKH, 6asupanu Ha D.C. u3MepBaHMs U MMIEAaHCHA CIIEKTPOCKOIHS.
C nmen ontuMmu3MpaHe Ha Tpure kommoHeHTa Ha JIMI'K (xucnoponen, BomoponeH u IIM) mo oTHomeHHe Ha
MaTepHaUTe M TEXHOJIOTMYHHWTE YCJIOBHMsS 3a OTJaraHeTo MM, ca IPOBEJCHHM MMIICAHAHCHU H3MEpBaHMUsS Ha
CUMETpHYHH NonykyeTKd. CrelnualHo BHUMaHHE € OTAEJICHO Ha HSIKOM HOBM METOAM 3a U3SACHSABaHE Ipoleca Ha
oOpasyBaHe 1 OT/IENITHE HAa BOJATa B LICHTpaIHaTa MeMOpaHa
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One of the most common method used to characterize the electrochemical performance of fuel cells is recording of
current/voltage U(i) curves. Separation of electrochemical and ohmic contributions to the U(i) characteristics requires
additional experimental techniques like Electrochemical Impedance Spectroscopy (EIS) or current interrupt method
(CI). The application of EIS is an in-situ approach to determine parameters which have proved to be indispensable for
the characterization and development of all types of fuel cell electrodes and electrolyte electrode assemblies [1]. In
addition to EIS semi-empirical approaches based on simplified mathematical models can be used to fit experimental
U(i) curves [2].

By varying the operating conditions of the fuel cell and by simulation of the measured EIS with an appropriate
equivalent circuit, it is possible to split the cell impedance into electrode impedances and electrolyte resistance.
Integration in the current density domain of the individual impedance elements enables the calculation of the individual
overpotentials in the fuel cell (PEFC) and the assignment of voltage loss to the different processes. In case of using a
three electrode cell configuration with a reference electrode one can determine directly the corresponding overvoltage.
For the evaluation of the measured impedance spectra the porous electrode model of G6hr [3] was used. This porous
electrode model includes different impedance contributions like impedance of the interface porous layer/pore, interface
porous layer/electrolyte, interface porous layer/bulk, impedance of the porous layer and impedance of the pores filled
by electrolyte.

Keywords: Electrochemical Impedance Spectroscopy, Porous Electrode Models, PEFC, AFC, Oxygen Reduction
Reaction, Gas Diffusion Electrode, Diffusion

INTRODUCTION in the anode) and on the cathode silver can be used
as catalyst for the oxygen reduction reaction,
because the alkaline electrochemical environment
in AFC is less corrosive compared to acid fuel cell
conditions. In addition, using liquid alkaline
solution as electrolyte heat balance and water
management is enhanced. However, normally an
electrolyte cycle is needed to remove the product
water from the cell, but the electrolyte cycle can
also be used as a cooling cycle. A major
disadvantage is that AFC are typically operated
with pure gases, in particular oxygen instead of air.

The life time of fuel cells is a decisive factor for
their commercialization. Therefore, the degradation
of fuel cell components is under increased
investigation and mainly focused on PEFC [4-10].
Although for alkaline fuel cells several studies of
degradation processes exist [11-13], they are all
focussed on the electrodes, because the electrolyte
in AFCs can be easily exchanged. In the case of
using the silver GDE in a complete alkaline fuel
cell, the high solubility of silver can lead in certain

Fuel cells allow an environmentally friendly and
highly efficiently conversion of chemical energy to
electricity and heat. Therefore, they have a high
potential to become important components of an
energy-efficient and sustainable economy. The
main challenges in the development of fuel cells are
cost reduction and long-term durability. Whereas
the cost can be significantly reduced by innovative
mass production, the knowledge to enhance the life
time sufficiently is presently not available.

Low temperature (T<90°C) fuel cells like
Polymer Electrolyte Fuel Cells (PEFC) and
Alkaline Fuel Cells (AFC) are promising for
pollution-free  energy  supplying  different
applications. Alkaline fuel cells are in some
respects an interesting alternative to polymer
electrolyte membrane fuel cells. In AFC no
expensive platinum metal or noble metal alloys are
necessary. Nickel (usually Raney-Nickel) can be
used for the hydrogen oxidation reaction (catalyst

* To whom all correspondence should be sent: 371
E-mail: Norbert. Wagner@dlr.de © 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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circumstances to a transfer of silver to the anode
and a resulting metal deposition associated with a
decrease of activity of the anode. Open circuit
situations of the cell may lead to oxidation of silver.
A known degradation mechanisms of both AFC and
PEFC is carbon corrosion of the catalyst support on
the cathode which is accelerated by higher
temperatures and higher potentials (e.g. at OCV).
Shut down and restarting procedures can lead to
enhanced degradation too.

Even if the operation and the components of
PEFC and AFC are significantly distinct, for the
electrochemical characterization one can use the
same measuring technique (EIS) and for the
evaluation of the experimental data the same porous
electrode model. This paper deals with EIS
investigation of:

o Polymer Electrolyte Fuel Cell with a solid

proton conducting polymer membrane as

electrolyte and electrodes impregnated with
electrolyte suspension before use

o Silver gas diffusion cathode during oxygen

reduction reaction used in Alkaline Fuel Cells

with liquid alkaline electrolyte.

EXPERIMENTAL

In this paper two different experimental set-ups
are used. In the case of PEFC the cell impedance of
the whole fuel cell consisting of anode, proton
conducting membrane and cathode is determined
during one measurement without using a reference
electrode. In the case of AFC, given by the liquid
electrolyte a three electrode cell (half-cell)
configuration with a reference electrode is
applicable, so that each electrode (anode or
cathode) can be investigated separately.

Application of EIS for PEFC characterization

The investigated PEFC electrodes were
commercial electrodes from EITEK (20% Pt/C, 0.4
mg/cm?, thickness 200 pm) impregnated before use
with 1 mg/cm? Nafion suspension, Aldrich Chemie
and with Nafion® 117 as electrolyte. After
pretreatment (activation) of the Nafion membrane
with H,0,/H,SO,, electrodes and membrane have
been hot pressed (1.6 MPa, increasing temperature
up to 160°C) for 10 minutes. The resistance of the
proton exchange membrane shows a strong
dependence on water content. The fuel cell was
operated at 80°C with the hydrogen feeds stream
humidified by passage through a bubbling bottle at
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Fig. 1. Common equivalent circuit (EC) used for the
simulation of fuel cells

a temperature of 90°C. The oxygen was not
humidified, it was only heated up to 30°C before it
entered the cell. Pure hydrogen and oxygen were
used, both at 2.0 bar absolute. The hydrogen flow
was ,,dead end“ whereas the oxygen flow rate was
adapted to twice the stoichiometric requirement at
each current density. The geometric surface of the
electrodes used in the PEFC is 23 cm?.

The electrochemical characterization of the fuel
cells was performed by electrochemical impedance
measurements in the frequency range from 10 mHz
to 4 MHz (IM6, Zahner-elektrik, Kronach,
Germany). Measurements at currents up to 25 A
have been carried out in combination with an
external electronic load (Power potentiostat PP240
from Zahner-elektrik). Such high currents lead,
however, to a limitation in the upper frequency
range (<100 kHz), due to the low impedance of the
fuel cell at frequencies higher than 10 kHz (at
PEFC with 25 cm? active surface typically lower
than 5°mQ) and to a mutual induction artefact [14].

Applying a three electrode cell with one
reference electrode is complex for the investigation
of electrochemical systems with solid electrolytes.
Therefore, the anode and cathode transfer functions
have been determined independently without a
reference electrode using symmetric gas supply of
hydrogen or oxygen on both electrodes of the fuel
cell at open circuit potential (OCP). Thus, cathode
and anode impedance can be determined directly
with two independent experiments and appropriate
equivalent circuits are derived to analyze the
impedance response of the fuel cell at different
current densities. Furthermore, by varying the
electrode composition [15] and experimental
conditions (temperature, gas composition and
humidification) the measured cell impedance under
load can be split up into anode impedance, cathode
impedance and electrolyte resistance without using
reference electrodes [16-17]. A general equivalent
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circuit that can be used for the evaluation of
measured spectra at fuel cells is shown in Fig.1.
Under certain operating conditions (e.g. use of
reference electrode) and in function of the fuel cell
type one or more impedance elements from Fig. 1
can be omitted.

Results

Impedance spectra are presented as Bode plots,
where the logarithm of the impedance magnitude
and phase-shift are plotted vs. the logarithm of the
frequency. To identify and separate the different
diffusion processes, it is useful to represent the
measured impedance spectra also as Nyquist
diagram (imaginary part vs. real part of the
impedance). In the Nyquist diagram one can
observe the Nernst-impedance (finite diffusion) as
an additional loop at the lowest part of the
frequency range, the Warburg-impedance (infinite
diffusion) as a straight line with a slope of 1 (real
part = imaginary part). In the Bode diagram due to
the logarithmical scale of the impedance the
difference of the two kinds of diffusion can not be
discerned so clearly.

EIS measured on the PEFC (H,/O,) in the
potential range from OCV (1024 mV) to 600°mV
(Fig.2) show in the Bode representation in the low
frequency range of the spectra an exponential
potential dependency of the impedance reaching a
minimum at 600 mV (9 A). At cell voltages below
600 mV one can observe an increase of the cell
impedance (e.g. spectra measured at 317 mV in
Fig.1) and an additional phase-shift maximum at 50
mHz. The appearance and the nature of the new
impedance contribution can be better seen from the
Nyquist representation in Fig.3. From this increase
of the cell impedance, one can deduce that at higher
load of the cell an additional overvoltage occurs.
From the shape of impedance spectra we can
identify this additional overvoltage as a diffusion
overvoltage. In this case it is a finite diffusion,
corresponding to the ,Nernst-impedance” as
defined in equation (4) below, for details see [1].

Given the time constant of the mass transport,
the impedance related to the diffusion is usually
found at the lowest region of the frequency range.
Therefore, the impedance has to be measured in a
wide frequency range, down to 10 mHz or even
lower.

In order to evaluate the measured impedance
spectra, the reaction steps can be translated into an
appropriate equivalent circuit (EC) which contains
various impedance elements representing the
involved reaction steps. Starting point is the general

EC shown in Fig. 1. For the evaluation of EIS
shown in Fig. 2 and Fig. 3 one can use the EC
shown inside Fig.4. In Fig.4 EIS spectra measured
in the low cell voltage range (high current range) of
PEFC are shown, whereas the points represent the
measured data and the solid lines the simulated data
after fitting the spectra with the corresponding EC.
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Fig. 2. Bode diagram of selected EIS measured on
PEFC, 80°C, at 2 bar absolute, at different cell voltages
(currents): (0) 1024 V, (0) 940 mV, (A) 500 mV and (+)
317 mV.
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Fig. 3. Nyquist diagram of selected EIS measured on
PEFC at low cell voltages, 80°C, at 2 bar absolute, at
different cell voltages (currents): (o) 700 mV (5.4 A), (o)
500 mV (12.1 A) and (A) 317 mV (17.5 A).

The EC consist of a series resistance (electrolyte
or membrane resistance Re) and 3 parallel R/C
terms which three different potential depending
time constants. In the simulation of the measured
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Fig. 4. Bode diagram of EIS measured in the low cell
voltage range, at 80°C, at 2 bar absolute, at different cell
voltages (currents): (0) 597 V, (0) 497 mV, (A) 397 mV
and (+) 317 mV with the schematic representation of the
used EC for fitting as insert.

impedance spectra the ideal capacitance (C) was
replaced by CPE (CPE= constant phase
element)due to the porous structure of the
electrodes. Due to the fact that the electrodes have a
porous structure the model of Gohr [1, 3] was used.
Taking into account only the electrolyte resistance
of the pores filled by electrolyte (Reipore) and the
charge transfer resistance (R.) at the interface
porous layer/pore in the porous electrode than we
can use a simplified equation (Equ.l) for each
polarization resistance (R,) of the corresponding
porous electrode (anode and cathode):

(Ry s Roa 2

2
_ el, pore A ct, A
Ra=—"F——""1v
tanh Rel,poraA
RcI,A
(Rel,porec i Rct,C

tanh ( Rel,porec ]
Rm,c

The impedance elements Rejpoe and Rg from
equation (1) are part of the used EC from Fig.4 and
the numerical values are obtained after a complex
nonlinear last square fit of the measured impedance
spectra.

