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Abstract

The electrochemical behaviour of 304L stainless steel in different media was
investigated using potentiodynamic polarization associated with the optical
microscopy. The semilogarithmic curves were used to calculate the corrosion
current density (icorr), In order to determine the corrosion rezistance of 304L
stainless steel in solutions containing CI" and CH3COO" ions and a mixture of
aminoacids (commercial name: Aminosteril). The corrosion rate of 304L
stainless steel studied in four media varies as follows: HCI > NaCl >
CH3COOH > Aminosteril. These results show that the steel has a very good
resistance to corrosion in studied solutions such as: natrium chloride, acetic acid
and Aminosteril.

Keywords: 304L stainless steeel; corrosion rezitance; inhibition study;
metronidazole drug

1. INTRODUCTION

The corrosion is one of the great issues affecting the integrity and the
duration of the life of the bioimplants made of metals and their alloys. In
contact with different environments, the metals are damaged by the processes of
oxidation, which may affect in full surface. To enlarge the resistance of
corrosion of these materials has developed different methods of protection for
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metal surfaces. Through the application of these methods is to improve the
properties of the metals and the decrease in the concentration of the products of
corrosion.

The stability of the chemical, behavior of mechanically and
biocompatibility with fluids and biological tissues are the conditions required
for the use of the materials as implants in fractures and replacing the bones.
Bioimplants are materials used for manufacture devices that can interact and
coexist with biological systems. Biomaterials are used in the repair,
replacement or increasing the damaged parts of the system the musculoskeletal
as well as skeletal bones, joints and teeth. The following applications of these
materials are: orthopedics prothesis, dental implants, the plates of the head [1].

One of the metals used for manufacturing bioimplants is stainless steel
304L. It contains chromium enough to form a passive layer of chromium oxide,
which prevents further corrosion of the surface of the metal and stops the spread
of corrosion in the internal structure and in addition because of the similar size
of molecules of steel and the concentration of chromium are formed a close link
between them, so that the layer of nitrous oxide remains attached to the surface
of the metal. Certain organic molecules containing heteroatoms of sulfur,
oxygen and nitrogen were suggested as inhibitors for corrosion for stainless
steel [2]. The mechanism of inhibition to this class of inhibitors is based on the
adsorption of ions and molecules on the metal [3]. It was also followed the use
of non-toxic and harmless inhibitors of corrosion for environment. The role of
the inhibitors of corrosion is to form layers on the metallic surface to restrict the
processes of corrosion.

The inhibitor is defined as a substance which is added to a small
amount, in an aggressive environment, may slow down or prevent corrosion of
a material which is intended to come into contact with the environment in
question. They can be used for permanent or temporary protection. In order to
be effective, the inhibitor of corrosion must be compatible with the corrosive
environment and with the structure of the metal and this implies the selection of
it in accordance with the scientific rigorous criteria ( mechanism of action,
stability in the working conditions of the data) [4].

The organic compounds have at least one donor group of electrons that
behave usually as a active center for adsorption as well as the nitrogen, oxygen,
phosphorus or sulfur [5]. Their use is preferred to inorganic inhibitors, mainly
for reasons of ecotoxicity.

The effect of drugs as ampicillin and benzylpenicillin in corrosion of
stainless steel 304 in 1.0 M hydrochloric acid was investigated using the
techniques, like: weight loss, potentiodynamic polarization and scanning
electron microscopy (SEM). The effectiveness of the inhibition was increased
by improving the concentration of corrosion inhibitor and decreased with the
increased temperature. It has been demonstrated that the adsorption of these
inhibitors shall be subject to the adsorption izotherms Langmuir. The
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measurements of the degree of potentiodinamic polarization have indicated that
the inhibitors are mixed. It was proposed the synergism between the potassium
iodide and inhibitors. The results obtained with the three different methods are
in accordance one with each other. Was studied the effect of molecular structure
on the effectiveness of inhibition of these compounds. The choice of these
inhibitors (ampicillin and benzylpenicillin) as corrosion inhibitors shall be
based on: easy obtaining; contain oxygen, nitrogen and atoms of sulfur dioxide
as active centers; high solubility in the acid, produce toxic effects; relatively
cheap [2]. The molecules of adenina have small size and a flat ideal structure
which makes the electronic effects will be much more important and sterical
effects to be omitted. It also has the properties of low basic [6].

Adenine is relatively an easy and cheap product with a purity of less
than 99 %. Being non-toxic and biodegradable the investigation of its properties
of inhibition is more important in the context of the production of inhibitors
"green™ or harmless for the environment. This has been studied as inhibitor to
corrosion of stainless steel 304L in solution of hydrochloric acid. Corrosive
environments have been prepared from a stock solution of sodium chloride and
hydrochloric acid solution 1 mol L. Adenina was being dissolved in a
concentration in the range of 0,1-10 mmol L™ in solutions of HCI 1.0 mol L™
(pH 1,5). For each experiment were used freshly prepared solutions. The study
of the degree of Tafel polarization has shown that adenina acts as a mixed
inhibitor. The effectiveness of the inhibition increased in direct proportion with
the concentration of adenina. The adsorption of the adenine it has been
demonstrated that appears on the surface of the stainless steel 304L IS
according to Langmuir izoterm [6].

Norfloxacin and ciprofloxacin have been used as inhibitors of corrosion
to protect the stainless steel 304 in solution of NaCl 1,5%. The results obtained
from an analysis of the effect of the inhibitor by electrochemical methods and
by potentiodinamic polarization have shown that these compounds are very
good corrosion inhibitors and the highest performance has been recorded at
concentration of 1800 ppb. The potentiodinamic curves have indicated that they
are anodic corrosion inhibitors [5].

In numerous studies, drugs were investigated as inhibitors of corrosion
for different substrate, using the electrochemical measurements associated with
different techniques of examination and analysis of the surface: SEM, XPS,
optical microscopy. Studies have the purpose of reintroduction into the circuit
under different forms of drug with time expired, such as: sulfacetamide [7, 8];
sulfathiazole [9, 10]; aminophylline [11]; quinine [12]; trimethoprim [13];
ampicillin  [2, 14]; trihydrate [14]; cephalexin [15]; ciprofloxacin and
norfloxacin [5, 16]; doxycycline [17]; eritromicinin [18]; streptomycin [19, 20];
rodanina [21]; metronidazole [22].

This work presents the testing of the bioactive compound metronidazole
in various concentrations as corrosion inhibitor for 304L stainless steel in
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different environments: HCI 1.0 mol L™ and NaCl 1.0 mol L™ followed by a
comparative study of steel behaviour in solutions containing aminoacids and
acetic acid.

2. MATERIALS AND METHODS
2. 1. Materials

304L stainless steel plates (area 2.0 cm?) with the composition: 10-12 %
Ni; 18-20 % Cr; 1-2 % Mn, the remaining is iron were submitted to corrosion
in: 1.0 mol L™ HCI solution; 1.0 mol L™ NaCl solution; Aminosteril and 1.0
mol L™ acetic acid. The Aminosteril composition is given in Table 1. This steel
is used for the manufacture of packaging of food storage (canned); and in some
cases a bioimplant.

Metronidazole (MNZ) form part of the group of drugs called anti-
infectious agents used in the treatment of some infections caused by micro-
organisms susceptible to metronidazole (bacteria, parasites), such as: -
amoebiaza (infection caused by a parasite), - tricomoniaza peritonitis (urinary
tract infections or genital organs determined by a parasite called Trichomonas) -
vaginits (genital women infections determined by bacteria), - giardiasis
(parasitic infection), - the treatment of the curative infections medical-surgical
by anaerob sensitive germs, - in the prevention of infections that appear during
surgical operations with the molecular structure (Fig. 1).

Figure 1. The molecular structure of the metronidazole

Table 1. The Aminosteril composition

Compound C(Lh

L-isoleucine (2-amino-3-methylpentanoic acid) 10.40
L-leucine (2-amino-4-methyl-pentanoic acid) 13.09
L-lysin 6.88
L-cysteine (a-amino-B- Thio-propanoic acid) 11
L-methionine (2-amino-4- (methiltio) butanoic acid) 0.52
L-phenylalanine (2-amino-3-phenylpropanoic acid) 0.88
L-threonine (2-amino-3-hydroxybutanoic acid) 4.4
L-tryptophan 0.70



L-valine (2-amino-3-methylbutanoic acid) 10.08

L-arginine (2-amino-5-guanidinopentanoic acid) 10.72
L-histidine (2-amino-3- (1H-imidazol-4-yl) propanoic acid) 2.8
Glycine (aminoetanoic acid) 5.08
L-alanine (2-amino-propanoic acid) 4.64
L-proline (pyrrolidine-2-carboxylic acid) 5.73
L-serine (2-amino-3-hydroxypropanoic acid) 2.24
glacial acetic acid 4.42
2.2. Methods

2.2.1. Electrochemical measurements

The potentiodinamic polarization has been carried with a potential scan
rate of 1.0 mV s™, after immersion time of electrodes at open circuit of 4.0
minutes. Thus, it has been determined the corrosion current density (icorr) and
the polarization resistance (Rp) for 304L stainless steel corroded in different
solutions, as follows: 1.0 mol L™* HCI and 1.0 mol L™ NaCl blank solutions and
in 1.0 mol L* HCI and 1.0 mol L* NaCl solutions containing various
concentrations of metronidazole: 0.2 mmol L™; 0.4 mmol L, 0.6 mmol L™ 0.8
mmol L? and 1.0 mmol L?, as well as in 1.0 mol L CH;COOH and
Aminosteril. The electrochemical measurements were performed using a
potentiostat/galvanostat Volta Lab 40 with VVoltaMaster 4 software. A standard
electrochemical cell with three electrodes was used: a work electrode made
from 304L stainless steel; an auxiliary electrode of platinum; a reference
electrode of Ag/AgCl [23].

2.2.2. The optical microscopy

The morphology of the electrode surfaces of stainless steel 304L, before
and after the corrosion in the solutions: 1.0 mol L™ HCI; 1.0 mol L™ NaCl; 1.0
mol L? CH3;COOH and Aminosteril has been examined by means of a
metallographic microscope, type Euromex with Canon camera and included
software [23].

3. RESULTS AND DISCUSSION

3.1. The corrosion inhibition of 304L stainless steel in hydrochloric acid
solution

The potentiodinamic polarization curves are presented in Fig. 2. It
should be noted that: (i) in presence of MNZ the curves of polarization are
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moved in the positive direction and lowest areas of current; (ii) the corrosion
potential (Ecor) Moves in the positive direction; this is associated with the
decrease of the current density (icor) and with the increasing of polarization
resistance (Rp); (ii) thus, MNZ behaves like a corrosion inhibitor for 304L
stainless steel acting by adsorption on the surface of the alloy [23].

1. HCI Blank; 2. 0.2 mM MNZ; 3. 0.4 mM MNZ;
4.0.6 MM MNZ; 5. 0.8 MM MNZ; 6. 1.0 mM MNZ

15 - - 2.5
R
g 0.5 - - F2 o
£
£ 051 | 1.5 %
S -15 - A
o
25 - L 0.5
12 (Y
-35 , , , 0

-0.7 -0.6 -0.5 -04 -0.3
E/V vs Ag/AgCl

Figure 2. The potentiodinamic polarization curves recorded for stainless 304L
steel corroded in 1.0 mol L™ HCI solution, without and with MNZ [23]

The electrochemical parameters were determined using the software
VoltaMaster 4, being listed in the Table 2. The inhibition efficiency (EIl %) has
been determined using the relationship 1.

__ cor cor
E| = —io XlOO (1)

where % is the corrosion current density for solution without inhibitor and
icorr IS the corrosion current density for the solution containing the MNZ.



Table 2. The electrochemical parameters and efficiency of inhibition calculated
for 304L stainless steel corroded in 1.0 mol L™ HCI solution, in the absence and
in the presence of the MNZ, at room temperature [23]

Nr. C-MNZz/ Eco/ mV icor/ Ry/ El %
-1 -2 2 0
crt.  mmol L vs. Ag/AgCl HA cm Q cm
1 0 -522.2 58.6 39.4 0
2 0.2 -497.3 46.0 43.9 215
3 0.4 -470.5 30.0 44.0 48.8
4 0.6 -471.1 25.7 49.6 56.2
5 0.8 -457.9 25.4 61.3 56.7
6 1.0 -456.6 20.0 76.2 65.9

from Table 1 it can be observed that: (i) if the concentration of corrosion
inhibitor increases the corrosion current decreases while the polarization
resistance increases; (ii) the same trend of IE is observed reaching a value of
65.9 %, at a concentration of MNZ of 1.0 mol L™.

3.2. Corrosion of 304L stainless steel in NaCl 1.0 mol L*solution

The behaviour of 304L stainless steel in NaCl 1.0 mol Lsolution
without and with MNZ was determinated by recording the polarization curves
followed by their processing as semilogarithmic anodic and cathodic curves. As
in the previous case, corrosion current density was calculated at intersection of
Tafel lines at corrosion potensial [23]. As shown in Fig. 3, the following
characteristics of polarization curves may be observed: the curves polarization
were moved in the positive direction; this movement is dependent by the
concentration of the inhibitor; it is noted that for concentrations of 0.4 mol L™
and 0.6 mol L™ curves are overlayed, the same phenomenon was also observed
for MNZ concentrations of 0.8 mol L™ and 1.0 mol L™; on the curve obtained
for the concentration of 0.2 mol L™ MNZ are not observed significant changes
of the two processes, anodic and cathodic; MNZ concentrations less affects the
corrosion of 304L stainless steel in NaCl compared to that took place in HCI
solution, the corrosion current and the polarization resistances having close
values; corrosion current reaches the values between 8.0 and 10.0 ]ZJA cm™ and
the polarization resistances values ranged from 4.39 to0 5.11 kQ cm” [23].
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Figure 3. The polarization curves recorded for 304L stainless steel corroded
1.0 mol L™ NaCl solution, in the absence and in the presence of the MNZ [23]

Consequently, MNZ is an inhibitor less efficient for corrosion of 304L
stainless steel in solution of NaCl. This can be explained by the appearance of
a passive layer to the alloy/electrolyte interface which reduces the oxidation
processes, even in the absence of the inhibitor. The phenomenon can be
associated with spontaneous passivation of 304L stainless steel in NaCl
solution.

3.3. The comparative study on the corrosion behaviour of 304L stainless steel
corrosion in different types of environments

The study was carried out in 1.0 mol L™ acetic acid solution and in
Aminosteril that contains acetic acid as pH-stabilizer. The results were
compared with those were obtained in the HCI and NaCl solutions. The
polarization curves are shown in Fig. 4. It can be observed that, in the 1.0 mol
L™ HCI solution the corrosion is the most intense, much afterwards NaCl. In
acetic acid, the stainless steel has reduced susceptibility, corrosion current
having a value of 6.0 pA cm™ and the polarization resistance value reaching a
value of 10.4 kQ cm?. In the presence of Aminosteril, the corrosion potential
was shifted in the negative direction influencing both processes, anodic and
cathodic, without significantly change of the value of the current corrosion, in
relation to the one obtained in acetic acid solution and in NaCl solution. Thus,
corrosion of 304L stainless steel in environments are concerned varies as
follows: HCI > NaCl > CH3;COOH > Aminosteril. These results show that this
steel has a resistance to corrosion very good in studied solutions [23].
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Figure 4. The polarization curves obtained for the 304L stainless steel in: 1.0
mol L™ HCI solution; 1.0 mol L™* NaCl solution; 1.0 mol L™* CH;COOH
solution; Aminosteril [23]

3.4. Optical microscopy

In order to support the commented above, the samples of 304L stainless
steel were analyzed by optical microscopy (Fig. 5).

Figure 5. The optical images for 304L stainless steel: a - standard sample; b -
after corrosion in HCI; ¢ - after corrosion in NaCl; d - after corrosion in acetic
acid; e - after corrosion in Aminosteril [23]
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Fig. 5b pointed the steel corrosion very intense in HCI with the
formation of cavities and significant modification of the morphology of the
surface. In NaCl (Fig. 5c), the steel surface is covered by a protective thin layer,
the morphology of the surface being easily changed compared with the standard
(Fig. 5a). In acetic acid (Fig. 5d), the surface characteristics are almost
unchanged, no items who can reveal points of corrosion which would affect the
overall texture or the morphology. In Aminosteril (Fig. 5e) is a record the
formation of a film with a folded appearance, but the uniformity or its stability
in time could not be discussed [23].

4. CONCLUSIONS

Metronidazole has been investigated as corrosion inhibitor for 304L
stainless steel following solutions: 1.0 mol L™ HCI; 1.0 mol L™ NaCl; 1.0 mol
L™ CH3COOH and Aminosteril, using the potentiodynamic polarization and
optical microscopy.

The MNZ presence in 1.0 mol L™ HCI solution highlighted the
increasing of polarization resistance and subtracting the corrosion current with
the increase in the concentration of MNZ.