For the oxygen reduction reaction (ORR) at the
cathode a parallel R/C term for the charge transfer

N

1)

~

R =

p.C

N
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Fig. 5. Current density dependence of different

contributions to the overall cell impedance after fitting
the measured EIS with the EC from Fig.4.

through the double layer of the cathode (R /
CPEqyic)) can be used. A second parallel R/C term
for the finite diffusion of water with a Nernst-
impedance like behaviour (R / CPE) and finally
for the simulation of the hydrogen oxidation
reaction (HOR) at the anode a third parallel R/C
term (Reya) / CPEgia) can be used. This EC was
used to determine the influence of electrolyte
(milled Nafion powder) content in the electrode on
the electrode (cell) performance [18].

In the impedance spectra (e.g. Fig. 4) we can
find the contribution of slow reactions at low
frequencies (e.g. diffusion, adsorption, and
recrystallization) and the contribution of fast
reactions at high frequencies (charge transfer
reaction of HOR) [19]. The contribution of
electrolyte (membrane) resistance Ry, is located at
the high frequency end of the impedance spectra,
where also some parasitic inductive contribution of
connecting wire can be found, especially in the case
of very low impedance values.

Using the EC from Fig.4 the numerical values of
the resistances, as a function of the applied potential
(current density) can be obtained with the complex
nonlinear least-square fit program and are
represented as a function of the current density in
Fig.5. For a more detailed representation of the
dependence of the different resistances on current
density a linear scale from 0 to 0.2 Q is used in
Fig.5. In the low current density region the cell
impedance (resistance) is dominated by the charge
transfer resistance of the oxygen reduction reaction.
At current densities higher than 236°mAcm” an
additional contribution (diffusion) to the cell
impedance is present due to an insufficient
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Fig. 6. Current dependence of cell voltage (A), pore electrolyte resistance of the anode (Reipore,a) (®) and cathode
(Rel,pore,C) (’)

humidification of the membrane and of the
electrolyte component in the anode.
The insufficient humidification of the hydrogen
feed leads to an increase of the charge transfer
resistance of the hydrogen oxidation reaction and
also to a strong increase of the pore electrolyte
resistance in the anode (Re,pore,a iN Fig.6).

The used model (equivalent circuit) for the
interpretation of the measured impedance data has
to be validated concerning the unambiguous
assignment of the impedance elements used in the
EC to the electrochemistry of the system by
changing some operational conditions like gas
composition, partial pressure, concentration,
electrode composition, temperature, etc. In the case
of PEFC one can also use symmetrical cell
configuration or change of the cathode gas supply
from pure oxygen to air or changing the anode gas
supply from pure hydrogen to CO-containing
hydrogen (e.g. H, + 100 ppm CO) during constant
load of the cell. Another way to validate the used
model is to change one of the electrode material or
composition, for example using Pt or Pt/Ru anodes
for the oxidation of CO-containing hydrogen [20].
During constant load of the cell the anode surface is
poisoned and the impedance related to the anode
increases due to the decrease of the active anode
surface. The impedance of the cathode will remain
unaffected from the composition of the anode and
in this way one can separate the contribution of the
anode and cathode from the cell impedance.

Application of EIS during Oxygen Reduction
Reaction in Alkaline Solution

Oxygen reduction electro catalysis is of special
importance for fuel cells, metal-air batteries and
industrial chlorine-alkali electrolysis as well. Silver
is well known as an effective electro catalyst for the
reduction of oxygen in alkaline fuel cell cathodes.
To enhance his catalytic activity, silver is used in a
form with high specific area such as porous
electrodes where the silver particles are dispersed in
a porous matrix, e.g. PTFE. The porous PTFE-
bonded gas-diffusion electrodes can be prepared by
a reactive mixing and rolling (RMR) production
technique, first described by Winsel [21], and later
improved and adapted by other groups [22] or by
wet techniques using inks or suspensions. A
comprehensive overview on the subject is given in
[23]. The electrodes consist of the electrocatalytic
active powder (silver, Raney-silver, silver covered
with PTFE (Silflon) or silver oxide), the organic
binding agent (PTFE), pore forming material (e.g.
NaHCO;) and a metal wire gauze to stabilise
mechanically the electrode and to collect the
current. In gas diffusion electrodes both
hydrophobic and hydrophilic pore systems are
required. In AFC the hydrophilic system allows the
penetration of the electrolyte (alkaline solution)
into the electrode and the transport of the ions to or
from the reaction zone; in contrast the hydrophobic
pore system is required for the transport of the
oxygen to the reaction zone. In addition, to give the
mechanical stability, the PTFE in the electrodes
forms a hydrophobic pore system, whereby a
“spider web” of PTFE fibres in and on the
electrodes are formed during preparation, as shown
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in Fig. 7. Two electrode components Ag and PTFE
can clearly be distinguished in Fig. 7. Details of
electrode preparation, activation (silver oxide

reduction) and experimental set-up are given in
[23].

e _4
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Fig. 7. SEM picture of PTFE bounded silver gas
diffusion electrodes (GDE).

Since the electrolyte is a liquid, in contrast to the
case of the PEFC the use of a reference electrode
(RHE or Hg/HgO) is easily possible and the two
electrodes of a fuel cell, anode and cathode can be
investigated independent from each other, in half-
cell configurations. To indicate the nature of the
investigated electrochemical reaction (reduction
process) the sign of the current density is negative.
Since the kinetics of the oxygen reduction reaction
is much slower than the kinetics of the hydrogen
oxidation reaction the performance loss of the fuel
cell will be determined mainly by the cathode and
therefore the oxygen reduction on silver has been
investigated by several authors [25-26] with
different steady state and potential step technigques
on smooth electrodes. The reduction process has
been found to follow two reaction pathways [27]:
the direct 4e” path and the 2e” path (generally
referred to as the sequential path) involving the
formation of peroxide as an intermediate product.

To elucidate the reaction mechanism and to
obtain the kinetic parameters for oxygen reduction
on PTFE-bonded gas-diffusion silver electrodes in
alkaline solution the AC impedance method was
applied by several investigators [28-29].

The objective in this second part is to obtain the
kinetic parameters for oxygen reduction on PTFE-
bonded gas-diffusion silver electrodes in alkaline
solution by using cyclic voltammetry (CV) and
electrochemical impedance spectroscopy.
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The experiments were carried out in a
polymethylmetacrylate  half-cell ~ with  two
chambers, a gas chamber and an electrolyte
chamber, which are kept tightly together by four
screws. The gas chamber has inlet and outlet for the
gas flow, while the electrolyte chamber has
connections for filling and draining the electrolyte.
The working electrode (GDE) is placed between
these two chambers and fixed with a sealing rubber.
The whole assembly is placed in a thermostatic
water bath for carrying out experiments at different
temperatures.

Results

The working electrodes were circular PTFE-
bonded Gas-Diffusion silver Electrodes (GDE) with
an apparent geometric surface area of 1 cm’. The
thickness of the electrode was 0.3 mm. These
electrodes were produced by the reactive mixing
and rolling (RMR) production technique starting
from a powder mixture of silver oxide (Ag,0) and
PTFE forming an Ag,O-GDE. This electrode was
integrated in a half-cell and reduced in situ
electrochemically to silver. The reduction of the
silver oxide (2) electrode was performed
galvanostatically by applying a current density of -
50°mAcm ? (referred to geometric surface area) for
1 hour in 10°N NaOH at 60C. The reduction of
silver oxide takes place simultaneously with the
oxygen reduction reaction (3):

Ag,0 + H,0 + 2e'— 2Ag +20H"
with E® = 247 mV vs. Hg/HgO (2)

O, + 4e” + 2H,0 — 40H"
with E® = 303 mV vs. Hg/HgO (3)

The counter electrode was a Pt-foil. The
reference electrode was an Hg/HgO electrode
(Ingold Messtechnik, Germany). All potentials are
referred to the used Hg/HgO reference electrode,
unless otherwise stated. Electrolyte solutions were
prepared from analytical grade (Merck) reagents.

2.2.1.1. Results from CV measurements.
All CV measurements were performed in 10 N
NaOH solution at 80°C with scan rates of 1 mV/s in
the potential range from OCP to -700 mV vs.
Hg/HgO (230 mV vs. RHE) and with 50 mV/s in an
extended potential range from OCP to an upper
potential of 450 mV and in the reverse scan down
to -700 mV and back to the starting potential(OCP).
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Fig. 8. CV measured during oxygen reduction on Ag-
GDE in 10 N NaOH at 80°C with scan rates of 50 mV/s
and 1 mV/s.

The Ag,O reduction peak (Fig.8) appears only in
the reverse scan of the spectra recorded up to 450
mV when at potentials higher than OCP the
oxidation of silver occurs. This finding suggests
that close to OCP both reactions take place:
oxidation of silver / reduction of silver oxide and
reduction of oxygen.

During CV measurements the electrolyte
resistance (R.) was not compensated. Before
evaluating the slow CV (1 mV/s) and extracting
kinetic relevant parameter first the potentials have
to be iRy corrected. The value of Ry can be
determined from the measured impedance spectra,
as shown in the next section. In the CV from Fig.9
uncorrected and iR corrected potentials referred to
the RHE are shown.

Tafel slope and apparent exchange current
density can be determined from the Tafel
representation of the iRg corrected slow CV from
Fig. 9. For more accuracy the current density range
was limited in Fig. 10 to the kinetically relevant
domain from 0 to -0.1 Acm?® A Tafel slope of
80 mV/decade and an apparent exchange current
density of 4.57 10° Acm™ was determined.

Results from impedance  measurements.

The electrode impedance was measured with an
ac voltage signal in the frequency range from
50 mHz to 100 kHz superimposed on the dc
polarisation potential or in the case of
galvanostatical control of the half-cell on the dc
current. The amplitude of ac signal was kept
smaller than 10 mV peak-to-peak in order that the
current response remains within a linear range.
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Fig. 9. Uncorrected and iR corrected data of the CV
recorded with 1 mV/s at 80°C during ORR in 10 N
NaOH in the potential range from OCP to 230 mV vs.
RHE (-700 mV vs. Hg/HgO)

Since the geometric area of the used electrode
is 1 cm® the measured impedance values
correspond to the area-related values.

Impedance spectra have been measured at 80°C,
in 10 N NaOH in the low current density range
from -5 mAcm™? to -50 mAcm™? (Fig. 11 and Fig.
12).

In order to evaluate the measured impedance
spectra and to obtain kinetic data of the oxygen
reduction reaction, the reaction steps can be
translated into an appropriate equivalent circuit
(EC). The evaluation of the measured EIS was
performed with a part of EC from Fig. 1 that
represents the cathode of the fuel cell, namely the
serial combination of Nernst-impedance (diffusion
element) and charge transfer resistance connected
in parallel with the double layer capacity. These
elements are forming the pore’s wall surface
impedance (Z,) of the cylindrical-pore model
proposed by Gohr. From this model only Z, and the
pore electrolyte (Z,) impedance (resistance) were
considered. The uncompensated electrolyte
resistance R (element 5 from equivalent circuit in
Fig.13) is connected in series with the impedance of
the porous cathode.
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Fig. 12. Nyquist representation of impedance spectra
measured in the frequency range from 50 mHz to 10 kHz
at different current densities during oxygen reduction
reaction on Ag-GDE in 10 N NaOH

The current density dependency of the charge
transfer resistance R and used EC are given in
Fig.13. Ry first increase from 0.883 Qcm?® at -5
mAcm? to 1.485 Qcm® at -10 mAcm™ and than
decrease to 0.824 Qcm? at -50 mAcm? This
finding suggests that at low current densities close
to open cell potential (OCP) two different reactions
take place: ORR and silver oxide reduction. At
current densities higher than - 10 mAcm? the
oxygen reduction reaction is predominant.

To extract the kinetic data of the OCR the values
of Ry were plotted in function of the current density
(Fig.14) assuming a Butler-Volmer behaviour.
Extrapolating the straight line to zero current one
can calculate from the intercept with the y-axis the
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Fig. 13. Current density dependence of the charge
transfer resistance (element number 1) during oxygen
reduction reaction on Ag-GDE in 10 N NaOH, 80°C.

value of R, for the OCR without contributions of
the silver oxide reduction reaction. The value
calculated for Ry is 1.79 Qcm® and with the
formula indicated in the graph one can calculate the
apparent exchange current density (ip) of the
oxygen reduction reaction. The calculated value for
io is 4.2 mAcm™ and is in good agreement with 4.57
mAcm? calculated from the CV from Fig. 10.