The MNZ concentration less affects the corrosion of 304L stainless steel
in NaCl compared with that in the HCI solution, corrosion current and the
polarization resistance having regard value close to those obtained in the blank
solution. Thus, MNZ is an inhibitor less efficient for corrosion of 304L stainless
steel in solution of NaCl. This can be explained by the appearance of a passive
layer to the alloy/electrolyte interface which reduces the oxidation processes
even in the absence of the inhibitor.

The corrosion resistance of 304L stainless steel in the four environments
varies as follows: HCI > NaCl > CH3;COOH > Aminosteril.

The potentiodinamic polarization indicated that the MNZ in 1.0 mol L™
HCI solution and 1.0 mol L™ NaCl solution acts as an inhibitor anodic and in
solution of aminosteril MNZ is a mixed inhibitor suppressing both processes:
anodic and cathodic. In acetic acid steel has reduced susceptibility.

The optical images have shown significant modification of the
morphology of the area in the case of the sample corroded in HCI, in NaCl
surface morphology is slightly different from that of the standard sample. In
acetic acid surface characteristics are almost unchanged, no items that
highlights the corrosion spots which would affect the overall texture or the
morphology. In Aminosteril is recorded the formation of a film with folded
aspect.
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Abstract

We have prepared and tested for acid phosphatase activity a proteic extract
from wheat bran. The pH-activity profile of acid phosphatase pointed out an
optimal value at 4.8, and the parameters inferred from the Michaelis-Menten
kinetic study were: Vima= 42.32 pmol L™ min™ and Ky=0.8 mmol L™. Acid
phosphatase activity was inhibited by phosphate and molybdate, resistant to
tartrate and rather activated by zinc cations, at concentrations of 1 mmol L™
The inhibitory effect of some fluoride containing personal care products
indicated that acid phosphatase from wheat bran is also fluoride-sensitive.

Keywords: acid phosphatase; wheat bran; enzyme kinetics and inhibition

1. INTRODUCTION

The design of enzyme inhibitors for various applications is based on the
screening of a library of molecules, in terms of inhibitory effect on the enzyme
of interest. The starting point of our study was an experiment conducted with
our students, using acid phosphatase from wheat bran as target enzyme [1].
Non-specific phosphatases with optimal acidic pH (EC 3.1.3.2) are apparently
ubiquitous throughout the living world. Studies on mammalian acid
phosphatase were driven by the observation that disruption of their activity
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correlates with pathological conditions [2]. These enzymes are involved not
only in phosphate acquisition but are also acting as part of important regulatory
and signaling processes. Although numerous studies refer to the enzymes found
in animals and plants [2-5], there is also evidence for acid phosphatase activity
in fungi [6] and bacteria [7]. Phosphatases catalyze the hydrolysis reaction of
orthophosphoric monoesters (scheme 1) having either small or high molecular
mass:

Orthophosphoric monoester + H,O — alcohol + H3PO, (Scheme 1)

Being a large and diverse group of enzymes, phosphatases are difficult
to grasp in a simple classification scheme; they can be classified according to
several criteria [2, 5]. In terms of substrate specificity, there are non-specific
phosphatases that can dephosphorylate a wide range of substrates, and
phosphatases strictly specific for certain phosphorylated small molecules or
side chains of amino acids in proteins (i.e. Ser, Tyr and Thr). Non-specific
phosphatases are further divided according to the optimum pH for their action
in vitro, as acidic or alkaline. Another criterion for phosphatases classification
is the catalytic mechanism. Phosphatase-catalyzed hydrolysis of phosphoric
monoesters occurs in certain cases with the formation of a covalent enzyme-
substrate intermediate, by transferring of the phosphate group from the
substrate to a cysteine (Cys) or histidine (His) residue in the active site of the
enzyme. In other cases, catalysis is assisted by metal cations in enzyme’s
structure. Acting as Lewis acids, structural cations aid catalysis by activating of
a water molecule that will accept the phosphate leaving group from the
substrate [8].

The aim of our study was to characterize the acid phosphatase activity of
a proteic extract from wheat bran in terms of optimum pH, kinetic parameters
and preliminary testing for enzyme inhibitors.

2. MATERIALS AND METHODS
2.1. Materials

Analytical grade reagents from Sigma-Aldrich, Roth or Merck were
used for all solution preparation. Wheat bran and personal care products were
purchased from the local stores.
2.2. Methods

2.2.1. Enzyme extraction and assay
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Wheat bran was suspended in 0.1 mol L CH;COOH-CH;COONa
buffer, pH 5.0, at 1:5 (m/V) ratio. The suspension was kept at room temperature
for 2 hours, and stirred from time to time. Large, insoluble material was
removed by filtration through several layers of cheesecloth. The filtrate was
centrifuged at 10,000 rpm and 4°C for 10 minutes, in a refrigerated Sigma K-
216 centrifuge. The obtained supernatants were used to assess phosphatase
activity with optimum pH in the acidic range, without further purification
(crude extract).

Acid phosphatase activity was assayed using p-nitrophenyl phosphate
(pNPP) as a substrate, at pH 5 and 25°C [9]. In this method, the colourless
product, p-nitrophenol (pNP), released by substrate hydrolysis, turns into the
yellow-coloured p-nitrophenolate when the reaction is stopped by alkalinisation
with NaOH. Each sample was accompanied by a blank with the same
composition, except that enzyme extract was added after the NaOH solution.

Absorbances of the samples and blanks, recorded at 410 nm, were
transformed in concentrations using a standard curve obtained with pNP. Acid
phosphatase activity was expressed in units per mL (U mL™), one unit
representing the enzyme quantity that releases 1 umol of pNP per minute. Total
soluble protein content of the extract was assayed using the Bradford method
[10], with bovine serum albumin as standard. All the absorbance measurements
were done with a Varian Cary 50 UV-Vis spectrophotometer.

2.2.2. pH-optimum for wheat bran acid phosphatase activity

In order to assess the effect of pH on enzyme activity, p-NPP hydrolysis
was carried out in 0.1 mmol.L* CH;COOH-CH;COONa buffer solutions with
pH ranging from 3.6 to 5.6, while substrate and enzyme concentrations were
kept constant. The amounts of p-NP released at each of the tested pH values
were assayed as described above, and reaction rate was calculated using
equation 1.

v anol L_l min‘l) — [pNP]sample - [pNP]blank

t 1)

where: [pPNP]sample @nd [pPNP]oiank represent product concentration in the sample
and blank respectively, and t is the reaction time. The results were plotted (v vs.
pH) and pH optimum was inferred from nonlinear regression of the data.
2.2.3. Screening for potential inhibitors of wheat bran acid phosphatase

The substances we have tested as potential inhibitors of wheat bran acid
phosphatase were: NaOOC(CHOH),COONa (sodium tartrate), Na,MoO,
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(sodium molybdate), 2-(OH)C¢H,COOH (salicylic acid), ZnCl; (zinc chloride)
and EDTANa; (ethylenediaminetetraacetic acid disodium salt). The tests were
performed at two different concentrations of the substrate (p-NPP), 0.41 mmol
L™ and 4.1 mmol L™, respectively, while inhibitor’s concentration in the assay
mixture was 1 mmol L™. All the samples were accompanied by controls, where
distilled water was added instead of the test solution.

We have also tested the inhibitory effect of certain personal care

products presented in Table 1. To this end, 0.5 g solid product or, where
applicable, 1 mL liquid product was brought to 10 mL with distilled water. The
obtained suspension was shaken in order to dissolve the soluble components,
while the insoluble ones were removed by centrifugation [1]. The supernatants
were decanted and used for the inhibition tests, 0.5 mL per sample at a final
volume of 3 mL. Substrate concentration in the samples was 0.41 mmol L™ at a
constant enzyme quantity (0.1 mL crude extract) and reaction time (5 min).
For all the tests, reaction rate was calculated as described above and the
obtained results were used to infer the relative rate of reaction in the presence of
the tested substances compared to control (v,, Equation 2), as well as the degree
of inhibition of phosphatase reaction (I, Equation 3).

v
v, (%) = 100 x —2pte
Veontrol (2)
] (%) =100 % Veontrol — Vsampie
Veontror (3)

2.2.4. Kinetic study of the reaction catalysed by wheat bran acid phosphatase

Wheat bran acid phosphatase-catalysed hydrolysis of p-NPP was carried
out at pH 5 and substrate concentrations varying from 0.133 mmol L™ to 8.33
mmol L™, at constant enzyme concentration, either in the absence (control) or
the presence of certain inhibitors. The experimental setup remained unchanged
compared to control, except for the presence of the inhibitors.

Reaction rates calculated as previously described were plotted vs.
substrate concentration, and the Kkinetic parameters: Ky (the Michaelis
constant), Vmax (the maximal reaction rate) and the inhibition constant (K;) were
inferred from nonlinear regression of the data [11].
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Table la. Personal care products screened as wheat bran acid phosphatase

inhibitors: dental care products

Categories

Product type

Specifications & ingredients

Dental
care
products

Toothpaste

Toothpaste

Toothpaste

Toothpaste

Mouthwash

Medicinal; aqua, hydrated silica, sorbitol, silica,
disodium phosphate, PEG-32, poloxamer 188,
tetrapotassium  pyrophosphate, sodium lauryl
sulfate, aroma, cellulose gum, sodium fluoride
(1357 ppm), titanium dioxide, aluminium lactate,
sodium saccharin, methylparabene, propylparabene,
eugenol, limonene.

Complete protection for sensitive teeth; agycerin,
PEG-8, hydrated silica, calcium sodium phosphate,
aroma, sodium lauryl sulfate, sodium
monofluorophosphate 1.08% w/w (1450 ppm F),
titanium dioxide, carbomer, sodium saccharin,
eugenol, limonene.

Helps gum stop bleeding; sodium bicarbonate,
aqua, glycerin alcohol, cocamidopropyl betaine,
Krameria triandra extract, Echinaceea purpureea
flower/leaf/stem juice, aroma, xanthan gum,
Chamomilla recutita extract, Commiphora myrtha
extract, sodium fluoride 0.31% w/w (1400 ppm F"),
sodium saccharin, sodium benzoate, Salvia
officinalis oil, Mentha piperitha oil, Mentha
arvensis oil, limonene, linalool, CI 77491.

Total protection, pro gum health; aqua, hydrated
silica, glycerin, sorbitol, PVM/MA copolymer,
sodium lauryl sulfate, aroma, CI 77891, cellulose
gum, sodium hydroxide, sodium fluoride (1450
ppm F), carrageenan, sodium saccharin, triclosan,
limonene.

Long lasting sensitivity protection; aqua, glycerin,
sorbitol, potassium nitrate (3% w/w), PEG-60
hydrogenated castor oil, poloxamer 407, sodium
benzoate, aroma, disodium phosphate,
methylparaben, propylparaben, sodium phosphate,
sodium fluoride 0.048%w/w (217 ppm), sodium
saccharide, C142090.
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Table 1b. Personal care products screened as wheat bran acid phosphatase

inhibitors: soaps and detergents

Categories  Product type

Probe
number

Ingredients

Liquid soap

Liquid soap

Soaps and
detergents
Liquid soap

Liquid soap

Dishwash
liquid

10

Aqua, sodium laureth sulfate, sodium chloride,
cocamidopropyl betaine, cocamide DEA, parfum,
limonene, glycerin, citric acid, linalool, sodium
benzoate, benzophenone-4, methyl-
chloroisothiazolinone, magnesium nitrate,
magnesium chloride, methylisothiazolinone,
Cl15985, C119140.

Alcohol, glycerin, lauril glucoside, Punica
granatum extract, xanthan gum, Butyrospermum
parkii butter, sodium ceterayl sulfate, sodium
cocoyl glutamate, disodium cocoyl glutamate,
tocopherol, Helianthus annuus seed oil, perfume,
linalool, limonene, geraniol

Aqua, sodium laurethyl sulphate, cocamide DEA,
sodium  chloride, cocamidopropyl betaine,
glycerin,  phenoxiethanol, methylparaben,
buthylparaben, perfume, PEG-7-glyceryl cocoate,
2-bromo-2-nitro, 1,3-propanediol, citric acid,
citronellol, linalool, C114720.

Aqua, sodium C12-13 pareth sulfate, sodium
laureth sulfate, cocamidopropyl betaine, sodium
chloride, cocamide MEA, perfume, sodium
salicylate, sodium benzoate, poliquaternium-7,
styrene/ acrylates copolymer, citric acid,
tetrasodium EDTA, sine adipe lac, Aloe
barbadensis leaf extract, Olea europea oil,
limonene, linalool.

5-15% anionic surfactants, <5% nonionic
surfactants, benzisothiazolinona, phenoxyethanol,
perfume, hexil cinnamal, limonene.

2.2.5. Ky, Vmax and K; calculation

Vmax and Ky were determined by measuring the reaction rate at various
concentrations of the substrate, considering that the enzyme operates according
to the Michaelis-Menten model described by Equation 4:

Vinas-S]
YT K + 151

(4)

We have also calculated the same parameters using the double-
reciprocal Lineweaver-Burk plot (Equation 5):
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Non-linear regression of the kinetic data inferred from the inhibition
tests were used for the apparent kinetic parameters (Ky™, Vmax") calculation
and inhibition type identification, as well as for K, calculation. A more general
form of the Michaelis-Menten equation for reversible inhibition was used, that
accounts for both El and ESI complexes formation (Equation 6), assuming that
the inhibitors may bind both the free enzyme (E) and the enzyme-substrate
complex (ES):

S VoarlS]_ (/@[S
aKy + &'[S]  (a/a YKy + (5] (6)

where o and o’ are modifying factors depending on both inhibitor’s
concentration [1] and inhibition constants, as it follows (Equation 7 and 8):

0= 1+m
Ki (7

[/]

o = —
1 +Kz' ®)

K, and K;’ represent the dissociation constants of EI and ESI, respectively.
Thus, a=a’=1 for the uninhibited enzyme, o>1 for competitive inhibition
(increased Ky®® values), o’>1 for uncompetitive inhibition (decreased Ky*"
and Vima*® values), while mixed type inhibition is characterised by both o and
o’ values greater than 1 (decreased Vma"; Km™ may increase or decrease)
[12].

3. RESULTS AND DISCUSSION
3.1. pH-activity profile of wheat bran acid phosphatase

Protein concentration in the wheat bran crude extract was 80 pug mL™
and acid phosphatase activity with p-NPP as substrate was 800 mU mL™, i.e 10
U mg™ protein. The reaction rate of enzyme-catalysed p-NPP hydrolysis was
plotted vs. pH values ranging from 3.6 to 5.6, yielding a bell-shaped curve with
a maximum at 4.8 (Figure 1). Enzyme activity sharply decreased at pH values
below 4.4 and above 5.6, as suggested the symmetric shape of the nonlinear
regression of the data (gaussian, R* = 0.9866). Thus, one can conclude that
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wheat bran acid phosphatase is active in a narrow pH domain centred on value
4.8. This pH-activity profile of the enzyme might be correlated with a role of
acid phosphatase in phosphorus mobilisation as phosphate, during germination,
and 1s suggestive for enzyme’s localisation within the vacuole.

50
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401 | gaussian regression g

TE ® ®
£ 30~
‘T_I
©
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Figure 1. pH-activity profile of wheat bran acid phosphatase

3.2. Results of the screening for potential inhibitors of wheat bran acid
phosphatase

The catalytic activity of an enzyme depends on its three-dimensional
architecture, on the amino-acid side-chains and prosthetic groups present at the
active site, that are involved in substrate binding and transformation, as well as
on the existence of other specific sites that can bind different allosteric
effectors. Thus, any substance or form of energy that affects an enzyme’s native
conformation or hinder somehow the productive substrate binding would
diminish its catalytic efficiency. The obtained results of the screening for
phosphatase activity inhibitors (section 2.4) are presented in table 2.

Among the tested substances in this experiment, only molybdate has
shown an appreciable inhibition of wheat bran acid phosphatase activity. Whith
1 mmol L™ sodium molybdate, the degree of inhibition was 80% compared to
control at substrate’s concentration of 0.41 mmol.L ™, but decreased to 63%
when substrate concentration increased 10 times. Attenuation of the inhibition
at growing concentrations of the substrate is characteristic for competitive
inhibition. Thus, our data suggested that molybdate acted as a competitive
inhibitor. In the other cases, rather than the expected inhibition, an activation of
acid phosphatase was observed.
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Table 2. Relative reaction rate (v;) for p-NPP hydrolysis catalysed by wheat
bran acid phosphatase, in the presence of certain substances tested as potential
enzyme inhibitors.