From the current density dependency of the
other impedance elements of the EC, in particular
the double layer capacity C (Fig. 15) and electrolyte
resistance inside the pore (Fig.16) it is found that
with  increasing  current  density  the
electrochemical active surface and pore
electrolyte resistance are increasing. One can
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Fig. 14. Low current density dependence of the charge
transfer resistance (logarithmical representation) during
oxygen reduction reaction on Ag-GDE in 10 N NaOH,
80°C.
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Fig. 15. Current density dependence of the double

layer capacity during oxygen reduction reaction on Ag-
GDE in 10 N NaOH, 80°C.
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Fig. 16. Current density dependence of the pore
electrolyte resistance during oxygen reduction reaction
on Ag-GDE in 10 N NaOH, 80°C.
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Fig. 17. Current density dependency of the Warburg
parameter (W) during oxygen reduction reaction on Ag-
GDE in 10 N NaOH, 80°C

conclude that in the investigated current
density range from OCP to -50 mAcm? the
reaction zone moves with increasing current
density within the porous electrode from
electrolyte side to gas side. This assumption is
confirmed by the current density dependence of
the elements of the Nernst-impedance. The
Nernst impedance Zy contains  two
parameters:the Warburg parameter W with the
unit Qs and a diffusion time constant (ky),
determined by the constant of diffusion (D)
and diffusion layer thickness (dn). The Nernst
impedance is calculated by equation (4):

j-o-d?
D

v RT 1 w o
2

7z =2 . . = -tanh
VT2 F oAb Jje  Jie ™k @

The current density dependence of the Warburg
parameter (W) is shown in Fig. 17.

The dependence of diffusion layer thickness (dn)
on current density can be evaluated from the value
of diffusion time constant ky (Fig.18) and is
calculated by with equation (5). Increasing the
current density up to -50 mAcm? the diffusion
layer thickness decreases from 150 um to 57 pum.

In this work two different formulas for the
transfer functions of the diffusion processes were
used. In the inset of Fig. 1 a general impedance
element Zgs and in the equivalent circuit from
Fig.4 a parallel RC-term (Ry and C) is used.
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Fig. 19. Bode diagram of simulated impedance spectra
of the Nernst impedance Zy with W=556 mQs™? and

kn=8.33 5.

Depending of the boundary condition of the
diffusion process we can distinguish between
“General Warburg Impedance” element, often
called “Nernst diffusion element - Zy or finite
diffusion impedance”, with the transfer function
given by equation (4), “Special Warburg” diffusion
impedance, often called only “Warburg impedance
— Zy or infinite diffusion impedance”, with the
transfer function given by equation (6).
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A third kind of diffusion impedance is the finite
diffusion impedance Zs (not used in this work) with
the transfer function given by equation (7). Zs
describes a diffusion process where the diffusion
length is finite due to a phase boundary assumed in
a certain distance from the electrode. This kind of
diffusion appears in impedance spectra of batteries
e.g. Lithium-ion batteries [30]. The high frequency
part of the impedance spectra exhibits the same
shape like the Warburg impedance (Special
Warburg Impedance) whereas the low frequency
part is similar to a capacity.
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In the some cases like used in the equivalent
circuit in the inset of Fig.4 one can replace Zy with
a parallel combination of Ry and C. This is only
true if the argument of the tanh function in equation
(3) ® d* / D >> 3 so that the equation can be
simplified into equation (8):

2
Ry = Znwo) :VT R : : w (8)

Z F? ¢, D Jjo Jkn

FAY

Zs

The validation of equation 8 is demonstrated in
Fig. 19 by using one value (W=556 mQs™ and
kn=8.33 s™) of the Nernst impedance from Fig. 13.
The low frequency limit of Zy is identical with Ry
calculated with equation (8).

3. CONCLUSION

The evaluation of EIS using the porous electrode
model proposed by Gohr is very helpful to
understand some important features of fuel cell
electrodes and operating conditions. In the case of
PEFC it could be shown that insufficient
humidification of the anode leads to an increase of
performance loss not only due to the well-known
increase of the membrane resistance (Ry) but also
due to an increase of pore electrolyte resistance
inside the anode affecting the electrode
composition, in particular the content of solid
electrolyte in the anode [18]. An increase of pore
electrolyte resistance in the anode (Rejpore,a IN Fig.6)
increases the potential drop in the anode and
contribute to an increase of performance loss of the
anode and fuel cell respectively.

In the case of silver gas diffusion electrodes
used for the oxygen reduction in alkaline solution it
could be shown the movement of reaction zone
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inside the GDE and change of diffusion layer
thickness with current density in the current density
range from 0 to -50 mAcm 2.
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IMPUJIOXXEHUE HA EJIEKTPOXUMHUYHA UMIIEJAHCHA CIIEKTPOCKOIIMSA 3A
OXAPAKTEPU3NPAHE HA TOPUBHU EJIEMEHTU: 'OPUBEH EJIEMEHT C
I[TOJIMMEPEH EJIEKTPOJIMT U PEAKIIMA HA PEAYKIWA HA KMCJIIOPOJIA B
AJIKAJIEH PA3TBOP

H. Barnep

T'epmancku aepoxocmuuecku yenmup, Hncmumym no mexuuuecka mepmoounamuxa, Igpagensanopune 38-40, D-
70569, LLlymeapm, 'epmanus

[ocrpnuna Ha 20 despyapu, 2012 r.; npueta Ha 20 peBpyapu, 2012 r.

(Pesrome)

EnuH OT Haii-pa3npocTpaHEHHTE METOIU 33 OXApPaKTEPHU3UPAHE CICKTPOXUMHUYHUTE OTHACSHHS HA TOPUBHU
CIIEMEHTH ¢ perucTpupaneto Ha Boirammnepuute U(i) kpuBu. Pa3mensHeTo Ha eNEKTPOXHUMHYHHUS OT OMOBHS MPHHOC
KbM BOJITAMIECPHUTE XapaKTCPUCTUKHU H3NUCKBA AOMNBJIHUTCIHU CKCHCPUMCHTAJIHU TCXHHUKH KAaTO CJICKTPOXHMHUYHA
nmnenancua crekrpockonus (IES) u tokoso Bw3zaeiictsue (Cl). Ipunaranero Ha EIS e in-situ moaxox 3a ompenesiae
Ha MapaMeTpH, KOUTO CE OKa3BaT HE3aMEHUMH 3a XapaKTePU3UPAHETO U Pa3pabOTBAHETO HA BCHYKH BHIIOBE CICKTPOIU
U arperaty eleKTPOA-eIEKTPOJIMT 3a ropuBHH eiaeMeHTH [1]. Ocsen IES, 3a HanacBaHeto Ha excriepumentanaute U(i)
KPHMBH MOTAT J[a CE U3MOJI3BAT MOJYEMITMPUYHH MOJXO0/IH, OCHOBAHU HA OMPOCTCHU MaTeMAaTHYECKH Mojenu [2].

HMmrienanchT HA TOPUBHHUS €JIEMEHT MOXKe Ja ObJie pa3lesicH Ha eNCKTPOJCH UMIICJAHC U CHIIPOTHBICHUE HA
CJIEKTPOJINTA Ype3 NpPOMsHA Ha pabOTHHUTE YCIOBHS Ha TOPHBHHS C€IEMEHT M CHMYyJHMpaHe Ha u3MmepeHara EIS c
MOJIXOISIIIA eKBUBAIIEHTHA cXeMa. KaTo ce MHTerpupar OTAEHUTE eIEMEHTH Ha UMIIEIaHCa B TOKOBATa 00JIACT, MOXKE
Jla ce MPECMETHAT OTISHITE CBPbXHAIPEIKSHUSI B TOPUBHHUS SIICMEHT U MaI0BETE HA HAMPEKEHHE Ja Ce MPUITUIIAT HA
pasnuuHuTe Tpolecu. [Ipu TPHENEeKTpOoaHA KOH(PUIYpalus Ha KIETKAaTa ChC CPABHUTEICH EJIEKTPOJ, ChOTBETHOTO
CBPBXHANpPEKEHUE MOXKe Ja ObJie OmnpeseneHo AupekTHo. MoaembT Ha mopuct enektpon Ha Gohr [3] e usnonssan 3a
OIICHKa Ha H3MEPCHUTEC HUMIICAAHCHHU CIICKTPU. MOI[CJTI)T Ha TMOPHUCT CJICKTPOA BKIOYBA PA3JIMYHU TMPUHOCU KbM
HMITEJAHCA KAaTO MMITEAHCHTE HA TPAHHYHHUTE MOBBPXHOCTH TOPHCT CIIOW/TIOpa, TOPUCT CIIOW/ENEKTPOIUT U HOPUCT
CII0i/06eMeH MaTepHal, UMITeIAHCHT HA CAMUS TIOPHCT CIION W UMITEIAHCHT Ha 3albJIHCHATA C €JIEKTPOIIUT TIopa
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Experimental impedance spectrum (IS), or, more generally, a transfer functions spectrum (TFS) of a system, and
especially sets of spectra measured at various values of the system variables provides a wealth of information about the
system and the processes taking place there. However, the knowledge of this information in concepts of physical
chemistry requires the application of special procedures in the spectra analysis.

In this paper, selected major issues associated with the reliability of TFSs and of their analysis procedures, mainly
based on personal experience of the author of this article, are reminded. Mainly, these issues are: problems arising from
the fact that actual systems imperfectly meet the requirements for the measurement of TFS (e.g. linearity), the initial
visual analysis of TFS, the principles of modelling and the discussion of different types of models (the latter for ISs),

and know-how of the fitting of a selected model to the given TFS and criteria of the fit goodness.

Key words: Impedance spectra, Transfer function spectra, Spectra quality, Modeling,Fittings

INTRODUCTION

The transfer functions (TFs), H’s, are ratios of a
chosen response of a linear system being close to
steady state to the perturbing signal (more
generally, ratio of generalised force and resulting
displacement) or vice versa, or else ratios of two
chosen responses of such a system. H’s are vector
guantities, and they are dependent on the frequency
of the signal [1-3]. In a frequency range, Hy is
described by its spectrum (TFS), which can be
presented as a 3-column matrix where in the first
and next columns the successive frequencies and
quantities describing the corresponding vector (e.g.
in rectangular coordinates, its real and imaginary
components) are given, respectively.

Hy is immittance, X,, in a specific case when: 1/
the signal and response are electric potential, E, and
current, 1, and 2/ the system is one-port. Main
forms of X are impedance, Z, and admittance, Y,
defined as follows, respectively:

Z =JE/dl (1)
Y =2'=65l/ 6E (2)

where & denotes small-amplitude function; its
presence in these definition is necessary for the
general case of nonlinear systems, in order to allow
their linearization. For simplicity, below it will be
assumed that 6 E is the signal. In such a case:

* To whom all correspondence should be sent:
E-mail: zoltowskil@02.pl

OF =AEsin(wt) 3
81 =Alsin(wt+ @) (4)

where A, o, t and ¢ denote amplitude functions,
angular frequency (w = 2xf, f being frequency in
Hz), time and phase shift (angular delay of the
response), respectively. In the above equations, A’s
are real functions.
The last two equations can be presented in a
more convenient notation:
OF = AE exp(st) (5)
ol =41 exp(st) (6)

where AE and Al are complex quantities, and s
denotes imaginary angular frequency (s = iw, i

being the imaginary unit: i = v-1). For instance,
from Egs. 1, 5 and 6 it follows that:
z-AE
Al 7)

Formally, it is unimportant whether IS is
measured under control of E or I. However, from
the physico-chemical point of view it can be of real
importance. For instance, for passivating metal
electrodes the dependence of | on E is univocal, but
the opposite dependence is multi-valued (in fact,
the passive state is not a steady state in the
thermodynamic sense). However, the most
important argument for using the E signals is that,
in general, E directly controls the chemical
potentials of main reactants.

© 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 383
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An experimental immittance spectrum (IS), and
especially a set of ISs measured at various values of
system variables (e.g. composition of specimen or
surroundings, E, temperature etc.), can provide a
wealth of information on the system under study
and the processes taking place there [4, 5].
However, the knowledge of this information in
physico-chemical concepts requires the application
in spectra analysis of special procedures [6]. The
above applies to TFSs, too.

Recently, several monographs on immittance
spectroscopy (traditionally called “impedance
spectroscopy”), including to some extend also the
transfer function spectroscopy, have been published
[7—9]. However, the practical problems of applying
this method and the know-know of the spectra
analysis are treated there a little cursorily.

The aim of the present paper is to remind some
important issues related with the reliability of
experimental TFSs and procedures of their analysis,
mainly basing on the personal experience of the
author of the paper. That will be performed for the
most part on the example of ISs, as being best
recognised.

PROBLEMS RELATED WITH THE LINEARITY
AND NUMBER OF PORTS OF AN ACTUAL
SYSTEM

As X is a quantity characterising a linear system,
the ratio of the two A functions in Egs. 3 and 4
cannot depend on A of the signal. Otherwise, the
measured IS will be distorted by systematic errors
[6]. Obviously, for TFS a similar requirement is in
force.

In electrodics, typically the 3-electrode
measurement cell is used. In such a case, the system
under study consists of the working electrode (WE)
plus the counter and reference electrodes, and
electrolytic solution in between; hence, actually it is
not a one-port system. In order to fulfil the
respective requirement, the cell must be designed in
a way allowing for ascribing the measured X only
to WE itself. Otherwise, the measured IS will be
distorted by systematic errors [6].

INITIAL INSPECTION OF INDIVIDUAL
EXPERIMENTAL IMMITTANCE SPECTRA

Prior to beginning the first step of analysis of an
experimental 1S, i.e. a trial of modelling of the
system characterized by this IS, the so-called ,,wild
points”, where at individual f’s IS is contaminated
by exceptionally large noise, should be eliminated.
These points can be noticed when IS in question is
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Fig. 1. Example of plots of a set of immittance spectra
measured for the same system at several values of some
system variable, in various coordinates: (a) and (b) in Z
and wZ complex plane, respectively. Values close to
solid points indicate the respective frequencies in Hz,
and If and hf denote low and high frequency regions,
respectively [4]

inspected simultaneously in plots of several
different coordinates, e.g. Z and wZ (so-called
elastance) complex planes (—Im(Xyx) vs. Re(Xy)),
Bode coordinates (log |Z| and ¢ vs. log f) etc.,
because particular coordinates are characterised by
differentiated sensitivity or zooming in various
frequency ranges. For instance, Z and wZ complex
planes are especially sensitive in the low (If) and
high frequency (hf) regions, respectively (see Fig.
1). In some coordinates, the wild points will be
visible as points breaking the smoothness of the
experimental IS curve [4, 6]. By the way, any plot
of 1S should not be confused with IS itself. For TFS
an analogous approach is advisable.

The visual inspection of IS in various plots can
help also in the elimination of the frequency range
where the given IS seems to be obviously
unreliable [4].
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MODELS AND THEIR FEATURES

The simplest goal of modelling of an
experimental IS is its synthetic description in the
whole range of frequencies where it is supposed to
be reliable. In other words, the model should
provide a computed (theoretical) IS as close to the
modelled experimental one as possible, both
qualitatively and quantitatively. The model should
be possibly simple and of minimal number of
parameters, these being independent of frequency.
Finally, it should be of a form suitable for
estimation of kinetics of processes taking place in
the system under study, in further steps of analysis,
e.g. a simultaneous analysis of a set of ISs
measured at several values of a system variable.

The starting information for formulating a
hypothetical model of a selected experimental IS
should be drown out from the inspection of its plots
in various coordinates. For instance, the plots
presented in Fig. la (probably two overlapped
semicircles in the 1% quadrant a conventional
complex plane, i.e. -ImH, vs. ReHy) suggest that in
the system in question two RC time constants (z’s)
are involved, whilst, in turn, these in Fig. 1b
suggest a larger number of time constants, the hf
resulting from a presence of a constant phase
element (CPE) (at hf’s apparently straight-line
section of a none-zero slope) [4]. It is noteworthy
that in wZ or Y/w complex planes the curve shapes
are richer than in the Z or Y planes, as in the former
cases an apparently  straight-line  section
supplements the semicircles or shorter arc sections
characteristic for RC electrical circuits (please
notice the hf section in Fig. 1b).

interface, in the case of choice of circuit of Fig. 2a
its elements Rga, Cia, and Rya will model the ohmic
resistance (mainly of the solution), the interfacial
double layer capacitance and the resistance of a
simple redox reaction (e.g. Fe™? « Fe® + e).
However, if one will tray to apply this circuit as
subcircuit modelling only a Faradaic process with
ad-/desorption (e.g. H, <> 2H.q <> 2H" +2¢) taking
place at this interface, the physical meaning of its
elements will be not so simple [5, 10, 11].

Hence, if the system under study is considered
as a “black box” and one know solely its IS, there is
no criterion for making the choice of the circuit
topology. Accordingly, the topological ambiguity is
one of the features of the equivalent circuit models.
It results from the fact that the X functions of both
above circuits can be transformed to an identical
mathematical formula (for further details see
below).

Similarly, if in the Z complex plane a given IS is
represented by two simple semicircles in the first
guadrant, for instance any of the circuits presented
in Fig. 3, all of them involving two RC ‘s, can be
applied, as all of them result in an identical 1S
under condition of proper recalculations of their
elements [4, 6, 10].

The topological ambiguity results from the fact
that all equations in Fig. 3 can be transformed to a
common formula (for Y it would be quite similar)
[4, 6, 8]:

_s’a,+sa, +a,

=" 2 "2 0
S°+sh +h, (11)
where only the definitions of coefficients in

particular terms depend on the circuit topology.
However, in spite of the topological ambiguity,

Roa Cia Ros Cis
| | | |
_D 11 [} 11
RlA R]_B
[ ]
b | I
(@)

in the case of two (or n, n > 2) RC 7 ‘s circuits
another ambiguity appears. It is the solution
ambiguity. Namely, for the circuit of a given
topology there are n sets of values of its elements
rg¢bylting in an identical IS [4, 10, 11].

Fig. 2. One time constant RC electrical equivalent circuits used The solution ambiguity results from the fact
in modelling of an IS characterised in Z conventional complex that, in contrast to the transformation of any

plane by a one semicircle in the first quadrant.

As models, the so-called electrical equivalent
circuits are most frequently used. If in the Z
complex plane a given IS is represented by a simple
semicircle in the first quadrant, one of the circuits
presented in Fig. 2, differing by their topology, can
by alternatively applied, as both of them result in an
identical IS under condition of proper
recalculations of their elements [6,10]. If the system
under study is an electrode|lelectrolytic solution

formula of the type presented in Fig. 3 (simple
reduction to a common denominator) to Eq. 11, the
opposite transformation needs the solution of a set
of five equations, one of them being a square one. It
is similar as the case of solution of a typical square
equation, x’a + xb + ¢ = 0. The sole exception is for
the circuit of LADDER structure (Fig. 3A), because
it corresponds to the case of square equation when
the two solutions are identical. In turn, in the case
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(A) - LADDER structure

(B) - Voigt structure

(C) - two subcircuits in parallel

R; C, R C>
-0 it c, G T
‘ R, Cs | DRZ
R3 C3
R —|
1 1
Z(A) =R, + 1 1 1
sC, + 1 1 + 1
R, + 1 R, + 1 R, +—
SC3 + — SC2 4+ = SC3
R, R,
(8) ©) (10)

Fig. 3. Two time constant RC electrical equivalent circuits used in modelling of ISs characterised in Z complex
plane by two semicircles in the first quadrant, and the respective equations for Z in forms closest related with these
circuits topology (Zz =R, Yc =sC) [4, 6, 11]

of Voigt structure the two solutions differ only by
the subscripts of the two R;C; couples in parallel.
However, but the case of circuits of LADDER or
Voigt structure, the two solutions can result in sets
of drastically different values for particular circuit
elements [4].

Both above types of ambiguities are important
disadvantages of equivalent circuit models. In the
literature the topological ambiguity is seldom taken
into consideration, whilst the solution ambiguity is
quite neglected, in spite that its existence is crucial
for the conclusions on the system under study in
physico-chemical terms [4, 5, 10, 11].

Free of the above disadvantage is “the
generalised mathematical model”, formulated by
extension of Eq. 11 for modelling the systems
characterised by n z’s and generalised from Z to X
[10]:

37U sa,
X= S5
s"+>, s (12)

where Kk’s are integers. Obviously, a, and by
coefficients depend also on the detailed meaning of
X (ZorY)[7].

When for the system under study also a CPE
should be taken into account (in contrast to e.g. R
and C elements, CPE has two parameters), a model
similar to Eq. 12 can be used. However, in such a
case both in the numerator and denominator
additional terms of s at fractional powers (fractal
values of k) appear, what results in constrains
between some coefficients; hence, not all of them
are independent [10].

In the general case of H’s, i.e. when signals and
responses are not restricted to electrical quantities,
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and the system is not restricted to one-port,
relatively simple models, similar to the discussed
above for X, find no application. Instead, just from
the beginning of modelling much more detailed
models, taking into account also the system
variables, must be used. For instance, one of the
various possible TFs of transport of hydrogen (H)
throughout a large thin single-phase elastic metal
(M) membrane (one-dimensional transport, along
the z coordinate, 0 < z < L) in response to a small
amplitude H concentration, c, signal at the z = 0
surface, dC,=g, close to equilibrium (Co<s< = ceq) is
the ratio of small-amplitude hydrogen flux, dJ,
responses at the z = L and z = O surfaces of the
specimen. Under assumptions that 1/ this transport
takes place in a self-stressed (as, typically, H atoms
expand the original M lattice) M, and 2/ hindrances
of the surface processes can be neglected, the
following model has been proposed [1]:

= A‘JrL

(13)

@+ Ac,, )asinh *(@L) — c,, ;,ZAﬁ [[%]cmh[&] 1]
B 2
(

L
@+ Ac,, )acoth(@L) — c,, 223
q? L

3RT (14)

& (15)

1= /bl Ac,)

and V and Y denote partial molar volume of H
in M (its not-zero value causes self-stress in M
lattice) and bulk elastic modulus of the M-H solid
solution, respectively, R and T gas constant and
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temperature, and D diffusion constant of H in the
M-H solid.

The main criterion of correctness, or rather
usefulness of the chosen hypothetical model for a
given TFS is the qualitative and quantitative
similarity of its theoretical computed spectrum to
the modelled, i.e. experimental TFS. The
qualitative similarity is determined by the selected
model, while the gquantitative similarity is improved
in the procedure of fitting of this model by a
gradual change of its parameters, i.e. fitting of its
theoretical spectrum to the modelled experimental
one [6].

ADVICES RELATED TO THE FITTING OF A
SELECTED MODEL TO TFS

Typically, the fitting of a selected model to a
given experimental TFS is performed by Complex
Non-linear Least Squares method (CNLS), by
minimising in an iterative procedure the weighted
> function, defined as follows [6]:

P Y9 CLCHETH SR NS BT

where k denotes sequence number of successive
experimental points (usually from the highest to the
lowest f) upto | (0 <k <), H and H" are real and
imaginary components of Hy, respectively, and the
subscripts th and ex denote the theoretical
(computed from the model) and experimental
guantities, while w' and w" are respective statistical
weights.

As all least squares (NLS) methods, CNLS is
based on the assumption that the experimental TFS
is contaminated only by random errors, Gaussian in
character. Hence, the presence of errors of any
other character in the given modelled TFS reduces
the reliability of the fitting results.

At a proper convergence of the iterative
procedure, * should gradually decrease down to its
so-called “global minimum” value, where the
model parameters free (i.e. not fixed at an assumed
value) in the given fitting computation attain their
so-called “best-fit” estimates. The smaller the value
of x %, the better is the (statistical) goodness of the
fit.

With respect to the choice of weighting system,
the assumption that w' =w"=1 (so-called ‘“unit
weights”) is worst. If there is no specific premises,
the so-called “modulus weights” should be advised
[6, 13]:

W =W, = 2
H|

(15)

The number of experimental points in the fitted
spectrum should be possibly large. On the other
hand, the model should be not over-flexible, i.e. the
number of its parameters should be possibly small.
Both above aspects are taken into account if as the
measure of fit goodness, instead of 4, the standard
deviation of the given fit is considered [6]:

2

X
Ofit = |7 -
\[1—-nfp (16)

where nfp denotes the number of model parameters
being free in the given fitting. Hence, o can be
considered as »* normalised on (I —nfp). Another
advantage of og;, in comparison with % is that at
the advised weighting system (Eg. 15) it is
dimensionless.

The convergence of the CNLS procedure and
aptitude for finding the global minimum depends
on many factors. For instance, the procedure may
stop at a so-called “local minimum”, characterised
by a large 4. In such a case, a change of the staring
value of some model’s parameter and/or an
instantaneous change of its character from free to
fixed can be helpful. Both the convergence of
procedure and its sensitivity to the starting
estimates of parameters is very sensitive to the
applied detailed type of model. For instance, the
application of the selected equivalent circuit model
in its Y form to the given IS recalculated from its Z
to Y form may allow for attaining the global
minimum, what before those recalculations was not
possible. However, the generalised mathematical
models (Eq. 12) seem to be by very far the best
[12]. Probably, the smaller the degree of
nonlinearity of the model with respect to its
parameters, the smaller the sensitivity on the
aptness of starting estimates and the higher the
convergence of the fitting procedure are [6, 12]. On
the other hand, the generalised mathematical
models are cumbersome to use because the starting
estimates of their parameters cannot be proposed
directly from the plots of ISs.