C_ Vr/ %
Probe inhibitor/ pNPP pNPP
mmol L 0.41 mmol L 4.1 mmol L*
Control 0 100.00 100.00
NaOOC(CHOH),COONa 1 112.68 134.17
Na,MoQO, 1 19.74 36.90
2'(HO)C¢H4CO2H 1 106.70 269.77
ZnCl, 1 135.17 156.87
EDTANa, 1 175.40 123.02

Another substance we have tested was salicylic acid, whose structure
contains the phenylen moiety also present in pNPP, the substrate widely used
for phosphatases assay. Thus, is expected that the benzene ring to match the
active site of acid phosphatase. For example, literature data presented salicylic
acid as the starting point for the synthesis of a library of inhibitors targeting
protein tyrosine phosphatase SPH2 as anti-cancer and anti-leukemia therapy
[13]. However, efficient and specific inhibitors must target not only the
catalytic site of an enzyme, but also adjacent and peripheral sites. It appears that
solely the presence of a benzene ring is not enough for a tight binding at the
active site. Also, the catalytic mechanism of the abovementioned protein
phosphatase may be different from that of wheat bran acid phosphatase.

As for the personal care products, the results showed that, in the tested
amounts, they had, without exception, a strong inhibitory effect, over 40%, on
phosphatase activity (Table 3).

Considering the ingredients of the tested dental hygiene products (Table
2a), we have noticed that all of them contained fluoride, mostly as NaF. Like
molybdate and wolframate, fluoride (F’) is a strong nucleophile that may bind
to the active site of a metalohydrolase, inhibiting its action [4, 5, 8]. The
hypothesis that fluoride was at least in part responsible for the inhibitory effect
of the products presented in table 1a is consistent with the observation that
among the dental care products, the one having the lowest fluoride content had
also the lowest inhibitory effect in the screening.
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Table 3. The degree of inhibition, I, of wheat bran acid phosphatase activity
inferred from the screening of personal care products

- ) v/ I/
Significance Variant mmol min- L %
H,O Control (-) 11.44 0
KH,PO,3mmol L™  Control (+) 7.37 35.55
Toothpaste 1 0.48 95.79
Toothpaste 2 0,53 95.38
Toothpaste 3 3.35 70.74
Toothpaste 4 0.8 93.03
Mouthwash 5 4.89 57.23
Liquid soap 6 0.48 95.77
Liquid soap 7 2.17 81.03
Liquid soap 8 2.9 74.64
Liquid soap 9 0.53 95.38
Dishwashing liquid 10 0.68 94.07

Various phosphates are also among the common ingredients in
toothpaste formulations. As inorganic phosphate is one of the end-products of
phosphatase-catalysed reaction, it is part of enzyme’s substrate and has a
complementary shape with a region in its active site. Thus, phosphate may
competitively bind to the active site of acid phosphatase, inhibiting its activity.
In fact, competitive inhibition by phosphate is well-documented for various
types of phosphatases [14].

The observed effects in the experiments with soaps and detergent (Table
2b) could be ascribed to the presence of significant amounts of surfactants that
may destabilize or distort the native conformation of the enzyme, acting rather
in an unspecific manner in the given conditions. Repeating the experiments at
higher dilutions of these products could bring more information. It’s also
important to keep in mind that all the tested products were mixtures of
substances which may cause interactive effects, e.g cooperativity, as observed
by Qin et al. in case of fluoride and phosphate binding at Mg“* in enolase’s
active site [15].

We continued with the phosphatase inhibitors quest by testing the
inhibitory effect of the screened products on a wider range of substrate
concentrations, while enzyme’s concentration remained constant (section 2.5).
We have formally ascribed the concentration 1 mmol L™ to the ‘inhibitory
cocktails’ derived from the personal care products (section 2.4), as was the
concentration of KH,PO, considered as positive control for the kinetic study of
enzyme inhibition. By doing so, we had the possibility to compare the effects of
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the probes within the inhibition kinetic study. The obtained results are presented
in figure 2 and table 3.

Data on the effect of 1 mmol L™ KH,PO, on acid phosphatase activity
pointed out an increase of Ky, value compared to control, while Vax didn’t vary
significantly (table 3). Such an effect is characteristic for competitive inhibition,
being consistent with the expected response and literature data. As regards the
experiments with personal care products, it is obvious that both the Ky and
Vmax Values significantly varied compared to control, suggesting that a mixed-
type inhibition effect occurred (table 3). This assumption is also sustained by
the Lineweaver-Burk plots where the linear regressions of Kkinetic data
intercepts are between the axes rather than on the axes (1/c or 1/v).

The value of the calculated competitive inhibition constant (K,) for
KH,PO, is quite high (in the millimolar range), a possible explanation being
that the experiments were carried out with crude enzyme extracts that might
contain substances with protective effect for enzyme activity. However,
comparing the values of K, and K,’, the non-competitive inhibition is ruled out
as the latter is 15 folds greater than the former.

Taking into account that K; meaning is generally comparable with 1Csp,
both representing the concentration that leads to 50% inhibition of the tested
parameter it is hard to imagine the physiological efficiency of an inhibitor at
such a high concentration. In terms of physiological signification, the
competitive inhibition exerted by the reaction products is a feedback loop that
equilibrates production with demand, avoiding wastage.

Table 3 Kinetic parameters inferred from the nonlinear regressions of the data
(ligand binding type, one parameter, R?>0.96) for acid phosphatase reaction in
the presence of selected inhibitors from the preliminary tests with personal care
products (Table 1, a and b). For comparison, data on phosphatase activity in the
absence of inhibitors, as well as in the presence of 1 mmol L™ KH,PO, are also
presented.

KH,PO,  toothpaste toothpaste liquid soap  liquid soap

control  1mol L™ 1) (3) (8) 9)
Vmax/
pmol L' min® 4232 40.97 9.01 36.36 11.49 12.95
Kw/ mmol LY 0.80 1.15 3.11 1.86 2.14 0.48
K,/mmol L™ - 2.06 0.06 0.59 0.11 1.06
K,/mmol L™ - 30.35 0.27 6.10 0.37 0.44
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Figure 2. The Michaelis-Menten (a) and Lineweaver-Burk (b) plots for pNNP
hydrolysis catalyzed by wheat bran acid phosphatase, for certain probes from

the enzyme inhibition screening with personal care products (table 1, a and b)
and KH,PQ, as positive control
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4. CONCLUSIONS

Acid phosphatase activity from wheat bran has an optimum pH at 4.8,

sugestive for the location of the enzyme within the vacuole of the aleurone cell
layer in wheat grain, as well as for a role in phosphate mobilisation during
germination. Kinetic study of wheat bran acid phosphatase revealed a maximum
reaction rate of 42.32 pmol L™ min™ and a Michaelis-Menten costant of 0.8
mmol L™ for p-nitrophenylphosphate as a substrate. KH,PO, was confirmed as
a competitive inhibitor of phosphatase activity, with a K, value of 2.06 mmol L
! Other substances that inhibited phosphatase activity were sodium molybdate
and probably fluoride (in the toothpastes formulations).
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Abstract
The development of corrosion protection systems for metallic substrates has

been extensively investigated. In this work the composite coatings based on
Sn/CeO, were prepared by electrodeposition on carbon steel surface from acidic
bath containing sulfacetamide (SA), as a new additive. Scanning electron
microscopy (SEM) was used to observe the surface morphology of deposits.
The corrosion resistance of composite coating in 0.1 mol L™ HCI solution was
studied by potentiodynamic polarization and electrochemical impedance
spectroscopy (EIS). Corrosion current (icorr) measurements and charge transfer
resistance (R¢) values reveal the increased corrosion resistance and maximum
protection of carbon steel surface.

Keywords: electrodeposited coating; metal matrix composite; cerium oxide;
corrosion resistance
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1. INTRODUCTION

The corrosion in pipes, pumps, turbine blades, coolers, water heaters,
and other systems made of carbon steel causes enormous industrial expenses
due to production downtime, accidental injuries, and replacement costs. The
steel is an important metal in industrial applications, but it can be corroded in
aqueous solutions, such as hydrochloric acid, because the CI ions significantly
promote the corrosion process [1-4]. For this reason, protection of metal
surfaces against corrosion using effective methods involving inhibition or
electrodeposition of coatings is necessary [1-8]

The composite material can be described as a mixture of materials
specially designed for satisfying certain technological requirements, improving
the desired properties of the components and reducing the undesirable
properties of the same materials.

The development of composite materials has been extensively
investigated in recent years. The combination a wide variety of compositions
and production processes had permitted the use of these materials in different
applications like coatings for corrosion protection of metals, abrasion resistant
coatings and for repair and rehabilitation of concrete structures [9-13]. The
metal matrix composite materials is an area of great interest, the composite
layers providing superior electrical, optical, magnetic, mechanical, physical and
chemical properties (e.g. excellent wear resistance and corrosion resistance) [5-
12, 14].

Different compounds such as: SiC [15, 16], CeO2/Al,03/Y,03[6, 17-19]
have been co-electrodeposited with nickel. Tin matrix was also used to obtain
the effective protective composite coatings with Al,O;3 [20] and
Zr0.74Y0.16T10.1002-5 [9].

The aim of this work was to investigate the surface chemistry and
corrosion resistance of composite coatings based on Sn/CeQO,; these were
electrodeposed on carbon steel surface from acidic bath, containing 102 mol L™
sulfacetamide, IUPAC name N-[(4-aminophenyl) sulfonyl] acetamide (SA), as
additive. The choice of SA, as additive, is based on the fact that it acts as
corrosion inhibitor for carbon steel in acidic media [4] by suppressing
simultaneously the cathodic and anodic processes, via adsorption on carbon
steel surface [4]; anodic dissolution and cathodic hydrogen evolution reaction
were both inhibited by this inhibitor through merely blocking the reaction sites
of carbon steel surface [4]. Therefore, SA inhibits the formation of iron
corrosion products which may infest the composite coating, during
electrodeposition process. Moreover, SA is a sulfa drug which was healthy
reported and very important in biological reactions (environmentally friendly);
it acts as antimicrobial agents by inhibiting bacterial growth; it is easily soluble
in water.
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2. MATERIALS AND METHODS
2.1. Materials

The composite coating was electrodeposited on carbon steel surface,
with the following composition: C = 0.1%, Mn = 0.5%, P = 0.025%, S =
0.025%, Fe remainder. The electrolyte bath for composite electrodeposition
was prepared using 0.1 mol L™ HCI solution containing 0.25 mol L™ SnCl,,
10 mol L™ sulfacetamide (SA), as additive, and 2 g L™ CeO, powder. All
reagents were obtained from Fluka.

2.2. Methods
2.2.1. Sn/CeO, electrodeposition

The experiments were carried out in a standard electrochemical cell with
a cathode made of carbon steel plate of 2x2x0.1 cm size and platinum plate
used as anode. The plating bath has functioned at room temperature at different
current densities. The cathodes were weighed before and after deposition and
the electrodeposition efficiency (1)) was calculated.

Before electrodeposition, the specimens were successively polished with
200, 600, 800 grade of emery paper, ultrasonically cleaned with bi-distilled
water, degreased with acetone, and then stored in a vacuum desiccator. The pH
(1.1 £ 0.05) of the electrolytic bath was measured using a digital pH-meter
(Hanna instruments). To ensure a uniform dispersion of CeO, micro-particles,
the electrolyte was stirred for 2 h, before the deposition. The stirring rate was
kept constant at 300 rpm. The electrodeposition was performed with Keithley
2420 3A Source Meter potentiostat/galvanostat, at room temperature.

The deposits obtained at different current densities were observed
visually and by scanning electron microscopy using a Vega Tescan Model
microscope.

2.2.2. Corrosion tests

The corrosion resistance of Sn/CeO, was evaluated and it was compared
to the corrosion resistance of carbon steel uncovered. The polarization
behaviour was studied in 0.1 mol L™ HCI solution, for electrodeposition
efficiency () of 95.4 %. The electrodeposited specimens were marked to
expose 1 cm* area on one side.

Electrochemical  measurements  were conducted using an
electrochemical system, VoltaLab 40, with a personal computer and
VoltaMaster 4 software. A standard corrosion cell was used. A platinum plate
(1.0 cm® and Ag/AgClsy electrode were used as auxiliary and reference
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electrodes, respectively. The immersion time of the plates in 0.1 mol L™ HCI
solution, was 30 minutes in open circuit, at room temperature. Potentiodynamic
polarization curves were obtained with the scan rate of 1.0 mV s

Electrochemical impedance spectroscopy (EIS) was measured in a
frequency range from 10°> Hz to 10 Hz by a parturition signal of 10.0 mV
amplitude peak to peak at room temperature, after the immersion time of 30
minutes in open circuit.

3. RESULTS AND DISCUSSION
3.1. Electrodeposition of coatings
3.1.1. Electrodeposition efficiency

The operating parameters, time of deposition and current densities are
given in Table 1. Electrodeposition efficiency (1) was calculated using Eq.1.

7 =100 (1)
t
my is mass of Sn/CeQO, deposit; mq = ms- m;; where m; is mass of carbon steel
specimen before deposition; ms is mass of sample after deposition.
The values of m; were calculated from Faraday’s law, Eq.2
A
m, = l-t (@)
m; (g) is total mass of the substance which can be liberated at electrode; A is
atomic mass of tin (118.7); z is the valence number of ions; F = 26.5 (A h) is
the Faraday constant; | (A) is current intensity; t (h) is the total time, which the
constant current was applied. The values obtained for n and visual appearance
of coatings are given in Table 1.

Note that at low current densities matte deposits were obtained and
carbon steel surface was partially covered. At current densities of 2.5 A dm™
and 3 A dm™ at high electrodeposition time, thick and non-adherent layers were
deposited. Thus, the favorable deposits were obtained at: (i) current density of
2.5 A dm™, deposition time of 20 min.; (ii) 3 A dm™, deposition time of 15
min.; (iii) 3 A dm, deposition time of 20 min. These deposits were analyzed
using scanning electron microscopy (Fig. 1). However, the parameters modify
the quality of the deposit, probably by incorporation in the metallic matrix
different amount of tin and cerium oxides.
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Table 1. Deposition efficiency and visual appearance of tin/cerium oxide
composite electrodeposited from acidic baths containing sulfacetamide as
additive, at room temperature at different current densities

Curri{\lt d‘:ﬁgmy / Tr:wni]r?/ rgt/ ”;d/ l}: Visual appearance of coatings
5 0.0112 0.0044 39.6 Matte white
15 A dm? 10 0.0215 0.0086 40.2 Matte white
A _ 0.04 dm? 15 0.0336 0.0136 40.6 Matte wh!te
| = 0 06 A 20 0.0448 0.0184 41.1 Matte white
' 25 0.056 0.0233 41.7 Matte white
30 0.0672 0.0283 42.1 Matte white
5 0.0149 0.0088 59.2 Matte white
20 A dm? 10 0.0298 0.0184 61.8 Matte wh@te
A _ 0.04 dm? 15 0.0447 0.0283 63.4 Matte Wh!te
| = 0 08 A 20 0.0596 0.0392 65.8 Matte white
' 25 0.0745 0.0508 68.2 Matte white
30 0.0895 0.0639 714 Silvery white
5 0.0186 0.015 83.6 Silvery white
25 A dm? 10 0.0373 0.032 86.8 S?Ivery wh!te
A - 0.04 dm? 15 0.056 0.0506 90.3 S!Ivery wh!te
| = .0 1A 20 0.0746 0.0706 94.6 Silvery white

' 25 0.093 - - thick and non-adherent deposit

30 0.112 - - thick and non-adherent deposit
5 0.0223 0.0193 86.4 Silvery white
3.0 A dm? 10 0.0446 0.0405 90.8 S!Ivery Wh!te
A _ 0.04 dm? 15 0.067 0.0626 935 S!Ivery wh!te
| = 0 A 20 0.089 0.0849 954 Silvery white

’ 25 0.112 - - thick and non-adherent deposit

30 0.134 - - thick and non-adherent deposit

3.2. Morphology of coatings. SEM images

The morphology and texture of tin coatings are important. The surface
morphology of tin coatings examined by scanning electron microscopy (SEM)
is shown in Fig. 1. Figs. 1b and 1c show deposits produced at 2.5 A dm™, and
3.0 A dm™ for deposition time of 20 min and 15 min., respectively. In both
cases the formation of specific layers is observed, with block-like tin crystals.
Fig. 1d shows that SEM of electrodeposited tin obtained at current density of
3.0 A dm™? (electrodeposition time of 20 min.) has a more regular surface
morphology, suggesting that the coating is quite dense with no tendency to
dendrite formation. The layer uniformity is more apparent and the feature of a
metallic nucleation, forming a matrix in which are embedded certain oxide
particles is nuanced.
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Figure 1. SEM images of: a - carbon steel substrate; b — Sn/CeO, deposit
obtained at current density of 2.5 A dm?, deposition time of 20 min; ¢ —
Sn/CeO, deposit obtained at current density of 3 A dm™, deposition time of 15
min; d — Sn/CeO, deposit obtained at current density of 3 A dm™, deposition
time of 20 min

3.3. Corrosion tests

The corrosion resistance of uncovered and covered carbon steel with
Sn/CeO, deposit was investigated in 0.1 mol L* HCI solution using
electrochemical measurements such as: potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS).