Additional important criteria of the choice of
optimal model for the given TFS and its fit
goodness are the computed relative confidence
limits of the best-fit parameter estimates (or
individual standard deviations), and magnitude of
correlation coefficients of pairs of the best-fit
estimates. Very broad confidence limits of a
parameter suggest that it is probably redundant in
the model. In turn, the magnitude of correlation
coefficients of two estimates approaching + 1
indicates that the respective couple is poorly
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independent. However, one should bear in mind
that, as in all NLSs, those quantities are computed
under the assumption that close to the fitting
minimum the model is linear [4, 6].

CONCLUSIONS

Experimental transfer function spectra (TFS)
can be considered as reliable only if they were
measured at steady state of the system and under
experimental conditions assuring its linearity.

An initial inspection of an experimental TFS in
plots of various coordinates is necessary, mainly for
elimination of “wild points”, elimination of the
frequency range where the TFS in question seems
to be unreliable, and the preliminary estimation of
the character and complexity of the system under
study.

The character and complexity of the primary
proposed hypothetical model for a given TFS
should result from the initial inspection of the latter.
Its poor fit goodness should result in modification
of the previously applied model.

In the case of looking for equivalent electrical
circuit models for an immittance spectrum (IS) one
should take into account their possible ambiguities:
topological and solution.

Free of ambiguities are the generalised
mathematical models. Their additional advantages
are 1/ high convergence ability in the fitting
procedure, and 2/ exceptionally small sensitivity to
the selection of staring estimates of the model
parameters.
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N3BPAHU ITPOBJIEMU HA AHAJIN3A HA CIIEKTPUTE HA UMITEJAHCA 1
INPEXOHATA ®YHKIIMA: OB30P

I1. 3onToBCKM
Hnemumym no ¢usuxoxumus na Hoackama axademusi na nayxume, yi. Kacnpsaxa 44/50, 01224 Bapwasa, Iomua
Iocrermna wa 20 despyapu 2012 r.p npuera Ha 20 pepyapu 2012 1.
(Pesrome)

ExcriepuMmenTanauaT umienanced crnekTsp (1S), mnmm mo-o0mio, crekTbpbsT Ha npexoxnara ¢ynkius (TFS) Ha
JajieHa CUcTeMa M 0COOCHO MHOXECTBO CIIEKTPH, CHETH MPH PA3IMYHH CTOMHOCTH HA CUCTEMHHTE MPOMCHIINBH, TaBaT
oOwiIHA HHpOPMAINIKSA 32 CHCTEMAaTa M IPOTHYAIINTE B Hes mporecy. M3pa3sBaHeTo Ha Ta3u HHGOPMAIHS B TCPMHHUTE
Ha QU3UKOXMMUsATA, 00ave, M3UCKBA MPIIIATAaHETO HA CIICIUAIHHU MPOLEAYPHY IIPU aHAIH3a HA CIICKTPHTE.

B Ta3u pabora ce mpUIIOMHAT H30paHU BHIIPOCH, CBBP3aHH C HAJCKIHOCTTA HA TFS M Ha mpoueaypure 3a TeXHUS
aHallM3, OCHOBAHM TJIABHO HA JIMYHHS OIHUT HA aBTOPA. Te3H BBIIPOCH ca MPEAH BCUYKO: MPOOIIEMH, IPOU3THYAIIH OT
(dakTa, 4ye NCHCTBUTEIIHUTC CHCTCMH HE W3IBJIHABAT HAMIBJIHO HM3HCKBAHMATA 3a W3MEpBaHETO Ha TFS (Hamp.
JIMHEWHOCT), TbPBOHAYATHHUAT BU3yaJicH aHalu3 Ha |FS, NpUHOUINTE HA MOJCIUpPAHE W AMCKYCHSITa Ha Pa3JIMYHU
BHIOBE MOJeH (TI0CIETHOTO 3a |S), KaKTO M HOy-Xay 3a HAIlaCBaHETO Ha U30paHus MOJEN KbM aaneH TFS u xpurepun
3a Ka4eCTBOTO HA TOBA HAIlACBAHE.
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The influence of the sintering conditions on the electrochemical properties of the proton conducting electrolyte
BaCegg5Y 015035 (BCY15) and Ni - based BCY15 cermet anode for application in high temperature proton conducting
fuel cell are investigated by electrochemical impedance spectroscopy. The results show that at lower sintering
temperatures due to the formation of parasitic Y,O53 phase an increase of both the electrolyte and electrode resistances is
observed. This effect is strongly reduced by enhancement of the sintering temperature. The obtained BCY15
conductivity (o = 2.5x107 S/cm at 700°C) is comparable with that of the best proton conducting materials, while the
BCY15-Ni cermet (with ASR = 2.5 Qcm? at 700°C) needs further optimization. The results of impedance investigations
of BCY15 as proton conducting electrolyte and cermet anode have been applied in development of innovative high

temperature dual membrane fuel cell.

Keywords: BCY15, Proton-conducting electrolyte, Anode, Electrochemical impedance spectroscopy

INTRODUCTION

The registration of high temperature proton
conductivity in doped Sr and Ba cerates in the late
eighties of the last century [1, 2] opened a new
niche for optimization of SOFC towards reduction
of the operating temperature (500-800°C) due to
the higher mobility of protons. High temperature
proton conducting fuel cell (PCFC) design
eliminates the principal disadvantage of SOFC to
form water at the anode side, where it mixes with
the fuel, resulting in electromotive force losses.
However, PCFC needs the development of an
appropriate cathode material and interconnect
resistive to the highly corrosive oxygenized water,
as well as a counter-flow to sweep water out of the
catalytic sites. Acceptor doped perovskites with
general formula AB;,M,O3, (A = Ba, Sr; B = Ce,
Zr; M = rare earth metal; x - less than the upper
limit of solid solution formation) are promising
proton conducting systems. Proton conduction
increases in the order BaCeQO; > SrCeQ; > SrZrO;,
while the chemical stability deteriorates in the
opposite order [3, 4].

Under humidified hydrogen atmosphere protonic
defects are formed by dissociative absorption of
water in the presence of oxygen vacancies. Water
vapor dissociates into a hydroxide ion which fills

an oxide-ion vacancy, and a proton that forms a
covalent bond with lattice oxygen, i.e. two proton
defects are created stoiciometrically [5], marked
according to Kroger-Vink notation as follows:

H,0 + Vi + 0% — 20H;, (1)

Since the incorporation of water is exothermic [3,
6], the protonic transport is dominating at lower
temperatures (under 600°C).

The doping with aliovalent rare earth cations
brings to the formation of oxygen vacancies and
significantly improves the proton conductivity [3-
5, 7]. In the BaCeO; system, which is considered
to be very promising because of the registered high
protonic conductivity (0.01 — 0.05 S/cm between
600-800°C [6, 8]), the reaction can be described as:

2Ceg, + M, 0, + 05 — 2M¢, + V' +2Ce0, (2)

Proton conductivity in cerates depends on the
crystallographic structure, which is a function of
temperature and doping concentration. It decreases
when transformations to higher symmetry (from
orthorhombic to cubic) which bring to equivalent
distribution of all oxygen positions and to evenly
distributed oxygen ion vacancies take place [3, 7,
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9]. In addition to the temperature, gas atmosphere
and pressure, including water vapor, is detrimental
for proton conductivity.

The disadvantages of SOFC and PCFC connected
with the production of water at the electrodes can
be avoided in the innovative design of high
temperature dual membrane fuel cell, named
“IDEAL Cell” after the acronym of a running FP7
project [10]. The “IDEAL Cell” concept [11] is
based on a junction between a SOFC
cathode/electrolyte  part and a  PCFC
electrolyte/anode part through a mixed oxide ion
and proton conducting porous ceramic membrane.
Oxygen ions created at the cathode side progress
toward the central membrane where they meet the
protons created at the anode side, and produce
water [12] which is evacuated through the
interconnecting porous media. In this way oxygen,
hydrogen and water are located in 3 independent
chambers (Fig. 1).

PCFC SOFC
e
b _!
H ©:
H,—=2H" +2¢ 1720, + 2e'—s O?
H, '
N ! ‘ ———
anode IDEAL Cell cathode
(™) +
02
H,— 2H" + 120, + 26— O*
H

anode cathode

Fig.1. Representation of the PCFC anode/electrolyte
couple, the SOFC electrolyte/cathode couple and the
IDEAL-Cell concept

This paper presents results for the BaCeggsY.1503.5
(BCY15) and Ni-BCY15 cermet conductivities in
wet hydrogen. The influence of the different
sintering conditions on their electrochemical
properties is analyzed by electrochemical
impedance  spectroscopy  for  performance
optimization in the new dual membrane cell
configuration.

EXPERIMENTAL

The BCY15 powders, supplied by Marion
Technologies (MT), were fabricated by auto-
combustion process starting from metal nitrates
and applying urea as reducing agent. Calcinations
of the precursor at 1100-1150°C in a carrier gas
(helium or argon) for complete CO, elimination
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ensured the production of single phase powder
with chemical composition BapCengrY0.1503.4,
determined by ion coupled plasma analysis with
dominating particle size round 200 nm and minor
degree of agglomeration.

The BCY15 electrolyte  support  pellets
(diameter/thickness = 20-25/1-1,3 mm) were
prepared by cold pressing and sintered in the
temperature range from 1100°C to 1450°C for 5
hours at heating rate 300°C h™.

BCY15/NiO (NOVAMET, HP green NiO-Type A)
slurry with composition 28.6 vol.% BCY15 and
71.4 vol.% NiO was deposited by tape-casting and
sintered in the temperature range 1100-1350 °C.
For impedance characterization of the BCY15
electrolyte supported Pt/BCY15/Pt symmetrical
half cells were prepared. Platinum (Metalor)
electrodes were painted and sintered in air
following a procedure recommended by the
producer.

In order to characterise the changes in the
microstructure of the materials, a series of
analytical techniques was used: X-Ray Diffraction
(XRD) with Energy-dispersive X-ray spectroscopy
(EDX), Scanning Electron Microscopy (JEOL JSM
6400F), and Transmission Electron Microscopy
(JEOL JEM-2100 TEM) in combination with
Ultrathin  windowed energy-dispersive  X-ray
spectrometer (EDS) and Scanning Transmission
Electron Microscopy - High Angle Annular Dark
Field (STEM - HAADF) on a TECNAL 20F ST
microscopy.

The impedance measurements were performed
with Solartron 1260 Frequency Response Analyser
in a temperature interval of 200 — 700°C at
frequency range from 10 MHz down to 0.1 Hz and
density of 5 points/decade. They were done in two
modes: potentiostatic and galvanostatic. The half
cell measurements were carried out at OCV in
working atmosphere wet (3% H,O) hydrogen.

The impedance data were analyzed by the
technique of the Differential Impedance Analysis
(DIA) [13, 14]. DIA works with no preliminary
working hypotheses, because the information about
the model structure is extracted directly from the
experimental data. It also identifies frequency
dependent behavior, which can be additionally
analyzed by the secondary analysis. More
information about the secondary DIA can be found
in [14, 15]. Before the analysis a calibration
procedure for post-experimental elimination of the
parasitic components in the impedance diagrams
coming from the cell rig was performed [15, 16].
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RESULTS AND DISCUSSION

The results from the impedance measurements of
dense BCY15 electrolyte (Fig. 2) are generalized
in the Arrhenius plots (Fig. 2c). They show that
different sintering conditions influence the BCY15
conductivity. The electrolyte sintered at 13000C
has higher resistivity and thus lower conductivity
than the electrolyte sintered at 14500C (Fig. 2).
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1000T */K*
Fig. 2. Complex plane impedance diagrams (a),(b) at
600°C and corresponding Arrhenius plots (c) of
Pt/BCY15/Pt sintered at: (¢) 1300°C and (m) 1450°C

The change in the conductivity for these samples
was explained with observed change in their
microstructure. The performed XRD analyses
show a presence of parasitic phase (Fig. 3),
registered as Y,0; which quantity decreases with
the increase of the sintering temperature and thus
improves the electrolyte conductivity.

LY.O

273

1450°C
| |

f J\ 1350°C
|

1300°C

!
' !
) TR RIS Y e
60

20 30 40 50 70 80
26

Intensity (a.u.)

(0]

Fig. 3. X-ray diffraction patterns of BCY15 sintered at
different temperatures.