3.3.1. Potentiodynamic polarization

Polarization curves obtained in 0.1 mol L™ HCI solution, for the
corrosion of carbon steel uncovered and covered with composite coating, after
immersion time of the electrode at its Eor for 30 min, are shown in Fig. 2a.

The performed tests showed that: (i) the curves are shifted to lower
current region, showing the better protection tendency of composite coating; (ii)
the curves shifted to lower current region is correlate with a significant
corrosion current decrease; (iii) the presence of deposit on carbon steel surface
disturbs significantly cathodic reaction and reduces the anodic dissolution in a
considerable manner.
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The electrochemical parameters such as: corrosion potential (Ecor),
corrosion current density (icorr), anodic (by) and cathodic (b;) Tafel slopes
derived from polarization curves, and corresponding protection efficiency P(%)
value for deposit, are given in Table 2. The protection efficiency was calculated
using Eqg. 3 [5, 6]:

P— | co-rlr_lcorr .100 (3)

| corr

where i'corr and igorr are the corrosion current densities of uncovered and covered
carbon steel, respectively.

a o HCl/ C-steel b =——HCI/ C-steel
2 & HCI/ compesite coating 300 + —»— HCI / composite coating
[}
E 0 - E 200 4
E =
= 2 =]
E . 1100
a
-4 T T T T d 0 T T 1
-700 500 -500 -400 -300 -200 0 200 200 B00
E/mV vs. AgJ AgCl Zri0em?

Figure 2. Electrochemical measurements result for corrosion behaviour:

a - potentiodynamic curves of carbon steel uncovered and covered with
composite deposit, after corrosion in 0.1 mol L HCI solution, at room
temperature; b - Nyquist diagram of carbon steel uncovered and covered with
composite deposit, exposed in 0.1 mol L™ HCI solution, at room temperature.

3.3.2. Electrochemical impedance spectroscopy (EIS)

The electrochemical impedance measurements for all investigated
samples in 0.1 mol L™ HCI solution were carried out at the open circuit
potential, after immersion time of 30 minutes, in the frequency range from 10°
to 10" Hz, with a value of 10 mV for the amplitude. Fig. 2b shows Nyquist
plots of investigated uncovered and covered carbon steel. It is also apparent
from these plots that the Nyquist curves (Fig. 2b) consist of one capacitive loop.
More pronounced frequency arc was obtained for the sample coated with
composite deposit.

The equivalent circuit involves only one time constant [Rs - (R¢t - Cai)],
fits well the experimental results. The intersection of the capacitive loop with
the real axis represents the charge transfer resistance (Rc), at very low
frequencies, and the electrolytic resistance (Rs), at very high frequencies which
enclosed between the working electrode and the reference one.
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The double layer capacitance (Cq) was derived from frequency, at
which the imaginary component of the impedance (Zimax) Was maximal using
the relationship, Eq. 4 [21-23]:

1
f(—Z, = 4
(—Z i ) 2.C R, (4)

The impedance parameters derived from EIS measurements Rs, Ret, Cai
were calculated using VoltaMaster 4 software with an error of +1 %, and are
listed in Table 2.

The protection efficiency P (%) was determined by the following relationship,

Eq. 5[5, 6]:
R..—R?®
P=| —< < |[.100
(Bahi) o

ct

where R¢ and R represent the charge transfer resistances in the presence and
the absence of composite deposit.

Table 2. Electrochemical parameters and protection efficiency (P) obtained
from electrochemical measurements for corrosion of uncovered and covered
carbon steel in 0.1 mol L™ HCI solution, at room temperature

Electrochemical results

From potentiodynamic polarization From EIS
ECDI’I’/
C-steel mv icor/ b./ by P/ Ry Cal Rey P/
vs.Ag/ mAcm? mVdec! mVdec? % Qem®*  pFem? Qem? %
AgClI
standard -450 0.794 110 153 0 3.89 259.7 374 0
covered -428 0.014 63 185 98.2 20.86 135.8 654.8 94.2

The inspection of the data in Table 2 reveals that the composite deposit
increases R and decreases icor and Cg, and consequently enhances P%,
reaching a value of 96.2 £ 2 %. It can be seen that the values of protection
efficiency obtained from potentiodynamic polarization and EIS measurements
are in good agreement.

Similar results were obtained in other studies [5, 6, 15-20], proving that
the composite layers obtained by codeposition of metals and some oxide
particles present a better adhesion and higher corrosion resistance than those
obtained by the electrodeposition of pure metals. Consequently, protection
efficiency increases with the increase of polarization resistance, while the
corrosion current density decreases. The same trend of the composite deposits
was observed compared to pure nickel or tin coatings obtained by
electrodeposition [5, 6, 19, 20].
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3.3.3. SEM observation

The SEM images of unprotected (Fig. 3a) and protected (Fig. 3b) carbon
steel surface after occurrence of corrosive processes in 0.1 mol L™ HCI solution
are presented. In case of unprotected carbon steel surface corroded in 0.1 mol L
L HCI solution random spread corrosion spots can be observed (Fig. 3a). When
carbon steel surface was protected with Sn/CeO, (Fig. 3b) deposit, the texture
was modified and the corrosion spots had a low intensity. It can be observed
that the surface morphology shown in this case, is significantly different and
more regular than that obtained for uncovered carbon steel surface. Moreover,
metallic nucleation, although less nuanced than before corrosion is still
observed, attesting the deposit stability and adhesion on carbon steel surface.

Figure 3. SEM images of: a - carbon steel substrate after corrosion in 0.1 mol
L™ HCI solution, at room temperature; b - Sn / CeO, deposit obtained at current
density of 3 A dm™, deposition time of 20 min after corrosion in 0.1 mol L™
HCI solution, at room temperature.

4. CONCLUSIONS

In this work the composite coatings based on Sn/CeO2 were prepared by
electrodeposition on carbon steel surface from acidic bath, containing
sulfacetamide (SA), as a new additive.

The choice of SA, as additive, for electrodeposition baths, is based on:
() it acts as corrosion inhibitor for carbon steel in acidic media, inducing the
better occurrence management of iron compounds during electrodeposition,
avoiding the infestation of coatings with rust; (ii) sulfacetamide (SA) favors
electrodeposition of metallic tin in greater proportion than that of tin oxides.

SEM images confirm the layer uniformity and that the feature of a
metallic nucleation, forming a matrix in which tin oxides and cerium oxide
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micro-particles may be embedded. Also, after corrosion the surface texture was
modified without corrosion spots being evidenced.

Moreover, the corrosion behaviour of composite coatings was evaluated
in acidic environment. Electrochemical measurements revealed a maximum
protection of carbon steel surface, reaching a value of 96+2%.
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Abstract
Wheat seedlings grown on media with excess Cd**, Cu®* and Zn?*, ranging
from 1 umol L™ to 500 umol L™, presented a dose-dependent growth inhibition.
Toxicity ranking of the three tested metals pointed out copper as the most
harmful, with an ECs, value of 0.08 mmol L™ for root elongation inhibition,
zinc being the least toxic while Cd®*occupied an intermediate position.
Although growth inhibition was not observed in wheat plants exposed to lower
levels of heavy metal cations, certain biochemical parameters were suggestive
for the onset of defense responses. Increased peroxidase activity and glucose
concentration, as well as decreased levels of chlorophylls and carotenoids,
appeared as general, unspecific effects in wheat plants, subsequent to heavy
metal exposure.

Keywords: heavy metals; wheat plants; growth inhibition; biochemical effects
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1. INTRODUCTION

Heavy metals pollution is a real concern throughout the world, as many
anthropic sources led to increased levels of these metals in different
environmental compartments [1]. Even essential metals may become very toxic
when specific thresholds are exceeded. For plants, soil is the main reservoir of
microelements whose excess or deficit can be passed to higher trophic levels.

We aimed to assess and compare the effects of heavy metal excess on
certain biochemical and physiological parameters in wheat plants. For the first
part of our study, whose results are presented below, we chose three metals
which adjoin each other in the periodic table of elements and often in nature,
namely copper (Cu), zinc (Zn) and cadmium (Cd). In the second part of the
study, we have evaluated wheat plants responses to chromium (Cr) treatment
when applied in two different oxidation states; the obtained results will be
presented in a separate article.

. group
period 11 12
4 29Cll 30Zl‘l
[Ar]3d'%s' | [Ar]3d'%4s®
5 47Ag 4sCd
[Kr]4d'5s' | [Kr]4d'5s

Figure 1. Copper, zinc and cadmium position in the periodic table of elements
(detail), and their electron configuration

Examining their electron configuration and position in the periodic table
of elements (Figure 1), it is apparent that the three heavy metals share a
common characteristic, namely the (n-1)d shell filled with electrons, on top of
which the s orbital has one electron in Cu, and two electrons in Cd and Zn
atoms. The main oxidation state of the abovementioned metals is +2, but only
copper may undergo redox reactions in vivo. Cu and Zn are essential
microelements for all the plants and animals [2-7], while no utile function was
documented to date for Cd in higher organisms. Cd is carginogenic to humans
[8-10] and a possible estrogen mimetic [11].

Studies on the effects of heavy metal excess upon plants growth,
development and biochemistry are needed for understanding the molecular
mechanisms underlying toxicity and tolerance of plants toward heavy metals.
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2. MATERIALS AND METHODS
2.1. Materials

Wheat grains (Triticum aestivum L, cv. PB-1) were obtained from the
Agricultural Research and Development Station Simnic, Dolj. All the solutions
used in these experiments were prepared with analytical grade reagents.

2.2. Method
2.2.1. Plant cultivation and heavy metal treatment

Surface sterilized wheat caryopses were placed between two layers of
filter paper moistened with distilled water, at 4°C in the dark, for 24 hours.
Uniformly germinated seeds were transplanted in Petri dishes filled with 50 mL
nutrient solution [12] solidified with agar. In order to evaluate the effect of
heavy metal cations on plants growth and metabolism, nutrient solutions were
supplemented, in separated experiments, with Cd?*, Cu?* and Zn**, respectively.
For each of the abovementioned cations, a series of dilutions ranging from 1
umol L™ to 500 umol L™ were obtained within the nutrient solutions, starting
from 10 mmol L™ stock solutions of the respective metal chlorides. Each probe
was ruled in triplicate, while 3 dishes without heavy metal excess were kept as
control (the nutrient solution itself contained 0.04 pmol L™* Zn** and 0.024
umol L™ Cu?").

2.2.2. Plant growth assay

Wheat plants were harvested at seven days after the onset of imbibition,
and the length of their root and stem was registered. Data on plant growth were
used to calculate the growth inhibition index, GI (equation 1):

L

control — I‘probe
_control  Probe

L

Gl = 100 )

control

where Leontrol @nd Lprone represent root or shoot length for the unexposed
(control) and heavy metal exposed (probe) plants, respectively.

2.2.3.Biochemical assays

Plants grown at low heavy metal concentrations (1 pmol L™ and 5 pmol
L™ respectively), in which no significant growth inhibition was observed, were
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also analysed in terms of certain biochemical parameters relevant to heavy
metal toxicity. For this purpose, tissue homogenates were obtained from fresh
leaf samples by grinding with quartz sand and extraction of the soluble
components in 0.1 mol L™ Tris-HCI buffer, at pH 7.0.

The homogenates were centrifuged at 10000 r.p.m. for 10 min, in a
Sigma K-216 centrifuge, and the supernatants were used for biochemical
analysis. Total soluble protein content was assessed by the Bradford method
[13]. Glucose oxidase-peroxidase method was used for glucose determination.
Unspecific peroxidase activity (EC 1.11.1.7) was measured with guaiacol as a
hydrogen donor [14]. Estimation of the secondary lipid peroxidation products
was done by the TBARS assay [15].

Ethanolic extracts of leaf tissue were also obtained, and their absorption
spectra in the visible domain were registered in order to assess photosynthetic
pigments concentration.Absorbance values at specific wavelengths were used to
calculate chlorophylls and carotenoids concentration [16]. Antocyanin content
of the leaves was assayed by the pH differential method [17].

A Varian Cary 50 UV-VIS spectrophotometer was used to carry out the
spectrophotometric measurements. All the biochemical parameters were
expressed per fresh weight (FW) base.

3. RESULTS AND DISCUSSION
3.1. Biometric parameters of wheat plants

Growth parameters of wheat plants exposed to Cd**, Cu 2* and Zn** are
presented in Figure 2.

Under the given circumstances, Zn®* had the weakest effect, plant
elongation inhibition occurring at exogenous concentrations exceeding 50 umol
LY. The maximum Zn?* tested concentration, i.e. 500 pumol.L™?, led to about
20% inhibition of both root and stem growth, compared to control. A similar
trend of variation was observed in plants grown on media with Cd**, except that
the effect was more intense on roots (60%) and weaker on stems (16%). The
most evident effect was in Cu?* treated samples, characterized by marked
growth inhibition of stems (66%) and nearly complete of roots (93%), at the
highest tested concentration. ECsy values for growth inhibition presented in

Table 1 pointed out the following toxic ranking of the heavy metals
tested: Zn?*<Cd* <<Cu?* with respect to root growth, and Cd?*<zZn*<<Cu®* for
stem growth. In all of the three cases, the inhibitory effect was greater on roots,
compared to stems. This could be explained by the fact that the roots were
exposed to direct contact with heavy metal cations. However, most of the
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concentrations shown in Table 1 are unlikely to occur in ecosystems, except for
the cases of very intense accidental pollution.

Table 1. ECs values for the inhibitory effect of Cd®*, Cu** and Zn®* on wheat
plants growth

ECso/mmol L

Me?*
root stem
2+
Cd 0.36 3.11
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Cu 0.08 0.35
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Figu reé 2. Growth parameters of wheat plants exposed to: a — Cd**, b — Cu®* and
c—2Zn~"

3.2. Antioxidant and metabolic indexes of wheat plants exposed to heavy metals

Peroxidase activity in the leaves of wheat plants unexposed to heavy
metals was of 2.41 U g* FW. Enzyme’s activity almost doubled compared to
control in the leaves of wheat plants exposed to 5 pmol L™ Cd*" and Cu®*
respectively, and also increased but to a less extent at 1 umol L* Cd* and 1
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umol L™* Zn*" (Figure 3a). As peroxidase is involved in H,O, detoxification,
increased activity might be related to excess generation of hydrogen peroxide.
The obtained results suggested that, for each of the tested heavy metals, there is
a specific threshold at which peroxidase activity intensifies, to diminish
oxidative stress.
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Figure 3. Biochemical parameters of wheat plants exposed to heavy metals:

a — peroxidase activity; b — secondary peroxidation products (TBARS); ¢ —
glucose; d — soluble proteins. Vertical bars are averages of three measurements;
standard deviations did not exceed 10%

Lipid peroxidation. The acronym TBARS (thiobarbituric reactive
substances) refers to the products of advanced unsaturated lipids peroxidation,
especially malondialdehyde and 4-hydroxynonenal. Leaves of wheat plants
grown in the absence of contamination by heavy metals had a concentration of
TBARS of approximately 100 umol g™ FW. TBARS concentrations about 10%
higher than the amount measured in control were found in the leaves of wheat
plants exposed to 1 umol L™ Cd®* and 5 umol L™ Cu®* (Figure 3b).

One can conclude that the respective wheat plants didn’t experience
oxidative stress strong enough to accelerate lipid peroxidation, since just small
increases of TBARS concentrations were observed in heavy metal exposed ones
compared to control plants. These data might indicate the effectiveness of
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antioxidant defense in leaves of the plants grown on media containing excess
Cu®*and Cd**. However, a slighter increase of lipid peroxidative damage was
noticed in the plants exposed to Zn?*, where TBARS quantity grew by 25 %
compared to control at both tested concentrations. Although Zn is not redox
active within biological systems, it may generate oxidative stress in plants when
present in excess [18]. To summarize, in the given conditions no advanced lipid
peroxidation occurred in wheat plants leaves.

Glucose concentration in the leaves of unstressed wheat plants was of
34.69 pmol g FW. Glucose content doubled in the plants grown on Cd*
contaminated media, at both concentrations tested (1 umol L™ and 5 umol L™),
as well as in those grown at 1 pmol L™ excess Cu?*. In the other cases, glucose
concentration didn’t change compared to control plants (Figure 3c). Increased
content of free glucose can indicate an involvement of this sugar in alleviating
osmotic stress that often accompanies the toxic effects of heavy metals, and/or a
decline in glucans synthesis.

Proteins are fundamental constituents of the cell, meeting various
structural and functional roles. The great majority of soluble proteins in a cell
are enzymes, catalysts of biochemical reactions.

Under the given experimental condition, the amount of soluble protein
in the leaves of plants exposed to heavy metals didn’t vary significantly
compared to control, except for Cd®* treatments that were followed by a slight
increase of protein content (Figure 3d). These might represent cysteine rich,
Cd?**-chelating proteins, as plants are known to synthesize phytochelatins as a
defense response to cadmium toxicity. [19].