Table 1. EDX analysis of dense BCY 15 electrolyte

Ce/Ba Y/Ba

Theoretical ratio 0.85 0.15

BCY15 electrolyte 0.81 0.15
Esi0574 20111122 0958 N D84 x15k 50 um

Fig. 4. SEM micrograph of dense BCY'15 electrolyte
Temperature / °C
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-1
—~~ _2,
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1000T %/ K™

Fig. 5. Comparison of the BCY15 proton conductivity
with data from the literature [5]: BaCeggNd 103,
(BCNd), SCCGO.95Ybo.o503_OL (SCYb), SrZr0.0503. (SZY),
CaZrgolng 103, (CaZ| n)
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Fig. 6. Complex plane impedance diagrams (a), (b) at 500°C and corresponding Arrhenius plots (c) of the anode
polarization obtained from measurements of symmetrical half cell BCY15-Ni/BCY15/BCY15-Ni. The electrolyte
support is sintered at 1450°C/4 h; (e) — cermet sintered at 1100°C/2h; (m) — cermet sintered at 1350°C/2h; (A)

comparative measurement of Pt/BCY15/Pt
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Fig. 7. X-ray diffraction patterns of BCY-NiO cermet
layers sintered at 1100°C/5h (before reduction) and
1450°C/5h (after reduction)

The optimized in this way microstructure (grain
size 35-50 pum, Fig. 4) and its chemical analysis
(Table 1) makes BCY15 dense electrolyte
conductivity comparable with that of the best
proton conducting materials (Fig. 5).

Table 1. EDX analysis of dense BCY15 electrolyte

Ce/Ba Y/Ba
Theoretical ratio 0.85 0.15
BCY15 electrolyte 0.81 0.15
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Fig. 8. SEM image of BCY15/NiO cermet before
reduction

In order to fulfil its role, the anode composition
(BCY15/NiO) should lead to the best compromise
between a good mechanical compatibility with the
BCY15 electrolyte(already optimized) and a good
ionic and electronic conductivity, keeping a highly
open porous microstructure (for gas convection)
and avoiding eventual reactivity within the
composite. The first impedance measurements on
electrolyte supported BCY15-Ni/BCY15/BCY15-
Ni half cell showed a big increase of the anode
polarization and also of the electrolyte resistivity
with respect to the results obtained from metal
electrodes (Fig. 6). Absence of good lateral
electrode conductivity was also registered.
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Fig. 9. STEM-HAADF image of the anode-electrolyte interface (left side image); linear composition profile (in wt%)

across the interface in direction A—B (right side image)
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Fig. 10. STEM-HAADF image of the BCY15/NiO interface with Y,Os inclusions (2); linear composition profile (in wt

%) across the interface in direction A—B (b)

The microstructural analysis on those anodes
(sintered at relatively low temperature -
1100°C for high porosity) indicates that cermet
material is not a single-phased system. The
appearance of additional peaks reveals the
presence of Y,03 and BaCeOs (Fig. 7).a single-
phased system. The appearance of additional peaks
reveals the presence of Y203 and BaCeO3 (Fig.
7).

Thorough SEM/STEM analytical experiments of
the anode BCY15/NiO demonstrated an extensive
precipitation of Y,0; particles along the
NiO/BCY15 and the anode/BCY15 electrolyte
interface. It strongly decreases towards the depth
of the electrolyte (Figs. 8, 9, 10).

Thus an efficient electrical barrier between the
protonic (BCY) and the electronic (Ni) phases is
produced. This phenomenon may be initiated by
slight diffusion of Ba toward NiO. As it was
expected, the increase of the sintering temperature
decreases the quantity of parasitic phases and
improves the cermet conductivity (Fig. 6).

After sintering at 1350°C for 2 hours and a
reduction treatment at 700°C for 5 hours (in 5

vol.% H2/95 vol. % Ar atmosphere) an
improvement of both the ASR and the
resistivity of the electrolyte was observed (Fig.
6). The obtained results for BCY15 electrolyte
are already in the range of the values from the
measurements of the standard Pt/BCY15/Pt
cell (Fig.6d). The performed X-ray diffraction
(XRD) shows that NiO is fully reduced to
metallic Ni, and the system is stabilized
towards segregation of Y203 and BaCeO3. In
addition small quantity of a new cerium
yttrium oxide phase is registered (Fig. 7). Its
influence on the electrochemical behavior of
the anode is not so strong; however the cermet
needs additional optimization.

4. CONCLUSIONS

The results obtained from the impedance
measurements of BCY15 for anode compartment
(anode/electrolyte) in a PCFC and in a dual
membrane fuel cell show that the sintering
conditions are an important optimization parameter
for both the electrolyte BCY15 and electrode
BCY15-Ni cermet. Although the fabricated anode-
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electrolyte assembly has acceptable performance
(G(BCYlS) =25x 102 S/cm and ASR(BCYlS-Ni) =25
Qcm® at 700°C) further improvement of the
cermet’s electrochemical behavior is required. It is
expected that appropriate combination of the
volume ratio BCY15/NiO and  sintering
temperature will ensure anodes with good mixed
conductivity, sufficient porosity and lack of
parasitic phases.
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WMIIEJIJAHCHO U3CJIEJIBAHE HA CBOVMICTBATA HA BaCeqgs5Y 015035 3A BOJJOPOJIEH
IMTPOBO/JIHUK B I'OPMBHU KJIETKH

T. PaﬁKOBal*, M. Kpmmchxal, n. reHOBl, XK. Ka6oq2, JI. KOMGCMCHZ, A. Topena, A. quHoa, . Bﬂa}II/IKOBal, 3.
Croiinos®

YYnemumym no enexmpoxumus u enepauiinu cucmemu ,, Axao. E. Bydescku”, Bvreapcka akademus na naykume, Vi.
,Axao. I'. bonues” 6a. 10, 1113 Coghus, bvreapus
2 Unemumym Kapno, Bypeynocku Yuusepcumem, BP47870, 21078 Juowon, Oparyus
® [enmop no mamepuanosuanue, Munu-IlapuTex, BP 87, 91 003 Espu, ®panyus

ITocTpnuna Ha 10 aBrycrt, 2012 r.; nmpuera Ha 2 oktomBpH, 2010 .
(Pe3tome)

Upe3 enekTpOXUMHUYHA HMIIETaHCHA CIICKTPOCKOITHS € U3CJICABAHO BIUSHUETO HA YCIOBHITA HA CHHTEPYBaHE BEPXY
ENIEKTPOXUMHYHHUTE CBOWCTBATA HA MPOTOH- MpoBoasiius enekTposut BaCeggsY (150, 5 (BCY15), kakto u Ha Ni -
6azupan BCY15 xepMer ¢ mprmiiokeHHE KaTO aHOJ BBB BHCOKO-TEMIIEpAaTypHa MPOTOH MPOBOJSIIA TOPHBHA KIICTKA.
PesystaTute mOKa3Bar, Ye MPH MO-HHUCKK TEMIICPATYPH Ha CHHTEpyBaHe, 00pa3yBaHeTo Ha mapasutHa Y ,03 (dasa Boau
10 yBEJIMUYCBAaHE KAKTO Ha CHIPOTUBJICHUETO HA €JICKTPOJINTA, TaKa U HA TOBA Ha ejekrpoma. To3u edekr HamassiBa ¢
IOBHIIABAHE TEMIIEPaTypaTa Ha CHHTepyBaHe. [loydeHara cToiHOCT 3a mpoBoxuMoctTa Ha BCY15 (0 = 2.5%x10 % S/em
pu 700°C) e cpaBHMMA ¢ Ta3W HAa Hal-TOOPHUTE MPOTOH-MPOBEASIIIN MaTepuany, nokato kepmera BCY 15-Ni (c ASR =
2.5 Qcm? 700°C) ce Hyxgae OT JOMBIHHUTEIHA ONTUMHU3aNUsA. [IpoBEIEHOTO MMIENAaHCHO HM3CIIEBAaHE HAa TPOTOH-
npoBosmus BCY 15 kato eNeKTpouT U KaTO KEPMET 3a aHOJ € U3IMOJI3BAaHO B peali3aluiaTa Ha HHOBATHUBCH TU3aiiH
Ha BHCOKO TEMIIepaTypHa JIBOMHO-MEMOpaHHA TOPUBHA KIICTKA.
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In this paper the electrochemical analysis of new materials, designed to be used as solid electrolytes for intermediate
temperature fuel cells (IT-SOFC) was made. The materials are two different composites based on ceria 10YDC + (10%)
150ppm YA and 10ScDC + (10%) 150ppm YA, obtained by sol-gel method and sintered at temperature of 1500 °C.
The electrochemical investigation was performed by Electrochemical Impedance Spectroscopy technique. According of
these analyses the composite 10YDC + (10%) 150ppm YA presents better conductivity than 10ScDC + (10%) 150ppm

YA. These results were related with morphological investigation, realized by SEM.

Keywords: Electrochemical Impedance Spectroscopy, SEM, Y,0; Ce0O,, a—Al,O3 Sc,05 solid electrolyte,

intermediate temperature fuel cells.

INTRODUCTION

In recent years new technologies for production
of cheaper and cleaner energy were developed.
Among them are also the intermediate temperature
fuel cells (IT-SOFC). These cells are constructed of
two electrodes (anode and cathode) and solid
electrolyte and they operate in the temperature
range (600 — 650 °C) [1].

The problems which designers face regarding
these cells are due to the choice of electrolyte,
because the electrodes design and the materials
used in their production depend on the electrolyte
[2]. The electrolyte of these cells must to have the
average grain diameter less than 1 pm, absence of
porosity, electrical and ionic conductivity as large
as possible at the operating cell temperature [1].
Among the electrolytes used for IT-SOFC, the most
studied are those based on ceria (CeO,). They are
doped with yttrium trioxide (Y,0s3), scandium
trioxide (Sc,03), Y,03 + Sc,03, gadolinium (Gd),
samaria (Sm), etc. [2].

Yttria doped ceria (YDC) with a cubic structure,
containing 10 mol % Yttria, is an attractive ceramic
used as electrolyte or matrix for electrolyte in IT-
SOFC [3]. For obtain a better structure in

* To whom all correspondence should be sent:
E-mail: amionascu@elmat.pub.ro

correlation with good material properties, the
introduction of a second phase with good electro-
mechanical properties will be beneficiary. Given
the properties of low Yttrium doped o-Al,Os,
mechanical properties, chemical inertness and
resistance, high temperature corrosion resistance,
good conductivity, high thermal conductivity, in
these paper two new electrolytes for IT-SOFC are
proposed.

This paper presents a study of the conductivity
of two new ceramic composites, based on the
combination between the doped ceria and low
doped alumina, [(90 %) 10 Y,0s: CeO, + (10 %)
(150 ppm) Y,0s: o — Al,O3] and [(90 %) 10 Sc,0s:
Ce02 + (10 %) (150 ppm) Y203§ o — Alzog], both
used as solid electrolyte for IT-SOFC.

Since the electrochemical impedance
spectroscopy became a very useful and
perspective method for investigating the
performance of electrolyte materials, the

investigations are based on impedance
measurements.
The final results are correlated with

morphological investigation realized by scanning
electron microscopy (SEM).
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EXPERIMENTS
Materials

Two types of ceramic composite samples based
on ceria, denoted by A and B, were used for
electrochemical investigation.

The sample A is composed of (10 mol %) Y,0;
doped CeO, (denoted 10 YDC) and (10 %) (150
ppm) Y,0; doped a — Al,O; (denoted 150 ppm
YA).

The sample B is composed of (10 mol %) Sc,0;
doped CeO, (denoted 10 ScDC) and (10 %) (150
ppm) Y,0; doped a — Al,O; (denoted 150 ppm
YA).

Both samples were made by mechanical mixing
of two nanopowders, 10 YDC (90 %) and 150 ppm
YA (10 %) respectively 10 ScDC (90 %) and 150
ppm YA (10 %), synthesized by sol-gel method.
The mixtures (for both samples A and B) were
homogenized mechanically, compacted at 3000 kgf
and sintered at 1500 °C for 2 h [4].

The samples present a disk shapes with a
diameter of 10 mm and a thickness of 1.2 mm (Fig.
1a).

a. b.

Fig. 1. Samples used for electrochemical investigation:
(a) sample before the deposition of the electrodes; (b)
sample with silver electrodes.

For electrochemical measurements symmetrical
electrolyte supported half cells with Ag electrodes
were performed (Fig. 1b). The silver paste for
electrodes deposition was painted on both sides of
the samples.

Equipments

The impedance measurements were performed
with Solartron 1260 Frequency Response Analyser
in a temperature interval of 200 — 700°C at
frequency range from 10 MHz down to 0.1 Hz and
density of 5 points/decade. For lower temperatures,
where the sample resistance is in the MQ-range, the
studies were carried at amplitude 200 mV, which
was reduced to 50 mV above 400°C.
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Morphological characterization (grain shape,
average grain diameter) of the samples were
performed by scanning electron microscopy (SEM).
To obtain the SEM images, a scanning electron
microscope type TESCAN LYRA 3 XMU was
used.