3.3. Leaf pigments in wheat plants exposed to heavy metals

In wheat plants unexposed to heavy metals, concentrations of the
photosynthetic pigments were as it follows: 1.52 pmol g FW total
chlorophylls (comprising 1.12 pmol g FW Chl a and 0.4 pmol g FW Chl b)
and 0.40 pmol g* FW total carotenoids. Compared to control, leaf pigments
concentration in the plants grown on media contaminated with heavy metals
decreased as exogenous concentration of metallic cations increased (Fig. 4, a-c).

At 1.0 pmol L™ heavy metal excess, the smallest quantities of pigments
were noticed in Zn** probes, while at 5 pmol L™ the lowest amounts of
pigments were in plants contaminated with Cu?*. Although heavy metal
treatment was followed by decreased pigment concentration in wheat leaves,
Chl a: Chl b ratio didn’t register significant variations compared to control
(Table 2), except for a slight increase observed in the plants exposed to 5.0
umol L™ Cu?* and Zn?*.
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Figure 4. Leaf pigments in wheat plants exposed to Cd2+, Cu?* and Zn**;

a — chlorophyll a, b — chlorophyll b, ¢ — carotenoids, and d — antocyanins.
Vertical bars are averages of three measurements; standard deviations did not
exceed 10%.

The abovementioned index is often used to assess whether photosystem
| or photosystem Il was affected (or not) by different stresses to which plants
are exposed [20]. Our results indicated that higher concentrations of Cu** and
Zn?* could induce modulations of the light-harvesting antennae of photosystem
Il where Chl b is mainly located, serving adaptive purposes.

Also, the values of Car: Chl ratios were quite similar, irrespective of
whether plants were subjected or not to heavy metals excess (Table 2). Their
variation didn’t exceed 10% from control, except for a slight decrease observed
at 5 pmol L™ Cd®*. These data suggested that wheat plants weren’t exposed to
high stress during the experiment, as increased carotenogenesis that may
develop as a consequence of various stresses [21] wasn’t noticed.

43



Table 2. Chl a: Chl b and Car: Chl ratios for wheat plants exposed to Cd**,
Cu®* and Zn**

Me?*/ Chla: Chlb Car: Chl
umol LY control Cd Cu Zn control Cd Cu Zn
1 2.8 285 291 3.03 0.32 0.31 0.32 0.31
5 2.8 268 3.29 3.19 0.32 0.28 0.29 0.32

Anthocyanins concentration in untreated wheat plants was of 0.16 umol
gt FW. At 1 umol L™ heavy metal excess, anthocyanin content significantly
increased only in Cd®* exposed plants, being 24% greater than in control plants.
Anthocyanin content of wheat leaves markedly increased at 5 umol L™ of all the
tested heavy metals. Thus, compared to control, the measured anthocyanin
concentrations were of 125%, 75% and 56% in leaves of the plants exposed to
Zn, Cd and Cu, respectively (Fig. 4, d). In photosynthetic tissues, anthocyanin’s
role is to screen damaging radiation and protect against photodeterioration by
excess light. Anthocyanins may also provide protection against heavy metal-
induced oxidative stress by acting as free radical scavengers, although such a
role is controversial, as these water soluble pigments are located in vacuoles,
separated from the sites of reactive oxygen species (ROS) generation [22].

4. CONCLUSIONS

As long as growth inhibition was concerned, it was obvious that the
tested heavy metals interfered with the normal physiology of wheat plants,
leading to dose-dependent alterations of growth rate. At low exogenous
concentrations of the tested heavy metals (i.e. 1 pmol L™ and 5 pmol L),
where no significant growth inhibition occurred, certain biochemical parameters
registered variations that might be indicators for the activation of defense
responses.

Among these, the dose-dependent decrease in chlorophylls and
carotenoids content was a general response of wheat plants in our experiments.
Increased peroxidase activity and glucose content were observed especially in
wheat plants exposed to Cd*" and Cu®*, while protein content was almost the
same in all probes. Zn** exposure may be associated with a slight increase in
lipid peroxidation but also with higher levels of leaf anthocyanins. These data
are suggestive for the onset of defense responses to heavy metal excess in wheat
plants, and appear rather unspecific at low concentrations of the metals.

However, adaptive responses to cope with stress effects are resource
consuming and may deplete plants reserves, leading to growth inhibition. Thus,
the relevance of heavy metal toxic effects on plant physiology increases when
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they are followed on longer duration, when either adaptation to the given
conditions or accelerated decline may occur.
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Abstract

The mettalic materials are generally characterized by intrinsic thermodynamic
instability, and spontaneously changing their overall charge density by electron
donation. Therefore, they inevitably degrade over time, the process having
technical, economical and environmental implications. Corrosion preventions is
an extremely important goal, since it is more practical technically and
economically, also having a beggier achievement potential that the complete
removal of affected parts and tools.

Keywords: corrosion; eco-friendly inhibitors; testing methods; action
mechanism

1. INTRODUCTION

In the well defined by the need to preserve the environment context, the
efforts of the scientific community involved in the field of corrosion protection
conjugated to identify highly effective organic inhibitors with environmentally
friendly properties [1-32]. In addition, theoretical methods of study based on
guantum chemistry formalism and computational calculation resources with
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remarkable results were added to the instrumental method of corrosion
inhibitors testing [16, 18, 25]. Currently, the quantum-based correalations
between chemical reactivity and corrosion protection performance are
established in the literature of the field.

2. THE CURRENT STATE OF KNOWLEDGE IN THE FIELD
2.1. Processing of the literatura data

Many articles published in the field, especially from the last years were
studied. The data selected [1-32] was centralized and processed in order to carry
out a comparative analysis of inhibition efficiencies reported for certain organic
compounds from the class of drugs, azo compounds and amino acids.

Thus, Table 1 presents the corrosion inhibitors tested, the corrosive
environments and alloys on which they act as direct surface protectors or as
substances that clearly influence the passive films that are developed on the
metal surface.

DRUGS
Name Studied metal/alloy Corrosive media
Cefoperazone [1] carbon steel [1] HCI 0,5 mol L™ .

. H,S0O, 0,5 mol L™ [2]
Cefazolin [2, 3] carbon steel [2, 3] HCI 1,0 mol L™ [3]
Cefotaxime [2, 4] carbon steel [2] H,S0, 0,5 mol L™ [2]

mild steel [4] HCI 1,0 mol L™ [4]

H,S0, 1,0 mol L™ [5]
HCI 1,0 mol L™[6]

Phenytoin [5, 6] carbon steel [5, 6]

Penicilin G [7] carbon steel [7] HCI 1,0 mol L™
Ampicilin [7] carbon steel [7] HCI 1,0 mol L™
Amoxicilin [7] carbon steel [7] HCI 1,0 mol L™
Meclizine [8] aluminium [8] HCI 1,0 mol L™
Esomeprazole [9] mild steel [9] HCI 0,5 mol L™
Doxycycline [10] mild steel [10] HCI 1,0 mol L™
Cefalexin [11] mild steel [11] HCI 1,0 mol L™
Gatifloxacin [12] mild steel [12] HCI 1,0 mol L™
Carbamazepine [13] mild steel [13] H,S0, 0,1 mol L™
Paracetamol [13] mild steel [13] CchOOH/CHfCOONa
. mild steel [14, 15] HCI 1,0 mol L™ [14, 15]
Sulfathiazole [14-16] theoretical studies [16] theoretical studies [16]
carbon steel [17, 18] HCI 1,0 mol L™ [17, 18]

Sulfacetamide [16-18] theoretical studies [16, 18]  theoretical studies [16, 18]

HCI 1,0 mol L™ [20]

Quinine [19, 20] carbon steel [19, 20] HCI 1.5 mol L [19]
Trimethoprim [21] carbon steel [21] HCI 1,0 mol L
Aminophylline [22] carbon steel [22] HCI 1,0 mol L™

Systematization of the literature data according to Gece [23]
The corrosion inhibitors in the class of B-lactam antibiotics
The corrosion inhibitors in the class of quinolones
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The corrosion inhibitors in the class of tetracyclines

The corrosion inhibitors in the class of macrolides

The corrosion inhibitors in the class of lincosamides

The corrosion inhibitors in the class of sulphonamides

The corrosion inhibitors in the class of aminoglycosides

The corrosion inhibitors in the class of amphenicols

The corrosion inhibitors in the class of antifungal drugs

The corrosion inhibitors in the class of anthelmintics

The corrosion inhibitors in the class of muscle relaxants

The corrosion inhibitors in the class of antiviral drugs

The corrosion inhibitors in the class of opioid analgesics

The corrosion inhibitors in the class of histamines

The corrosion inhibitors in the class of antipsychotic drugs

The corrosion inhibitors in the class of antihypertensive drugs

The corrosion inhibitors in the class of ameobicidal drugs
AZO COMPOUNDS WITH ANTIMICROBIAL PROPERTIES

Azo compounds of tiophenes [24] carbon steel [24] HCI 2,0 mol L™
Azoesthers: 0,15 mol L™
4-(phenyldiazenyl)phenyl 2-furoate  carbon steel [25, 26] NaCl/0,001 mol L™
[25, 26] HCI [25, 26]

theoretical studies [25] theoretical studies [26]
Azoether: 0,15 mol L™ NaCl/
4-[(4-chlorobenzyl)oxy]-4’-chloro-  carbon steel [27] water-dioxane (1:1 -
3,5-dimethyl-azobenzene [27] volume)

AMINO ACIDS

3,5-diiodotyrosine[28] iron [28] HCI 1,0 mol L™ [29]
Tryptophan [28, 29] carbon steel [29] Egi,COOH/CHSCOONa
Glycin [30] .
valine [30] ?31& L stainless steel 3 55, 0,1 mol L
Leucine [30]
Sulfur amoni acids [31] mild steel [31] H,S0O, 0,1 mol L™
Histidine [32] carbon steel [32] CH3;COOH/CH;COONa

2.2. Investigation methods for corrosion inhibitors

The electrochemical methods are short-time investigation methods, which
allow a quick evaluation of metal behaviour in different media, at different
temperatures, in static or dynamic conditions. The most used are:
potentiodynamic polarization and electrochemical impedance spectroscopy
(EIS).

Weight loss evaluation by gravimetric or voltametric methods led to the
estimation of corrosion rate expressed as an gravimetric index (g/m?h) or as an
corrosion index (mm/an).

This methods were associated with different comparative analysis
techniques of the metal surface in the presence and absence of inhibitors, such
as:
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e X-ray photoelectronic spectroscopy (XPS);

e scanning electron microscopy (SEM);

e scanning electron microscopy coupled with energy-dispersive X-ray
spectroscopy (SEM/EDS);

e thermal analysis (TG/DSC/DTA).

2.3. Inhibition efficiency

The studies made highlighted a pozitive correlation between de inhibition
efficiency and the hydrocarbon chain lenght, that when increased it has a
negative effect on the solubility in aqueous solution. The presence in the
molecule of the hydrophilic functional groups has the effect of increasing the
solubility of the inhibitor in the aqueous solution

The efficiency of corrosion inhibition is dependent on the nature of the
organic compounds by means of geometry, size and electronic properties of
such molecules, the concentration thereof in a corrosive solution, the nature of
the metal surface and its load, the electrochemical potential at the interface, the
nature of the corrosive environment.

Whatever the action mechanism of the inhibitor, its corrosion inhibition
efficiency represents the slowing of corrosion or more, the decrease of the
corrosion current (or the rate of corrosion). The inhibition efficiency of an
inhibitor is expressed by the following equations: 1-3.

i cor —1 ;
%El = — 9 %100 (1)
IOCOI’
R _ (0]
%El = — = %100 @)
RCt
%El :(1_ CR JxlOO 3)
CR®

where:
e i’ and i represent the corrozion currents, in the absence and
presence of the inhibitor;
e R and R represent the charge-transfer resistance, in the absence and
presence of the inhibitor;
e CR°and CR represent de corrosion rate, in the absence and presence of
the inhibitor.
The inhibition efficiency of the drugs is shown in Fig. 1. It is noted that
they have a significant protective capacity, most of them reaching an efficiency
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greater than 90%, except paracetamol, sulfacetamide, trimethoprim and
aminophylline.

Aminophyline
Trimethoprime
Glinine
Sulfacetamice
Sulfathiazole
Paracetamal
Carbamazepine
Gatifloxacin
Cefalexin
Doxyeycline
Ezomeprazole
Meclizine
Amaoxicicllin
Ampicillin
Penicilin &
Phenitoine

Cefotaxime aa g

Cefazolin
Cefoperazone 95.5

100

73

Figure 1. The efficiency of inhibition as evaluated by weight loss
measurements and electrochemical techniques on the corrosion of metal
substrates in various environments reported in literature studies [1-23]

A lower level of protective capacity was reported for azo compounds but
bring significant contributions to the formation of stable and adherent surface
films (Fig. 2).

The inhibition effciency (IE) of some azo compunds
IE (%) 89.2
100 799 828
80 -
60 -

40 4
204

Azo compuonds  Azpesthers Azoethers
of thyophene

Figure 2. The inhibition efficiency of some azo compounds as evaluated by
weight loss measurements and electrochemical techniques on the corrosion of
carbon steel in various environments reported in literature studies [23-27]
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The amino acids were substances of interest as corrosion inhibitors, the
inhibitory efficiencies determined, however, have not always achieved the
expected value. As shown in Fig. 3, valine and leucine have a low efficiency
below 40%.

The inhibition efficiency (IE) of some amino acids
1E (%)
1007 &85 80 84.2 79.2

804
604
404
204

0.

Tirosine Triptophane Glicine Valine Leucine Histidine

Figure 3. The inhibition efficiency of some amino acids as evaluated by
electrochemical measurements on the corrosion of carbon steel and stainless
steel, in various environments reported in literature studies [28-32]

2.4. The action mechanism

The results of studies that aim organic inhibitors [1-32] converge to the
idea that most of them are adsorbed on the metal surface by replacing the water
molecules and form a compact physical barrier that isolates the metal surface
from the corrosive solution.

These organic inhibitors are concentrated in the surface layer of the
metal/solution interface by noncovalent interactions (physisorption) and/or
covalent bonds (chemisorption), forming thin films ont the metal surface with a
thickness of the order of a few molecular diameters or monolayers. These
molecule polilayers or molecular monolayers generate protection by blocking
the annodic dissolution of the metal in the electrolyte solution: either by a
geometrical blocking effect - the electrochemical reaction available surface area
is reduces, or as a result of an energetic effect - the inhibitor layer increases the
activation energy of the corresponding cathodic and/or anodic reaction.

The physical adsorbtion preserves the identity of the inhibitor's molecules
and their preferential accumulation at the metal/corrosive solution interface
through atractive electrostatic interactions ion-ion or ion-dipole.The electrical
charges on the metal surface are the result of the existing electric field at the
metal/electrolyte solution interface.

The chemical adsorbtion involves a reorganization of the inhibitor's
molecular orbitals and electron density changes in the vicinity of points on the
metal surface involved in chemical liasing. The process flows irreversibly with
a slower rate due to the bigger demand of energy for overcoming the potential
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barrier energy involved by the electron transfer between inhibitor and metal.

Chemisorption involves sharing the electric charge between polar
molecules and metal surface or transfering of electrons from the organic
compound to the metal surface by donor-acceptor covalent type interactions.
These involve the & and/or n donor type orbitals and the vacant d orbitals of the
elements from the alloy.

4. CONCLUSIONS

The efficiency of inhibition is strictly dependent on the molecular
configuration of the inhibitor, the nature and pH of the media, the substrate on
which the investigation is carried out, as well as temperature and mode of
operation: static or dynamic.

In Fig. 4 is shown the maximum inhibition efficiency obtained for
drugs, azo compounds and amino acids reported in the studied articles.

carbon steel
@ azoesther — N 302
carbon steel
@ Tirosine 85
stainless steel
@ Glicine 84.2

@ aluminium
Meclizine — N o o
@ carbon steel 99,5
Cefazoline |
78 80 a5 a0 95 100
Inhibition eficiency (%)

Figure 4. The highest level of the inhibition efficiency of the studied
compounds on the corrosion of some substrates in acidic media, reported in the
literature
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Abstract

The present study reports the design of new composite catalysts based on
layered graphitic carbon nitride (g-C3sN4) and CuO nanoparticles on a lamellar
double hydroxide matrix (ZnAILDH) and the composite C3N4/mixed oxides
obtained after LDH calcination. Firstly, a ZnAILDH was synthesised by co-
precipitation under low suprasaturation conditions of Zn and Al nitrated
solutions with Na,CO3; and NaOH, at constant pH. The solid was thermally
decomposed at 550° C in air, in absence or in presence of melamine, in order to
obtain mixed oxides or composite g-C3Ns/mixed oxides. These samples were
used thereafter for the reconstruction of the hydrotalcite structure from a
Cu(OAcC); solution, by means of memory effect and the simultaneous self-
assembly of the CuO nanoparticles on the LDH matrix. The composite material
crystalline phase, surface morphology and structural, optical and thermal
properties were investigated by various physico-chemical techniques. The
catalytic activity was succefuly tested in the cyclohexene oxidation by H,0,.