RESULTS AND DISCUSSION

The characterization of the electrolytes behavior
was made with Voigt’s model structure containing
two time constants, i.e. two meshes with R and C in
parallel connection which correspond to the bulk
and grain boundary behavior (Fig. 2) [5-8].
Impedance diagrams of samples A and B are shown
in Figure 3.

Rb Rgb

c c

| | [
I ||

Fig. 2. Equivalent circuit of a two time constant
Voigt’s model structure.
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Fig. 3. Complex plane impedance diagrams of samples
A and B at 500 °C temperature.

For the both samples the resistivity is
dominated by the grain boundaries. The big arc in
the impedance diagrams is an indication for the
formation of non-clean grain boundaries. A
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possible explanation of these results could be due to
the presence of two different phases in the
electrolytes with different microstructures (different
grains, average diameter, orientation, porosity etc),
which determine their higher resistivity.

The resistance values obtained from the
impedance measurements for different temperatures
were used for the construction of the Arrhenius
plots (Fig. 4):

p=A 1T exp (-E, /KT) (1)

where p is the resistivity, A is the pre-exponential
term, k is the Boltzmann constant, E, is the
activation energy and T is the temperature in K.
The Arrhenius plots for both samples A and B are
linear (Fig. 4) and their slopes give the
corresponding activation energies Ea (Table 1).

8

74

6 B

lg(p/ Qcm)
S

08 10 12 14 16 18

1000T * /K™
Fig. 4. Arrhenius plots for samples A and B.

Table 1. The conductivities and activation energies of
samples A and B.

o [S/cm] E, [eV]
600°C  700°C
Sample A 1.41-10% 3.16:10°  1.09

Sample B 1.52:10" 6.3510°  1.48

A significant difference in the conductivity
related to the different dopants is observed. The
sample A has lower resistivity and higher
conductivity than sample B. On the other hand the
values of resistivity decrease with temperature. This
is due to the intensification of diffusion of ions
which participate in conduction process. However
at working temperature of IT-SOFC fuel cells, the
difference between the values of conductivity is
13%. From this point of view the sample A present

a good value of conductivity (1.41-10° S/cm) at
600 °C in comparison with the sample B. The
values of activation energy and conductivity at 600
°C and 700 °C temperatures are tabulated in table 1.

These results are in concordance with the
morphological investigation realized by SEM (Figs.
5, 6).

Fig. 6. Scanning electron microscopy for sample B.

For sample A, the 10YDC area contains the
spherical grains with the average value of grains
diameter 1.18 um and 3.18 um for 150 ppm YA
area, while for sample B, 10 ScDC area has
polyhedral grains with the average grains diameter
1.57 pm and 2.32 um for 150 ppm YA area.

This investigations show that the microstructure
of sample A is much better (small grains, more
compact areas, is not so porous) than that of sample
B. These results are in concordance with the
electrochemical behavior.

The electrochemical behavior of these new
electrolytes can be optimized further by using the
strong influence of the small variation of doped
alumina.
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CONCLUSIONS

The results obtained from the electrochemical
analysis of the new electrolytes for IT-SOFC, show
that, the electrolyte A has a better values (lower
resistivity and higher conductivity, ¢ = 1.41-107
S/cm at 600 °C) than electrolyte B. At working
temperatures of IT-SOFC fuel cell the registered
difference is about 13% between the values of the
conductivity. The electrochemical results are in
concordance with the morphological investigation.

Therefore the electrolyte A will be used for
future studies. To be used as a solid electrolyte for
IT-SOFC, this material requires investigation from
point of view of mechanical properties.
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EJIEKTPOXUMHMWYEH AHAJIN3 HA TBbHP1O-OKCHUJHU EJIEKTPOJIMTHU MATEPUAJINA
3A TOPUBHU KJIETKU, ®YHKIIMOHUPAILIU TP CPEJJHU TEMIIEPATYPU

AM. Honamky, T. Paiikoa’, E. Mmanenosa?, 1. MepKLOHI/Iy3
YTonumexmuuecku Yuueepcumem Bykopeuw, /lenapmamenm no enrexmpo-undicenepcmeo, yi. Cnaauyn unoenenoeneu
313, Bykopewy, PymvHus
2HHcmumym No eleKmpoxumus u eHepeulinu cucmemu-bvineapcka akademus na naykume, yn. Axao. I. Bonues, 011.10,
Cogus, Bvreapus
® Hayuonanen uHcmumym no gusuxa na mamepuanume, yi. Amomucmunop 105, Mazypene, Bykopew, Pymvrus

IMoctenuna Ha 20 despyapu 2012 r., npepadoreHa Ha 29 oktomBpu 2012 1.

(Pesrome)

HacrosmaTa craTust mpecTaBs pe3yiTaTh OT €JICKTPOXUMHYHOTO U3CIIeIBAaHEe HA HOBH MaTepHUalH, MpeIHA3HAYCHH
na ObIaT M3MOI3BAHM KaTO TBBPIH €IEKTPOJIUTH 32 TOPUBHHU KJIETKH, (YHKIIMOHHUPALTH NpH cpenHu Temneparypu (IT-
SOFC). EnexkTponuTuTe ca ChCTaBeHM OT JIBa Pa3IMYHA KOMIIO3UTHU Matepuaina, 6azupanu Ha cepuit 10YDC + (10%)
150ppm YA u 10ScDC + (10%) 150ppm YA, momydeHu dpe3 307-T€ld METOJa M CHHTE3UpPAHW INPH TeMIepaTypa
1500°C. MartepuanuTe ca aHAIM3MPAaHW C TEXHHMKATa Ha EJEKTpOXMMHYHATA MMIENAHCHA creKTpockomus. Cropen
aHaymza koMrno3uthT 10YDC + (10%) 150ppm Y A nmokasBa no-ao6pa npoBogumoct oT 10ScDC + (10%) 150ppm YA.
Te3u pe3ynTatd ca CBbP3aHU C JAHHUTE OT MOP(OJOrMYHUAT UM aHanu3, peaiusupad upe3 CEM u3scienBaHe Ha

MarepuaiuTe.
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In this work we present an experimental set-up used for semi-continuous impregnation per adsorption process
of polymers with an organic model component (o-hydroxybenzoic acid — 0-HBA) using supercritical CO, as solvent
and impregnating medium. The aim is to study the effect of the supercritical solvent flow-rate, the pressure and the
polymer support on the breakthrough volume and the adsorbed quantity. The regular sampling of the supercritical phase
is analyzed by High Performance Liquid Chromatography. It is found that the uptake increases with the pressure and
decreases with the supercritical solvent flow-rate. In addition, a 1D model with local equilibrium is developed. The
model fits well to the breakthrough curves. The numerically obtained values are in good agreement with the

experimental results.

Key words: supercritical carbon dioxide, impregnation, modeling.

INTRODUCTION

During the past several decades, processes
carried out in supercritical (SC) media have been
widely applied in the chemistry and processing of
polymers. The impregnation assisted by SC
solvents reveals certain advantages compared to
traditional methods. The potential of supercritical
fluids (SCF) to replace some traditional toxic
solvents results from their specific properties:
capacity to dissolve solids, related to their high
density; transport capacity, related to the viscosity
and diffusion coefficient inciting their excellent
penetrability. Therefore, various possibilities for
controlled drug delivery systems fabrication were
investigated [1-5]. Thus, the amount of the
impregnated substance is very important for the
posterior application of the product. Especially in
pharmaceutics it is required that the product would
not be contaminated with residual solvent, hence
the interest in using SCF as impregnation media.

EXPERIMENTAL

The experimental setup is  presented
schematically in Figure 1. It includes three
modules: a dissolution module with a reservoir,
where the solute is dissolved in supercritical COy;
an impregnation module with a polymer charged

* To whom all correspondence should be sent:
e-mail: sdiankov@yahoo.com

column and a sampling module consisting of a
sampling loop. Experiments were performed in two
sequential steps: dissolution of the o-HBA in the
supercritical CO, and impregnation of the solute in
the polymer. The inlet side of the column (Top
Industries, 10 cm®) was filled to 60% of the total
volume with inert packing (glass beads, 2 mm) to
ensure better flow distribution before the adsorption
section. The adsorption section was filled with a
mixture of polymer and glass beads of the same
size as the polymer (125 to 250 xm). The method is

described in detail in our previous work [6]. Two
polymers were used in this study: polymethyl
methacrylate - PMMA (Plexidon Spain, 95%) and
adsorbent resin Amberlite XAD-7 - AmbXAD7
(Fluka), porosity 55% vol., density between 1.06
and 1.08 g/cm®, specific surface superior to 400
m?/g and average pore diameter of 80 A.

EXPERIMENTAL RESULTS AND DISCUSSION

The reliability of the method was demonstrated
by three experiments, using 1 gram of PMMA
under the same operating conditions. The CO,
flow-rate was fixed at 0.67 cm®min; the
temperature inside the furnace at 40°C and the
pressure at 20 MPa. The obtained breakthrough
curves are compared in Figure 2. All experimental
curves show identical breakthrough time and
similar behavior. The average concentration at the
plateau (0.175; 0.148 and 0.163 Mg ;-Hea)/Jcoz) for

© 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 399
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Fig. 2. Three breakthrough curves obtained using CO, flow rate = 0.67 cm*/min; temperature = 40°C and pressure =

20 MPa.
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Fig. 3. Breakthrough curves obtained for three CO, flow rates; temperature = 40°C and pressure = 20 MPa. The

polymer is PMMA.

the three experiments, respectively) was determined
as an average of four replicates analysis. The
maximum uncertainty is about 17%.

The impregnated amount in the polymer
was determined by High Performance Liquid
Chromatography (HPLC) analysis. Once the

400

experiment has finished, the polymer support was
mixed with methanol in a stirred vessel. Using the
calibration curves, we determined the mass of
impregnated substance per mass of polymer. These
values were then corrected by the non-impregnated
quantity of o-HBA dissolved in the CO, and
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trapped in the column at the end of the experiment.
This quantity Q in mge.nes Was calculated by the
following equation:

Q=V¢o1-€.9.Ceed

where V is the column volume in cm®; & is the
ratio of the void volume and the total volume of the
column; pis the CO, density in g/cm® and Cieeq iS

the feed concentration in mg-xeay/dicoz).
Flow-rate influence study

In order to study the influence of CO, flow-rate
on the impregnated amount we performed three
experiments using 0.50; 0.67 and 0.95 cm*/min.
The other operating parameters were fixed: the
temperature at 40°C and the pressure at 20 MPa.
The support used for this study was PMMA. The
breakthrough curves are presented in Figure 3. The
supercritical CO, flow-rate, the concentrations at
the plateau and the impregnated quantities are
summarized in Table 1.

The curves obtained using 0.50 and 0.67
cm®/min flow-rates show a similar trend, however,
the breakthrough time (120 and 70 min
respectively) and the concentrations at the plateau
are different. Increasing the flow-rate to 0.95
cm®min leads to significant change in the curve
shape. The time necessary to reach the
concentration at the plateau is 220 min. The plateau
concentration and the impregnated amount decrease

Table 1. : Flow rate influence. Experimental data.

upon increasing the flow-rate. From these results
we can conclude that the impregnated amount
increases proportionally with the feed concentration
of the solute. These results confirm our previous
observations [7]. Increasing the solvent flow-rate
results in decrease of the residence time in the tank.
Thus, a lower amount of dissolved substance is
impregnated. Hence, in order to increase the
impregnated amount in the polymer, it is necessary
to use lower flow-rates.

Pressure influence study

In order to study the pressure influence on the
impregnated amount, we performed three
experiments at 12, 16 and 20 MPa. The CO; liquid
flow-rate was fixed at 0.5 cm®min and the
temperature at 40°C. The used support was PMMA.
The obtained breakthrough curves are presented in
Figure 4. As observed, the curves show similar
trend. The breakthrough time remains the same.

However, the time necessary to reach the
concentration at the plateau increases upon
increasing the pressure. The density of the
supercritical CO, also increases. This enhances the
solvent power and the capacity to dissolve more
substances. We should take into consideration that
the flow-rate of supercritical solvent containing the
solute flow decreases, increasing the pressure.