Keywords: layered double hydroxides; composite catalyst; g-C3N4, CuO
nanoparticles; cyclohexene oxidation
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1. INTRODUCTION

The development of environmental friendly technologies has promoted
sustained research for obtaining novel efficient heterogeneous catalysts. The
selective oxidation of hydrocarbons to oxygen-containing compounds is of
great interest both in industry and in academic research [1, 2]. In particular,
allylic oxidation of olefins into unsaturated ketones and alcohols is important in
organic chemistry and chemical industry [3]. For example, the oxidation
products of cyclohexene and their derivatives, viz. 2-cyclohexen-1-one, 1-
methylcyclohex-1-en-3-one, etc., are utilized in cycloaddition reactions owing
to the presence of a highly reactive carbonyl group [4].

The lamellar double hydroxides (LDH)-based catalysis is of high
interest for green and sustainable chemistry [5] since the LDHs are able to
provide distinct nanometer scaled layers and interlayers for engineering them as
active catalysts [6]. Furthermore, the catalytic efficiency of the oxidation
processes could be tailored by controlling the nature of the metal cations from
the LDHs layers, but also the composition of the catalysts in such a way to
control the microenvironment of the active sites. In order to tailor a more
efficient catalyst for cyclohexene oxidation, new composite based on layered
graphitic carbon nitride (g-C3N4) and a lamellar double hydroxide (ZnAILDH)
reconstructed from a Cu(OAc), solution by means of memory effect were
designed. These materials were successfully obtained for the first time and are
shown to be efficient catalysts for the process of cyclohexene oxidation by
H,0,.

2. MATERIALS AND METHODS
2.1. Materials

All chemicals were commercially purchased and used without further
purification. Melamine (Aldrich, 99%), AI(NO3)39H,0, Zn(NO3),6H,0,
Cu(OAcC)2H,0, Na,CO3;, NaOH (Aldrich, 99.9%), were used for the LDH
precursor and the composite catalyst synthesis.

2.2. Synthesis procedure of materials

The synthesis of ZnAILDH was carried out following a simple
coprecipitation method with the Zn/Al atomic ratio of 2.0 as previously
described [7]. CuO supported on ZnAILDH was obtained exploring the
structural reconstruction of LDH in the aqueous solution of Cu(OAc), [8].
Namely, 1.20 g ZnAILDH was calcined in an oven at 500°C for 10 h. The
resulted calcined powder was cooled down in an oven till 200°C and added,
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under very vigorous stirring into 250 mL of an 0.1 M aqueous solution of Cu?*
acetate. The obtained sample was aged at room temperature for 1 h, washed,
centrifuged, dried under vacuum and denoted as ZnAILDH/CuONP. The
composite ZnAILDH/melamine was prepared as follows: 0.2 g melamine was
added into a mixture of 30 mL methanol and 80 mL H,O and dispersed for 30
min. in an ultrasonic bath. Thereafter, 1.2 g of freshly calcined ZnAILDH (at
500°C for 10 h) was added when still hot (200°C) and the mixture was
vigorously stirred at 65°C for 1 h, then at room temperature for another 2 h. The
solid sample was obtained after filtration and vacuum dried. For ZnAlILDH/g-
C3N4/CuONP synthesis, ZnAlLDH/melamine was firstly calcined at 450°C for
6 h in order to transform melamine in g-C3N4 and LDH in the corresponding
mixed oxides (sample denoted ZnAIMMO/g-C3N,) and added thereafter when
still hot in a Cu(OAc), aqueous solution. The sample was denoted ZnAlLDH/g-
C3N4/CuONP. For comparison, g-C3N4 was prepared by heating melamine at
500°C for 2 h under N, atmosphere according to the literature [9].

2.3. Material characterization

The X-ray powder diffraction (XRD) patterns were obtained on a Bruker
AXS D8 diffractometer by using Cu Ka radiation and Ni filter. Fourier
tranform infrared (FTIR) spectra were recorded using a Bruker Alpha
spectrometer in KBr matrix in the spectral range of 4000400 cm’, at a
resolution of 4 cm™. The copper content was determined by flame atomic
absorption spectrometry (AAS) on a Spectra AA-220 Varian Spectrometer with
an air-acetylene flame.

Thermogravimetric analysis (TG/DTG) was carried out in a Netzsch TG
209C thermobalance, heating rate of 10°C/min, in nitrogen flow.

XPS measurements were performed with a SPECS PHOIBOS 150 MCD
instrument, equipped with monochromatized Al Ka radiation (1486.69 eV) at
14 kV and 20 mA, and a pressure lower than 10~° mbar. The binding energy
scale was referenced to the C 1s photoelectron peak at 285eV. A low energy
electron flood gun was used for all measurements to minimize sample charging.
The elemental composition on the outermost layer of samples (about 5 nm deep
from surface) was estimated from the areas of the characteristic photoelectron
lines in the survey spectra assuming a Shirley type background. High-resolution
spectra were recorded in steps of 0.05 eV using the analyser pass energy of 30
eV. The spectra deconvolution was accomplished with Casa XPS (Casa
Software Ltd., UK).

2.4. Catalytic tests

The oxidation of cyclohexene (CH) was carried out in the liquid phase
over ZnAILDH/g-C3N4/CuONP, under air, using H,O, as oxidant. The typical
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catalytic oxidation of CH was carried out as follows: 2.26 mmoles of CH, 0.03
mmoles of catalyst and 10 mL of acetonitrile were added successively at a
controlled temperature in a two-necked round-bottom flask with a reflux
condenser. The corresponding amount of hydrogen peroxide (30% H,0;) was
then added drop wise. The reaction was performed at 60°C during different time
intervals. After the reaction took place for the established time period, the
reaction mixture was cooled, the products were filtered to separate them from
the catalyst and they were analyzed using a Thermo DSQ Il system with gas
chromatograph GC-Focus and mass spectrometer DSQ Il. A Thermo TR-5MS
capillary column, 30 m x 0.25 ID x 0,25 um film was used for the analysis of
separated compounds present in the samples. H,O, consumption was
determined by an iodometric titration after the reactions. The H,O, efficiency
was calculated as the percentage of this reactive converted to oxidized products.

The persistence of the catalytic activity was checked for 5 consecutive
runs in the oxidation of cyclohexene.

3. RESULTS AND DISCUSSION
3.1. Catalyst characterization

The powder X-ray diffraction patterns of LDH-like clays were
illustrated in Fig. 1. The XRD pattern of ZnAILDH revealed the presence of a
single crystalline phase with a series of sharp and symmetrical basal reflections
of the 003, 006 and 009 planes, assigned to the regular layered structure of
Zng 7Alp 3(OH)2(C03)0.15H20 (PDF 48-1022). The interlayer space was 0.76 nm,
on the basis of the (003) diffraction angle of 20=11.6°.

ZnAILDH/CuONP showed the main LDHs reflections becoming
broader and shifted to lower 28 values (i.e. (003) reflection was shifted from
11.6° for ZnAILDH to 7.1° for ZnAILDH/CuONP), indicating that the LDH
reconstruction in Cu(OAc), solution gave rise to an expanded LDH structure
with the acetate anions intercalated into the interlayers and the interlayer space
of 12.9 A. This value was in good agreement with that previously reported for
materials of the same type [8]. There were not significant differences between
the two reconstructed LDH-type samples from a copper acetate solution, in
presence and in absence of g-C3N,4. The increase of the ¢ parameter for these
reconstructed samples was related to the expansion of the interlayer region after
acetate anions intercalation.

Another phase, such as ZnO (Zincite, PDF:89-7102) indicated an
incomplete incorporation of zinc to the brucite-like sheets of the reconstructed
LDH and the formation of ZnO nanocrystals. This was because Zn?* underwent
a partly hydrolysis at high pH to precipitate ZnO in alkaline conditions, so the
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reconstructed materials were a composite of ZnO and ZnAILDH. On the other
hand, characteristic diffraction reflections neither of CuO nor of g-C3N4 were
noticed in the XRD patterns of ZnAILDH/CuONP and ZnAILDH/g-
C3N4/CuONP, probably because of the lower loading, the low crystallinity
and/or the good dispersion of the CuO nanoparticles on the clay surface.

------ ZnAILDH
------ CUONPS/ZnAILDH

i L ----- g-C3N4/CUONPs/ZnAILDH

Intensity (a.u.)

20 (degree)

Figure 1. X-ray diffraction pattern of LDH-type samples

20

Absorbance (a.u.)

g 36

0,54

ZnAILDH

0,0 T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 2. Comparison of the FTIR spectra of LDH-type samples

The FTIR spectra of the as-synthesised ZnAILDH and the two
reconstructed LDH-type photocatalysts from Cu(OAc), solution were presented
in Fig.2. For all samples, the strong bands around 3600-3200 cm™ were
associated to the voy mode of the H-bonded hydroxyl groups, both from the
brucite-like layers and from interlayer water molecules. The spectrum of pure
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LDH showed a band at 1365 cm™ that was attributed to antisymmetric v mode
of interlayer carbonate anions. In the same range, the v3 vibration mode of the
nitrate anion could have appeared, if this anion had still been present in the
brucite interlayer [10].

The FTIR spectra of ZnAILDH/CuONP and ZnAILDH/g-C3N4/CuONP
samples revealed that the absorption band at 1550 cm™' and 1390 cm™'
originated from the antisymmetric and symmetric COO stretching vibration
mode. This indicated the presence of CH3-COQO" as interlayer anion, after the
clay reconstruction in copper acetate solution. The difference between
antisymmetric and symmetric COO™ stretching vibration bands was 160 cm™".
This large difference meant that COO was in monodentate state rather than
free group state, being coordinated to the cations of the brucite layer. The bands
at wavenumber lower than 850 cm™' were due to the M-O and O-M-O
vibrations of the hydrotalcite.

The characteristic bands of g-C3N4 could not be observed in the FTIR
spectra of ZnAILDH/g-C3N4s/CuONP. They were either overlapping with the
LDH peaks or the carbon nitride concentration was too low.

The thermal stability and phase transformation of the LDHs samples
reconstructed from Cu(OAc), solution were studied and the TG-DTG curves
are presented in Fig. 3. For the ZnAILDH/CuONP sample, the thermal
decomposition proceeded in four steps, as previously reported for LDH
materials [11]. The first two steps (30-170°C, 9.8% mass loss) corresponded to
the removal of physically adsorbed and intergallery water. The third step (170-
230°C, 7.0% mass loss) could be attributed to dehydroxilation of the brucite
like sheets. The sharp mass loss observed in the 230-350°C range (14.3% mass
loss) was due to the partial loss of structural H,O and interlayer anions. The
mass loss in the 350-800°C (1.6%) could be associated with the collapse of the
layered structure and the formation of a stable mixed oxide phase. The presence
of CuONP in the composite LDH/CuO did not substantially affect the thermal
stability, but there was observed a slight shift of the temperature stability range
towards lower values compared to pristine ZnAILDH. ZnAILDH/g-
C3N4/CuONP presented a total mass loss of 29.4% with the same
decomposition steps as for the reconstructed LDH sample without carbon
nitride: mass losses of 7.7% (30-170°C), 7.2% (170-230°C), 12.7% (230-350°C)
and 1.8% (350-800°C).
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Figure 3. Thermal analysis of the ZnAILDH/CuONP (a), ZnAILDH/g-
C3N4/CuONP (b)

The sample surface was investigated by XPS analysis to characterize the
chemical state of Cu, Zn, Al, C, N and O with particular attention given to the
Cu oxidation states.

The XPS survey spectra presented in Figs. 4 and 5 confirmed the
presence of these elements in the ZnAILDH/CuONP and ZnAILDH/g-
C3N4/CuONP samples. Furthermore, in these figures, the deconvoluted spectra
for the present elements with their assignments were also shown.

The high resolution XPS spectrum of Cu2p in ZnAILDH/CuONP presented
a Cu2psp, signal that could be deconvoluted into two peaks accompanied by a
shake-up structure on the high binding energy side. The respective main peaks
at 933.3eV and 935.6 eV were attributed to the Cu®* species, which occupied
octahedral and tetrahedral sites [12]. The appearance of satellite peak at 943.2
eV was a clear evidence of the Cu?" state, which was probably present either as
CuO or as CuAl,O4 spinel. Neither of these copper crystalline forms was
identified in the XRD spectra, due to their low dimensions or good dispersion
on the catalyst surface.

In the deconvoluted Cu2p spectra of this sample, a peak assigned to Cu**
species was also present. We consider that it was an artefact of the XPS
method. During acquisition time, X-ray irradiation of the XPS source caused a
reduction in CuO film. Moreover, according to Chusuei et al. [13], XPS
induced an increased reduction of Cu®* to Cu® in the presence of carbonaceous
overlayer. This Cu® extra-peak was not present in the Cu2p spectra of
ZnAILDH/g-C3N4/CuONP sample. Only the Cu2ps/, peaks, at 934.2 and 938.0
eV, for Cu*" in octahedral and tetrahedral coordination, and the shake-up
satellite at 943.3 eV were present (Fig. 5).

The presence of g-C3N, that resulted from melamine calcination was
evidenced in the N1s and C1s deconvoluted spectra and corresponded to the
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reported data for the same type of materials [14]. Thus, in the N1s spectra, the
peak at ca. 400 eV was usually attributed to N atoms bonded to two carbon
atoms (C=N-C) (graphite like sp?>-bonded graphitic carbon nitride). The Cls
spectrum could be deconvoluted in two peaks, at binding energies of 284.9 eV
and 288.9 eV which were assigned to C-C bond and to carbon atom bonded to
three nitrogen atoms in the g-C3Njy lattice, respectively.
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Figure 4. XPS images of Figure 5. XPS images of
ZnAILDH/CuONP ZnAILDH/g-C3N4/CuONP

3.2. Catalytic oxidation of cyclohexene

The catalytic activity of the studied ZnAILDH support and
ZnAILDH/CuONP and ZnAILDH/g-C3N4/CuONP samples was tested for the
oxidation of CH with H,O; as oxygen source in acetonitrile as solvent, under air
atmosphere.

Cyclohexene is a good model substrate for oxidation reactions since it contains
both C=C and C-H bonds which could be attacked differently, depending on the
used catalyst, the oxidant and the solvent, producing both allylic and
epoxidation products. Acetonitrile was chosen as solvent as it allows higher
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catalytic activity than other solvents, due to its high dielectric constant and the
solubility of H,O,. Hydrogen peroxide is probably the second best terminal
oxidant after dioxygen as regards environmental and economic considerations.
Furthermore, the acetonitrile solvent, the H,O, oxidant and the base sites of the
LDH surface, joint effects which could be interesting from the catalytic point of
view. The optimization of the CH oxidation was previously done [15]. The
results of the catalytic tests are presented in Table 1.

Table 1 Catalytic performance of LDH type catalysts

CH conversion TOF Selectivity (%)

Sample

(%) (h™ | T
ZnAILDH 40 18 16 36 48
ZnAILDH/CuONP 78 105 48 20 32
ZnAILDH/g-
CaNJ/CUONP 08 214 54 20 26

Reaction conditions: catalyst (50 mg), substrate (2.26 mmols), ACN (10 mL),
H,O, (4.75 mmols), 5h, 60°C; Products formed: cyclohexene oxide (I), 2-
cyclohexen-1-ol (I1) and 2-cyclohexen-1-one (111); CH conversion (%) = [CH
converted (moles) / CH used (moles)] x 100; Product selectivity (%) = [product
formed (moles) / total product detected (moles)] x 100; TOF = Substrate
converted (moles) / [Copper in catalyst (moles) x reaction time (h)]; t=20 min

The reaction did not proceed in the absence of the catalyst and the CH
conversion on ZnAILDH was moderate (40% of max.). For the
ZnAILDH/CuONP, the introduction of Cu ions in the brucite layers leads to an
enhancement of the CH conversion up to 78%. The XRD and XPS analysis
proved a good dispersion of Cu'" ions in the brucite layers either as isolated
species or coordinated in spinels. It is clear that this Cu" ions represent the
active sites for the CH oxidation. Considering the great amount of copper in this
sample (0.43 moles%), we can suppose that the copper ions act as an initiator of
free radical oxidation ZnAILDH/CuONP rather than as a catalyst if taking into
account that the CH oxidation proceeds mainly via a free radical oxidation
process.

The maximum CH conversion was 98% over ZnAILDH/g-C3N4/CuONP
(initial turnover frequency of 214 h™). The surface nature of the LDH support
plays an important role in establishing catalyst selectivity. The main products
obtained during CH oxidation are cylohexene oxide (I), 2-cyclohexen-1-ol (I1)
and 2-cyclohexen-1-one (Il1). According to GS-MS analysis, the products
mixture is composed of species formed by oxidation of double bond and allylic
C-H. The epoxide selectivity was 54% for the hybrid based on g-CsNg4
immobilized onto the ZnAILDH/CuONP support. For this last catalyst, a
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synergetic effect due to the presence of both base sites and copper metal sites
well isolated and separated from each other, facilitated the epoxidation reaction
[15]. In the present reaction system, the CH oxidation is accompanied by the
side-reaction of H,O; self-decomposition. The effective utilization of H,O, was
found to be 42% for ZnAILDH, 56% for ZnAILDH/CuONP and 63% for
ZnAILDH/g-C3N4/CuONP, respectively.