CO, flow rate, cm®min

Concentration at the

Impregnated Amount

lateau, mg,.
P 9o Mg o-HeAY IPMma)

Liquid Supercritical HeA9ico)
0.50 0.59 0.23 16.4
0.67 0.80 0.18 7.0
0.95 1.14 0.09 4.2
A P=12MPa
0.30 - [ P=16 MPa
PP O P=20MPa
o)
U ° o °
L 0.201 W
(=]
g Ug & o A A
Jn: g P a
§° 0.10 - g ¥
=]
ap ‘;6°°
LI
0 50 100 150 200 250 300 350
Time, min

Fig. 4. Breakthrough curves at three pressures; Liquid CO, flow rate = 0.5 cm®/min; temperature = 40°C and pressure

P = 20 MPa. The polymer is PMMA.
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Table 2. Pressure influence study. Experimental data.

Liquid i, .
Supercritical Supercritical .
CO, ; Concentration Impregnated
P density CO; density CO, flow rate at the plateau Amount
MPa glem® glem® cm®/min MQ(o-HBAY J(co2) MY (o-HBAY J(PMMA)
12 0.975 0.681 0.79 0.16 7.5
16 0.991 0.792 0.64 0.20 12.7
20 1.013 0.857 0.59 0.23 16.4

Table 3. Support influence. Experimental data.

Supercritical CO, Concentration at the .
Pressure Support l | Impregnated quantity
MPa 0\13V ra}te p ateau mg / 9
cm /mm mg(o—HBA)/g(COZ) (o-HBA)/ Ysupport
16 PMMA 0.64 0.20 12.7
16 AmbXAD7 0.64 0.20 79.6
20 PMMA 0.59 0.23 16.4
20 AmbXAD7 0.59 0.23 90.0
P=16 MPa B PVMA
0.30 - © AmbXAD7
o
O
a0 0.20 - [ == o
S~ - - o
3 . e
T L °
o 0.10 - =" S
%D I-- o Oo
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Fig. 5. Breakthrough curves obtained at 16 MPa and 20 MPa, Liquid CO, flow rate = 0.5 cm*min and Temperature =

40°C.

Therefore the residence time in the solute’s tank

and the column increases. Both effects contribute to

Support influence study

higher feed concentration at higher pressure. The
experimental data for CO, density, flow-rates,
concentrations at the plateau and impregnated

amount are summarized in Table 2.
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For this study we used two polymeric supports:
PMMA and AmbXAD7, described above. The
operating conditions were: CO, liquid flow-rate =
0.5 cm*/min, temperature = 40°C, polymer quantity
= 1 gram PMMA or 0.5 gram AmbXAD7. The
breakthrough curves obtained at two pressures 16
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MPa and 20 MPa are plotted on Figure 5. The
experimental data are summarized in Table 3. At 16
MPa the breakthrough time for AmbXAD?7 is about
three times superior (230-250 min), compared to
PMMA (70-90 min). For both experiments, the
concentrations at the plateau are identical.
Therefore, the adsorbed amount on the AmbXAD7
is considerably higher than on the PMMA. These
results show the effect of the porosity and the
surface area on the impregnated amount. Therefore,
we assume that the polymer porosity does not
influence the velocity profile inside the column. At
a higher pressure (20 MPa), the breakthrough time
for AmbXAD7 is 190-210 min. However, it
remains the same for the PMMA. The breakthrough
curves and the quantities adsorbed are different,
probably because at 20 MPa and 40°C in
supercritical CO,, the PMMA swells and changes
its structure.

MODELING

One-dimensional model (1D) with a basic
assumption of local equilibrium was developed in
this study. The described experimental process is
isothermal and the temperature profile would not
influence the equilibrium, respectively the
concentration profile. Therefore if the variation of
the concentration in radial direction is significant, it
will be due to the hydrodynamic factors. The bed
porosity fluctuations in a small restricted area close
to the wall provoke velocity fluctuations. However,
they do not affect the overall concentration profile.
Experimental observations [7] show a structure
modification (swelling) of the polymer during the
contact with SC-CO,. Initially the CO, molecules
are adsorbed in the polymer volume and this allows
posterior penetration and adsorption of dissolved
compound. For impregnation processes in SC
medium, other authors obtain good results
assuming that the polymer loses its porosity. They
describe the process as a flow through a flat surface
[1]. Based on these assumptions, the equation for
the mass transfer through the fixed polymer bed is:

) .
oc oc A

e—+ew,—=¢eD

‘oz ™ oz° ot

1)

where C is the concentration in the SC

phase and the local equilibrium g* = f(C) is

described using the Toth relationship:
* b-C

9 =0n———1
1+(bc)’ |7

)

As boundary conditions we assume
equality of the mass flow through the interface and
flat concentration profile:

oC
ax E o = Wz (C|z=0 - Cfeed ) (3)
oC
— =0 4
. 4)

The initial conditions are:
att=0—->C=0forz>0
atz =0 — C = Cjeq for each t.
where ¢ is the bed porosity.

When the particle dimension versus column
diameter ratio is smaller than 0.05 and the number
of particle layers in the bed in axial direction is
higher than 30, an octahedral arrangement with
maximal density of 0.74 could be expected [8]. We
estimate a value about 10% greater than the
minimal bed porosity: £=0.3.

W, is the flow velocity. The flow velocity
through the porous bed W, = 2.77x10* m/s
corresponds to 0.5 ml/min experimental flow-rate.

D. is the axial dispersion coefficient. The
relationships proposed by some authors [9-13]
cannot be directly applied for our study. Therefore,
we determined the axial dispersion coefficient
using a breakthrough curve obtained without
polymeric support. The pattern and the shape of this
curve depend only on the axial dispersion and the
dead volume of the column. Then, we calculated
the breakthrough curves assuming a linear
equilibrium, imposing the linear equilibrium factor
equal to zero (no adsorption). Thus we obtained the
commonly used model for dispersion in fixed bed
[11]. We studied the breakthrough curve response
in function of the D, all other parameters being
already fixed. The best correlation with the
experimental data was obtained for Dy =1.6x107
m?/s. This value is further used in our numerical
simulations.

Om is the maximum substance load and Creeq —
the  feed  concentration.  These  values,
experimentally obtained for three pressures (12
MPa, 16 MPa and 20 MPa), are presented in Table
4.

Table 4: Feed concentration and maximal substance
load.

12MPa 16 MPa 20 MPa
Creed » 0.156 0.198 0.230
Mg o-HeAY 9(coz)
Om » 28.12 28.26 20.66

MO o-HBAY IPMMA)
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Fig. 6. Comparison of experimental and numerical data.

b and & are the adsorption parameters. The
numerical method was initially tested assuming
linear equilibrium: qags= k C. The parameter k was
adjusted in order to find the best correlation

between numerical and experimental data. Next, we
introduced the Toth relationship (2) in the
equilibrium term. The parameters of the Toth
equation were determined in our previous study [7].
However, the kinetic study conditions are different
from the equilibrium ones, particularly the two
parameters b and ¢ contribute directly to the
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impregnated quantity. For that
considered both parameters adjustable.
For a cylindrical column with fixed bed, the
free volume close to the wall is greater than in the
centre of the bed. It decreases until stabilization
around an average value. That provokes higher
velocity of the flow at the wall proximity [14, 15,
16]. The velocity profile strongly depends on the
Reynolds number (Re). For Re > 100 the
fluctuations of the flow profile could be neglected.
The percentage of the bypass flow close to the wall
is proportional to Re and the ratio between column
and particle diameter (Dco/dpart) and passes through

reason, we
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- :
. clm-c| L EW,.0 (CIJE _Cij+l)+ s.WZ.(l—c)(Cij+l —Cij)z
T h h
D,,. , , , D, .(1- j - | )
= %O ~ C(cit—2cit +cit )y a0 a-o) (Cl.-2c!+cl,)-a- 8)82,[
Table 5: Experimental and numerical data for the load.
Load, Mg.Heaydemma)
12MPa 16MPa 20MPa
Experimental 7.5 12.7 16.4
) with y 7.4 10.9 16.2
Numerical .
without y 7.9 115 16.7

a maximum at Dco/dpare = 10 [16]. For this study,
the Re number varies from 0.25 to 1.12. At the
entry of the column D, /0yart = 5.5 and the velocity
profile is expected to be dispersed. Inside the
column Deoi/dpart = 45. Thus, the bypass flow can be
neglected and the velocity profile is considered
relatively uniform. For reasons of simplicity, we
accepted a quasi-uniform profile for the whole
column section. Similar hypothesis was proposed
by Chern and Chien [17].

The differential equations of the model were
approximated by expressing them in finite
difference form [18-20]. We used Crank-Nikolson
full implicit symmetric scheme with weight
coefficient c=0.5:

Here r and h are the time and space steps,
respectively.

The experimental and numerical results are
compared in Figure 6. We found that the model fits
well to the experimental data: breakthrough time,
slope and plateau concentration. We observed a
small divergence in the initial parts of the curves.
We supposed that the residence time in the mass
transfer zone and the adsorption capacity of PMMA
are not sufficient and small quantity of non
adsorbed o0-HBA remains in the outlet flow
(Cronags)- Therefore, we introduced a correction

function y in the equilibrium term:

Cnonads H :
y(t):T, using the following boundary
2

condition:

Y| t=0 — Cnonads -
correction function is equal to the average of the
experimentally measured concentration in the initial
period, and decreases rapidly with the time. This
function was adjusted so that its contribution
becomes negligible before the breakthrough time.

In order to calculate the impregnated amount
we first determined the total amount of substance
entering in the column. Then Simpson’s method

in the initial moment the

was used to calculate the surface area below the
breakthrough curve. That corresponds to the
amount of non adsorbed substance. The difference
between these values is the impregnated substance
in the PMMA. The calculated loads were compared
to the experimental ones in Table 5. Both numerical
values (with and without using the correction
function ») are in good agreement with the

experimentally determined quantities.
CONCLUSIONS

Our experimental study shows the effect of
three operating parameters both on the dissolving
and impregnation process in supercritical CO,. It
was found that lower flow-rates allow increasing of
the impregnated amount in the polymer support.
Higher pressures lead to increase the time necessary
to reach the concentration at the plateau. Finally,
we found that the impregnated amount on a porous
support is considerably higher, compared to a non
porous polymer. A 1D model with a basic
assumption of local equilibrium was developed in
order to describe and understand the process
kinetics. The model fits well to the experimental
results — breakthrough curves and total impregnated
amount.
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AZICOPBLMA HA O-XM/JIPOBEH30EBA KMCEJIMHA BHPXY [IOJIMMEPU B CPEJIA HA
CBPBXKPUTHUYEH BBIJIEPOJIEH JUOKCHUA: EKCIIEPUMEHT 1 MOAEJINPAHE

C. I[aHKOBl*, II. CI06pa-HaTepH02, . XI/IHKOBl, U. Tenuer’

1
Xumuxo-mexnonozuuen u memanypeuden ynusepcumem - Cous
2
Yuueepcumem Bopoo, @panyus

[Moctenuna Ha 17 okromepH, 2010 r.; npuera Ha 26 anpun 2011 r.

(Pesrome)

B nacrosmiara pabora e mpeacraBeHa eKCICPUMEHTAIHA WHCTAJIANUs 32 MMIIPETHHPAHe HAa MOJCIHO OPraHWYHO
chenmuHEeHne (0-XUAPOOCH30eBa KHCENWHA) BBPXY IOJNAMEPH 4pe3 ancopOIus B MOIYHENPEeKbCHAT pexuM. Kato
pa3TBOpHUTEN W Cpela 3a IMPOBeXIaHe Ha mpormeca ¢ m3nomBaH cBpbxkputmdeH CO,. Ilenra e ma ce m3cnenpa
BIIMSIHACTO Ha JIeOWTa Ha CBPBXKPUTHYHUS PA3TBOPHUTEN, Ha HANMTAHETO, KAKTO W Ha MOJMMEPHATa MOJUIOKKA BBPXY
MPOCKOYHHUTE KPUBH U aJCOPOMPAHOTO KONHIecTBO. [IpoOWTEe OT CBPBXKpUTHYHATA (pa3a ca aHAIM3HpaHH dYpe3
BucoxoedexrnBHa Teuna XpomaTorpadus. YCTaHOBEHO €, 4e afcOpOMPaHOTO KOJHMYECTBO HAPACTBA IPH TOBUIIABAHE
Ha HAIATAaHETO W HaMmalsiBa MPU YBEIMYaBaHETO Ha JeOWTa Ha CBPBXKPUTHUUHUS pa3TBopuTes. Paszpaborten e 1D
MaTeMaTH4eH MOJeN C JIOKaJHO paBHOBECHE, KOWTO J00pe OmHcBa NPOCKOYHUTE KpHUBH. UHCICHO MOTyYEHHUTE
CTOMHOCTH MOKa3BaT 100PO ChOTBETCTBUE C €KCIIEPUMEHTATHUTE PE3YJITATH.
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