The most significant advantage of these new hybrid catalysts is their
reusability. By measurements of initial reaction rates and conversions over five
cycles, it was proved that the catalyst was still active during the fifth run, with a
slight decrease of the initial TOF value.

4. CONCLUSIONS

Novel hybrid catalysts based on g-C3N, and CuNP immobilized into
ZnAILDH matrix were prepared and tested in the process of oxidation of
cyclohexene with 30% H,0..

The joint action of the copper nanoparticles, the carbon nitride basicity and the
LDH structure, beneficially contributed to the catalytic performance in
comparison to their unmodified analogues.

The obtained results can pave the way for the development of new
hybrid materials based on the joined ensemble of metal nanoparticles into LDH
matrices with controllable basicity that could be used as highly effective
heterogeneous oxidation catalysts.
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Abstract

This paper presents the results of the elemental analysis, followed by a physical-
chemical study (molar conductivity measurements, mass spectrometry and
electronic spectroscopy) for three iron(ll) complexes, containing a pyridine
imine, 2-(pyridin-2-yl)-1H-benzo[d]imidazole, or two 2-(pyridin-2-yl)-1H-
benzo[d]imidazole derivatives alongside two 2,2’-dipyridyl molecules.
The results thus gathered (combined with the results of a quantum-mechanical
study that will be reported in a further paper) lead to the deduction that all the
complex compounds exhibit an octahedral geometry, having three (N, N)
bidentate ligands.

Keywords: octahedral geometry; tautomeric forms; heterocyclic (N, N) ligands;
Fe(1l) complex compounds; spectral analysis
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1. INTRODUCTION

The coordination chemistry has been significantly enriched due to the
synthesis and characterization of a large number of six-coordinate octahedral
complexes of the transition elements in which the metal is coordinated by
nitrogen atoms. Particular attention has been given to the complex compounds
formed by transition metals with heterocycles that act as bidentate ligands,
using two nitrogen atoms as electron donors [1-3].

Within this area, three iron(ll) complexes will be described here —
containing a pyridine imine, namely 2-(pyridin-2-yl)-1H-benzo[d]imidazole,
and two of its derivatives beside two 2,2°-dipyridyl molecules: 2-(1H-
benzo[d]imidazol-2-yl) isonicotinic acid and prop-2-yn-1-yl 2-(1H-
benzo[d]imidazol-2-yl)isonicotinate.

These complexes have been synthesized and then structurally were
investigated by usual physical-chemical analysis (molar conductivity
measurements, as well as mass spectrometry and electronic spectroscopy),
preceded by elemental analysis [4].

All the data thus gathered (joint with the results of a quantum-
mechanical study that will be reported in a further paper) have lead to the
conclusion that all the complex compounds exhibit an octahedral geometry, the
chemical bond obviously involving only nitrogen atoms as electron donors [5].

2. MATERIALS AND METHODS
2.1. Materials

The following reagents (Aldrich) were used in obtaining the three
iron (11) complexes compounds presented within this study: ethanol, pyridine-2-
carbaldehyde, 3,4-diaminobenzoic acid, copper acetate, sodium sulfide
nonahydrate, hydrochloric acid, potassium hydroxide, dichloromethane, thionyl
chloride, dimethylformamide, propargyl alcohol, triethylamine, potassium
nitrate.

The elemental analysis was performed on a Perkin Elmer 2380 analyzer.
The elemental analysis was performed on a Perkin Elmer 2380 analyzer. The
molar conductivities were found in chloroform by using an OK-102
conductivity-meter at 300 K.

The mass spectra were obtained on a Mass Spectrometer Micromass
LCT-type, by applying the ElectroSpray lonization (ESI) technique. The
electronic spectra were performed in 10 M ethanolic solutions, with an Ocean
Optics spectrophotometer.
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2.2. Methods

The first ligand, 2-(pyridin-2-yl)-1H-benzo[d]imidazole, denoted as L,
was synthesized by an already published procedure, firstly obtaining its
dihydrochloride and then recovering the ligand itself [5].

In order to obtain the second ligand, 2-(1H-benzo[d]imidazol-2-yl)
isonicotinic acid, denoted as L’, 2-(1H-benzo[d]imidazol-2-yl) isonicotinic acid
dihydrochloride was formerly obtained: 12.82 g of pyridine-2-carbaldehyde
were added to a mixture of a solution of 16.31 g of 3,4-diaminobenzoic acid in
150 ml of ethanol with a solution of 21.82 g of copper acetate in 250 ml of
water, then the reaction mixture was heated for three hours on a boiling water
bath. The redish-brown precipitate of the formed copper complex compound
was filtered off and then dispersed in 150 ml of ethanol.

To decompose this complex, 51.58 g of Na,S-9H,O was put in the
suspension, then the mixture was heated for two hours on the water bath,
copper sulfide was filtered off from the hot solution and washed with hot water
on the filter. The two filtrates were combined and highly acidified with
hydrochloric acid. H,S was removed from the solution by heating the water
bath. On cooling the precipitated 2-(1H-benzo[d]imidazol-2-yl) isonicotinic
acid dihydrochloride was filtered off to recrystallize it from the solvent [4].

The ligand itself, 2-(1H-benzo[d]imidazol-2-yl) isonicotinic acid (L’)
was obtained by mixing its dihydrochloride with an equivalent quantity of KOH
in ethanol, the precipitated KCI was filtered off and finally the ethanol was
distilled off.

In order to obtain the third ligand, namely prop-2-yn-1-yl 2-(1H-
benzo[d]imidazol-2-yl) isonicotinate, denoted as L”, prop-2-yn-1-yl 2-(1H-
benzo[d]imidazol-2-yl) isonicotinate dihydrochloride was previously obtained:
1 g of SOCI; and one drop of DMF were added to a dispersion of 1 g of 2-(1H-
benzo[d]imidazol-2-yl) isonicotinic acid dihydrochloride in 20 mL of
dichloromethane; this mixture was heated for one hour on a water bath, the
solvent was vacuum distilled, and 5 g of propargyl alcohol together with 0.9 g
of triethylamine were added to the mixture in order to cool it; the reaction
mixture was heated at the same time, continuously stirring for another hour on
the water bath, then it was cooled, and poured into water.

The precipitate was filtered off, washed with water, and recrystallized
from concentrated hydrochloric acid.

The ligand itself, prop-2-yn-1-yl 2-(1H-benzo[d]imidazol-2-yl)
isonicotinate, (L) was recovered from its dihydrochloride by mixing it with an
equivalent quantity of KOH in ethanol; the precipitated KCI was filtered off,
and the ethanol was finally distilled off.

Iron complex compound [Fe(dpy).Cl,]-2H,O (dpy standing for 2,2’-
dipyridyl) was synthesized by an already published method.’
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To synthesize the three complex compounds, in each case, to an amount
of 0,098 g of the crystalline complex [Fe(dpy).Cl.]-2H,0 were added 0.2 mmol
ligand (L, L’ or L”) and then 10 ml of ethanol, thus obtaining a dark-purple
solution.

The reaction mixture was boiled for three hours, while the solution
turned redish-brown. The solvent was removed on a rotary evaporator, the oily
residue was extracted with water, this solution being added to a saturated
solution of potassium nitrate.

The isolated fine crystalline precipitate was finally filtered off, washed
with diethyl ether and air dried.

3. RESULTS AND DISCUSSION
3.1. Structure of the ligands

The results obtained by elemental analysis for the three ligands involved
in this study are the following:

L: 2-(pyridin-2-yl)-1H-benzo[d]imidazole dihydrochloride

Procentual formula found: %C 53.76; %H 4.15 %N 15.64; %Cl 26.45.
Procentual formula calcd.: %C 53.73; %H 4.11 %N 15.67; %Cl 26.49.
Molecular weight: 268

Molecular formula: C1,H11NsCl»

2-(pyridin-2-yl)-1H-benzo[d]imidazole

Procentual formula found: %C 73.90; %H 4.57; %N 21.53.

Procentual formula calcd.: %C 73.85; %H 4.61; %N 21.54.

Molecular weight: 195

Molecular formula: C12HgN3

L’: 2-(1H-benzo[d]imidazol-2-yl) isonicotinic acid dihydrochloride
Procentual formula found: %C 50; %H 3.5; %0 10.27; %N 13.5; %Cl 22.73.
Procentual formula calcd.: %C 50; %H 3.53; %0 10.26; %N 13.46; %Cl 22.75.
Molecular weight: 312

Molecular formula: C13H1102NsCl,

2-(1H-benzo[d]imidazol-2-yl) isonicotinic acid

Procentual formula found: %C 65.23; %H 3.83; %0 13.38; %N 17.56.
Procentual formula calcd.: %C 65.27; %H 3.77; %0 13.39; %N 17.57.
Molecular weight: 239

Molecular formula: C13HgO,N3

L”: prop-2-yn-1-yl 2-(1H-benzo[d]imidazol-2-yl) isonicotinate dihydrochloride
Procentual formula found: %C 54.9; %H 3.7; %0 9.16; %N 11.96; %Cl 20.27.
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Procentual formula calcd.: %C 54.86; %H 3.71; %0 9.14; %N 12; %Cl 20.29.

Molecular weight: 350

Molecular formula: C16H130,N3Cl»

prop-2-yn-1-yl 2-(1H-benzo[d]imidazol-2-yl) isonicotinate
2-(1H-benzo[d]imidazol-2-yl) isonicotinic acid

Procentual formula found: %C 69.35; %H 3.98; %0 11.53; %N 15.14.
Procentual formula calcd.: %C 69.32; %H 3.97; %0 11.55; %N 15.16.
Molecular weight: 277

Molecular formula: C16H110,N3

Their structural formulae are shown below.

(O~

2-(pyridin-2-yl)-1H-benzo[d]imidazole (referred to as L)

@EH}A

2-(1H-benzo[d]imidazol-2-yl)isonicotinic acid (referred to as L")
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prop-2-yn-1-yl 2-(1H-benzo[d]imidazol-2-yl)isonicotinate (referred to as L")
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In the reaction of the neutral complex [Fe(dpy).Cl,]-2H,O with these
three bidentate ligands of pyridylbenzimidazole series, a substitution occurs,
specifically the one of the two chloroligands, leading to the formation of a
double-charged cation in each case, thus resulting, [Fe(dpy)2L2]*,
[Fe(dpy)2L’2]** and [Fe(dpy)2L]*".

The substitution reactions may be written as follows, in the three cases
taken for the present study:

[Fe(dpy)2Cl2]-2H,0 + L = [Fe(dpy).L,]** + 2CI” (1)
[Fe(dpy)2Cly]-2H,0 + L* = [Fe(dpy).L’2]* + 2CI- (2)
[Fe(dpy)2Clz]-2H,0 + L” > [Fe(dpy).L"2]*" + 2CI° (3)

The composition of the complex compounds thus obtained,
[Fe(dpy).L2]*, [Fe(dpy).L’2]** and [Fe(dpy).L”;]** was found from the results
of mass spectrometry measurements.

By using the ElectroSpray lonization (ESI) technique, in the mass
spectrum of the complex compound [Fe(dpy).L.]**, molecular ion peaks were
detected corresponding to double-charged and mono-charged forms of the
complex.

The existence of these two forms originated from the possibility of
deprotonation of the benzimidazole fragment in the ligand L, resulting in
decrease by one unit of the charge and mass of the species.

In the mass spectra of the complex compounds [Fe(dpy).L’-]*" and
[Fe(dpy).L”2]**, as in that of complex [Fe(dpy):L2]**, two signals from
molecular cations of each compound exhibited, corresponding to species with
one and two positive charges.

In all these cases, the isotopic distribution within the molecular ions
signals entirely corresponded to the theoretically calculated form of peaks for
the presumed compositions of the complex compounds.
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The results obtained by mass spectrometry measurements (ElectroSpray
lonization — EIS method) and molar conductivity measurements for the three
complex compounds involved in this study are the following:

[Fe(dpy)2L2]*":
Mass spectrum, m/Z: 609.0, 305.5.
Molar conductivity: 1.89 Q*-cm?mol™ (it acts as an electrolyte).

[Fe(dpy).L 2]*":
Mass spectrum, m/Z: 653.0, 327.8.
Molar conductivity: 1.93 Q*-cm?mol™ (it acts as an electrolyte).

[Fe(dpy).L",]*":
Mass spectrum, m/Z: 689.0, 342.3.
Molar conductivity: 1.97 Q™*-cm?mol™ (it acts as an electrolyte).
3.2. Proposed structural formulae for the complex compounds
On this basis, structural formulae exhibiting an octrahedral geometry

may be proposed for all these complex compounds. Their proposed structural
formulae are shown in Figures 1-3.

0T aoT
= \ / ~~ \ /

= N '\.} 4 = N ‘:; ,f
u r'l ll'l. (\u .."I ll'l._ +
~_ \_\\ M HH S .\\ N M *H
\\

a) b)
Figure 1. Structural formula of Fe(dpy);L,]**: a) double-charged form; b)
mono-charged form
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Figure 2. Structural formula of Fe(dpy),L’,]**: a) double-charged form; b)
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a) b)
Figure 3. Structural formula of Fe(dpy),L",]*": a) double-charged form: b)
mono-charged form

As far as the electronic spectra are concerned, it was presumed that the
introduction of these ligands into the composition of the complex compounds
[Fe(dpy).L.]**, [Fe(dpy).L’2]*" and [Fe(dpy).L”-]*" might lead to a shift of the
absorption band in the visible region.
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Indeed, due to the potential opportunity of the application of the iron(ll)
dipyridyl complexes for sunlight conversion, the visible part of the electronic
spectra of these compounds is the most interesting.®

Experimental absorption spectra of the complex compounds
[Fe(dpy).Lo]*, [Fe(dpy).L’2]** and [Fe(dpy).L”,]** performed in the visible
range (in 10* M ethanolic solutions) is given in Figure 7.

All the three electronic spectra are characterized by a wide band having
a maximum at about 460 nm (the extinction coefficient was about 3000 I-mol’
lem™, indicating that the presence of a substituent at the benzo[d]imidazole
fragment of the first ligand (either -COOH or —-COO-CH,-C=CH) does not
significantly influence the absorption in the visible range. As compared to the
iron(11) tris-dipyridyl complex, this band suffered a red shift by almost 10 nm,
but its intensity in the absorption maximum is several times less than for the
corresponding band of [Fe(dpy)s]**.

4. CONCLUSIONS

About the complex compounds that this work dealt with, the first results
(obtained by gathering information from their elemental composition,
conductometric behavior, mass spectrometry and electronic spectroscopy)
suggest that they all exhibit octrahedral geometry, two forms co-existing for
them: a double-charged form and a mono-charged one, acting as electrolytes in
both cases. As stated earlier, a quantum-mechanical study (confirming these
conclusions) will be reported in a further paper.
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Abstract

This paper reports the results of a quantum-mechanical study performed for two
organic ligands, namely 2-(pyridin-2-yl)-1H-benzo[d]imidazole and two of its
derivatives) and three of their complex compounds with iron(ll), containing two
2,2’-dipyridyl molecules beside the above-mentioned ligands. For all of them,
the results of the elemental analysis, as well as the ones of a physical-chemical
study (involving molar conductivity measurements, together with mass and
electronic spectroscopy) have been presented in a previous paper. The results
support the deduction that all the complex compounds with three (N,N)
bidentate ligands exhibit an octahedral geometry.

Keywords: octahedral complex compounds; heterocyclic (N,N) ligands;
guantum-mechanical study; HOMO-LUMO method; EHT calculations
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1. INTRODUCTION

In a previous paper [1], a study has been reported, involving three (N,N)
heterocyclic ligands (2-(pyridin-2-yl)-1H-benzo[d]imidazole and two of its
derivatives) and the three iron(Il) complexes obtained whith each of them and
two 2,2°-dipyridyl molecules. This study has suggested that the investigated
complex compounds with these (N,N) bidentate ligands exhibit an octahedral
geometry [2, 3]. The present work presents the results of a quantum-mechanical
study about the previously investigated chemical compounds.

One of the reasons for the synthesis and investigation of these iron
complexes involves was introducing into the coordination sphere of a complex
possessing a photosensible moiety, [Fe(dpy).]** a bidentate ligand of (N,N)
type that would modify the electronic structure of the complex and thus would
make it possible to utilize the energy of the quantum absorbed along one of the
predetermined deactivation channels (luminescence, charge transfer, etc.).

Inasmuch as the directional synthesis of complexes with desired
properties is impossible without the understanding of the relation between the
composition of the coordination sphere, electronic structure of the complex, and
the observed characteristics of its excited states [6, 7], a significant attention is
paid to quantum-mechanical studies of the electronic structure of polypyridine
iron complexes and to the interpretation of electronic spectra based on the
calculations of the excited electronic states [4].

Within this study, we have investigated the effect on the spectral
characteristics of the complexes of two substituents added to the ligand (-
COOH, -COO—CH,—C=CH) located in the peripheral part of a pyridine imine,
2-(pyridin-2-yl)-1H-benzo[d]imidazole.

It was presumed that the introduction of these ligands into the
composition of the studied polypyridine iron(I) complexes might result in a
shift of the absorption band in the visible region, that presumption being
confirmed by the electronic spectral analysis that we have formerly repoted [5].

2. MATERIALS AND METHODS

2.1. Materials

Preparation of the ligands, as well as the preparation of their complexes
with Fe(I1), were described in the anterior paper that we have mentioned above.

2.2. Methods
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A specialised chemistry software, HyperChem 8.0.9.- trial version [5]
was used for this quantum-mechanical study based on HOMO-LUMO EHT
(Extended Hiickel Theory) calculations [4].

3. RESULTS AND DISCUSSION

3.1. Computational modeling of ligands’ structure

As far as the three organic compounds are concerned, we shall remind
that they are the following ones: 2-(pyridin-2-yl)-1H-benzo[d]imidazole,
2-(1H-benzo[d]imidazol-2-yl) isonicotinic acid and prop-2-yn-1-yl 2-(1H-
benzo[d]imidazol-2-yl)isonicotinate, and also that they will be reffered to as L,
L’and L” respectively. Their structures (obtained by using the specialised
chemistry software HyperChem 8.0.9.- trial version [5]) are shown in Figures 1-3:

Figure 2. Computational modeling for the structure of the ligand L’ [5]
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Figure 3. Computational modeling for the structure of the ligand L” [5]

The previous data sugest that they act as bidentate ligands in the
complex compounds formed with Fe(ll), involving nitrogen atoms in the
coordination, so the chelate rings obtained contain five atoms each
([Fe(dpy)2L2]™, [Fe(dpy)2L2]*" and [Fe(dpy)oL"2]*").

In order to verify the accuracy of this statement, a quantum-mechanical
study was performed on the ligands and their corresponding complex
compounds.

The molecular geometry was optimized using the Molecular Mechanics
approach (MM™), the cartesian coordinates for all the atoms being obtained by
using HyperChem 8.0.9.- trial version [5].

The cartesian coordinates for all the atoms were used into the ICONC
program — an improved version of ICON [4]. The VSIP’s and Slater exponents
have been those recommended by ICONC library, apart from the VSIP’s for the
4s, 4p and 3d levels for the Fe®* ion, that would lead to the unacceptable
conclusion that the sigma coordinative bonding would have a “back-donation”
character. Thus, these parameters were replaced by the ones proposed by
Calzaferri and Brinde [4], so the EHT calculations were performed without
iteration upon charge and configuration, taking into account that the EHT
practice has been shown that the results obtained this way seem to be more
reliable.

3.2. EHT (HOMO-LUMO) calculation

In order to establish the electronic structure of the free ligands L, L’ and
L”, a quantum-mechanical study was carried out in two modes: with the
optimization of the geometric structures, and then using geometric parameters
corresponding to the ligand state in the coordination sphere of the complex.

77



The ligands have planar structure. In their free state, the nitrogen atoms
of the dipyridyl ligands, as well as the nitrogen atoms in the ligands, are in the
trans position with regard to the C—C bond between the cyclic aromatic
fragments.

Energies and contributions of different molecular fragments on the
higher occupied molecular orbitals (HOMOs) and lower unoccupied molecular
orbitals (LUMOSs) of complex compounds (%) are presented in Table 1.

To facilitate the involvement in the coordination to the iron(ll) ion, the
three bidentate ligands should suffer a transition into a less energy state, this
engaging a considerable rising of the energy of the molecular orbital (MO)
ruling the donor properties of the ligand (~1.2 eV). The main contribution to
this MO originates in the atomic orbitals of the nitrogen atoms located in the
ligand plane. An orbital from the ligand dpy becomes the highest occupied
molecular orbital (HOMO, simply denoted as “-0” in Table 1), whereas an
orbital from the ligands L, L’ or L” becomes HOMO-1 (simply denoted as “-1”
in Table 1).

The energies of the other occupied frontier MOs suffer smaller changes
(up to 0.2 eV) and can either increase or decrease.

The energy of the lowest unoccupied molecular orbital (LUMO, simply
denoted as “+0” in Table 1) will be interesting in explaining the spectral
characteristics of the studied complex compounds, remaining practically
unchanged while the ligand conformation changes.

In the electronic state right before coordination, the LUMOs of ligand
dpy and L, L’ or L” (called “+0”, “+17, “+2” etc.) have the same energy (within
an accuracy of 0.05 eV). The presence of a substituent introduced at the
benzo[d]imidazole fragment of the first ligand (-COOH or —COO-CH,—
C=CH) leads to a decrease in energy of MOs formed by the AOs of the
acceptor nitrogen atom. In particular, LUMO of the ligands L’ and L” are lower
by about 0.5 eV than LUMO of L.

In Table 1 energies and contributions of different molecular fragments
on the higher occupied and lower unoccupied molecular orbitals of complexes
(%) are presented of highest occupied and lowest unoccupied molecular orbitals
of the three complex compounds, [Fe(dpy).L2]**, [Fe(dpy).L’»]** and
[Fe(dpy).L"2]*".

The accounting for the solvation shell is found for the most part of the
orbitals with an important contribution of substituent atoms.

Consequently, taking into account the large negative charge on the
oxygen atoms of the substituent, the symmetry of the solvate shell of the
complex seem to be distorted, so the energy of the corresponding MOs decrease
compared to the energy of MOs localized on the dpy ligands of the studied
complexes [8-10].
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Amongst the frontier orbitals of all three complex compounds, the
following orbitals can be stressed out as having a major contribution from the
d-orbitals of the central iron(ll) ion: (HOMO-2 (“-2”), HOMO-1 (“-17),
HOMO (“-0), LUMO+12 (“+12”), LUMO+13 (“+13”), the rest of MOs being
localized on the ligands.

The introduction of the acceptor substituent (-COO-CH,—C=CH or
—COOQOH) into the the benzo[d]imidazole fragment of the ligand L affects the
MO energy as follows [11]:

- additional MOs come out among the frontier MOs: for [Fe(dpy)2L’2]*":
HOMO-7 (“-77), LUMO+4 (“+4”); for [Fe(dpy).L72]*": HOMO-8 (“-8”),
HOMO-7 (“-77), LUMO+4 (“+4”), HOMO+12 (“+4”); therefore, the occupied
orbitals (HOMOs) are practically localized on the atoms of the substituent,
whereas the occupied orbitals (LUMOSs) are delocalized over all ligand
surrounding;

- the energy decreases for the MOs whose formation occur with the
involvement of AOs of the substituent atoms with about 0.15 eV for HOMO-4
(“-4”) and 0.24 eV for HOMO-3 (“-3”), (these being localized on the
benzo[d]imidazole fragment with the contribution from the AOs of the
substituent ~2% and ~4% respectively); a proportionality can be observed
between the energy decrease of the MOs and the contribution of the acceptor
fragment to the MOs (as presented in Table 1);

- the gap that appears between the HOMO and LUMO in complexes
[Fe(dpy),L’2]** and [Fe(dpy).L”,]*" decreses by about 0.2 eV compared with
the one in complex [Fe(dpy),L2]*".

The effective charges distribution on atoms (calculated by using the
EHT method) in the three complexes — [Fe(dpy).L.]**, [Fe(dpy).L’5]*" and
[Fe(dpy),L",]** — are quite identical except for the benzene ring in the ligands
L, L’ or L” — where the charge distribution depends on the presence of the
substituent.

By introducing the carboxylic substituent, the negative charge on the
carbon atom increases, so the atoms next to it become less negative.

Moreover, introducing the prop-2-yn-1-yl fragment leads to a stronger
polarization of the benzene ring.

The same charge on the central atom in all the three complexes indicates
the equal degree of the overall transfer of the electron density during the
formation of the coordinative bond metal-ligand in these compounds,
disregarding the presence of a substituent at the benzene ring [11].

As previously stated, all these observations may be made by carefully
analyzing the computational results gathered in Table 1, presenting the energies
and contributions of different molecular fragments on the higher occupied
molecular orbitals (HOMOs) and lower unoccupied molecular orbitals (LUMOS).
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Table 1. Energies and contributions of different molecular fragments on the
higher occupied molecular orbitals (HOMOs) and lower unoccupied
molecular orbitals (LUMOSs) of complex compounds (%)

[Fe(dpy),Lo]*"

Complex compound
[Fe(dpy).L 5]*"

[Fe(dpy),L2]*

MO E,eV Fe(ll) dpyl dpy2 L E.,eV Fe(ll) dpyl dpy2
*

L
*

**

E,eV Fe(ll) dpyl dpy2

*

)

**

**k*k

-10

-8.76

2.3

78.1

5.3 143-8.70

0.7 81 553

35.7

0.2

-8.54

0.0

0.2

0.3

104

53.7

35.3

-9

-8.67

0.6

7.8

51.5 40.0-8.61

0.3 445 5038

4.4

0.2

-8.53

0.3

11

2.4

91.0

4.7

0.4

-8

-8.62

0.3

44.7

50.1 4.9 -8.52

03 11 23

90.3

6.1

-8.05

0.0

0.0

0.0

114

485

40.2

-7

-8.40

0.4

1.2

1.6 96.8-8.16

0.0 0.0 0.0

15.9

84.0

-7.96

0.1

0.1

0.0

1.6

5.7

92.5

-6

-7.42

14

55.7

413 1.6 -7.45

24 633 24.2

9.6

0.4

-7.45

2.3

62.1

26.2

8.7

0.4

0.2

-5

-7.38

0.5

41.0

57.7 0.8 -7.40

0.8 22.0 744

2.8

0.0

-7.40

0.8

23.7

72.3

3.0

0.0

0.0

-4

-7.06

8.8

5.6

1.2 844-7.29

57 16.8 09

74.8

1.9

-7.29

5.5

15.8

0.8

75.3

1.8

0.7

-3

-6.88

2.5

0.8

0.6 96.2-7.19

1.0 05 038

93.7

4.0

-7.20

13

0.7

0.9

92.5

41

0.5

-2

-6.13

74.2

7.9

105 7.5 -6.19

743 79 104

7.4

0.0

-6.19

74.3

7.9

10.4

7.4

0.0

0.0

-1

-6.05

724

9.4

6.4 11.8-6.11

724 94 65

11.7

0.1

-6.12

724

9.4

6.5

11.7

0.1

0.0

-0

-5.89

71.9

6.3

7.6 14.2-5.96

731 66 7.6

11.7

0.2

-5.97

73.9

6.6

7.6

11.7

0.2

0.0

+0

-2.63

0.2

28.8

40.4 30.6-2.84

19 24 3.0

85.9

6.7

-2.85

1.9

2.3

2.8

85.3

7.3

0.4

+1

-2.52

5.9

54.9

2.1 37.1-2.61

3.2 442 479

4.3

0.5

-2.62

3.1

42.9

494

4.1

0.5

0.0

+2

-2.52

6.3

115

52.5 29.6-2.55

6.3 484 440

1.3

0.0

-2.55

6.3

49.7

42.7

13

0.0

0.0

+3

-1.82

1.0

34.1

43.0 21.9-1.93

11 122 154

58.9

12.4

-1.95

1.2

9.8

12.2

60.3

155

0.9

+4

-1.60

1.7

36.7

2.7 58.9-1.77

2.3 316 32.0

23.3

10.7

-1.78

2.2

31.9

34.8

20.3

10.2

0.6

+5

-1.54

2.2

45.3

48.5 4.0 -1.60

1.3 343 44

53.8

6.2

-1.61

1.3

33.6

2.4

57.0

54

0.4

+6

-1.49

2.2

17.0

75.8 5.0 -1.57

2.1 46.3 450

6.1

0.4

-1.57

2.2

46.1

46.8

4.7

0.2

0.0

+7

-1.45

14

61.7

245 12.3-1.50

1.8 112 783

7.8

0.9

-1.50

1.9

12.3

7.7

7.3

0.7

0.0

+8

-0.61

2.0

2.3

1.1 94.6-1.47

1.2 59.7 20.3

17.8

0.9

-1.48

1.2

61.5

21.2

154

0.6

0.0

+9

-0.26

0.7

28.8

43.8 26.7-0.78

1.3 23 09

95.0

0.4

-0.78

1.3

2.3

0.9

94.9

0.4

0.1

+10

-0.19

0.8

28.0

6.7 64.5-0.26

0.9 46.4 498

2.9

0.0

-0.26

0.9

45.6

50.5

2.9

0.0

0.0

+11

-0.14

0.9

45.1

49.1 5.0 -0.16

0.8 514 46.6

1.2

0.0

-0.16

0.8

52.2

45.8

1.2

0.0

0.0

+12 0.01 421

24.0 9.1 24.6-0.04 42.5

22.0 30.3

25.1

0.0

-0.09

3.4

1.1

15

18.3

18.9

56.8

+13 0.08 42.2 17.6 315 8.7 -0.02 42.1

19.5 30.4

8.0

0.0

-0.04

41.2

22.3

9.5

239 0.7 24

* - the benzo[d]imidazole fragment
** - the carboxyl group
*** - the prop-2-yn-1-yl fragment

3.3. Comparison between the experimental and theoretical spectra
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Whithin this study, the experimental and theoretical spectra were
compared. Therfore, this calculation method allowed a detailed analysis about
the effect of the substituents on the absorption electronical spectrum of the three
iron(I1) complex compounds (all the three spectra were presented in the
previous paper [1]). As far as the electronic spectrum is concerned, it was
presumed that the introduction of these ligands into the composition of the
complex compounds [Fe(dpy).L.]**, [Fe(dpy).L’2]*" and [Fe(dpy).L”2]*" might
lead to a shift of the absorption band in the visible region [11].



Indeed, due to the potential opportunity of the application of the iron(ll)
dipyridyl complexes for sunlight conversion, the visible part of the electronic
spectra of these compounds is the most interesting.”

Experimental absorption spectra of the complex compounds performed in
the visible range (in 10 M ethanolic solutions) was given in the former paper®.
All the three electronic spectra are characterized by a wide band having a
maximum at about 460 nm (the extinction coefficient was 3000 I-mol™cm™,
indicating that the presence of a substituent introduced at the benzo[d]imidazole
fragment of the first ligand (either -COOH or —-COO-CH,-C=CH) does not
significantly influence the absorption spectrum in the visible range [1].

None of the energies over 4.5 eV occurring in the experimental
spectrum in the region 200-250 nm was taken into account. Although the
energy of the transitions was overestimated in some way (by 0.2-0.3 eV), the
results of this calculation were consistent with the experimental findings.

To be more specific, the performed HOMO-LUMO EHT calculations
[4] showed that the absorption spectrum of al the three complex compounds
taken into study shall be divided in three regions [11]:

- the first region (2.5-3.5 eV) corresponds only to charge-transfer

(CT) transitions from the 4d orbitals of Fe(ll) to antibonding orbitals
of the ligand surrounding, n*(L, L’ or L”); the close energy values of
the low unoccupied MOs of ligands dpy and L, L’ or L provides an
availability of their mixing within the complex leading to a
delocalization of the electron density obtaineded by photo-excitation
over the three ligands (dpyl, dpy 2 and L, L’ or L”);

- the second region (3.5-4.2 eV) involves mixed transitions where

MOs of different kinds are involved: from d(Fe) to either n (L, L’ or
L”)orn* (L, L’ or L”).

- the third region (the one over 4.2 eV) generally contains the ligand-

ligand MO transitions.

Although the presence of an acceptor substituent in ligands L’ and L”
leads to a lower energy in the corresponding n* MO and therefore to the already
mentioned reduced energy gap between the occupied and occupied molecular
orbitals (HOMOs and LUMOs) of complexes [Fe(dpy).L;]** and
[Fe(dpy),L",]**, these facts do not create a considerable modification of the
waves in the first region, whereas the lowest energy transitions (HOMO-LUMO
transitions) in the complexes [Fe(dpy).]*, [Fe(dpy).L’2]*" and [Fe(dpy).L"-]**
are similar for the three complex compounds. Therefore, the results obtained by
EHT procedure [4] are presented in Table 2 for only one of them, [Fe(dpy),L.]*.

The MOs with a large contribution (over 70%) of AOs of the carboxylic
substituent (—COOH or —-COO-CH,—C=CH) only take part in the transitions of
high energy (i.e., over the energy of 4.2 eV).
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Table 2. Theoretical and experimental values of energy, the oscillator force and

the extinction coefficient for different HOMO-LUMO transitions

complex compound [Fe(dpy).L2]** (the other two tables are similar)

in the

Theoretical spectrum

Experimental spectrum

E eV Ofscillator Assignment E. eV Extin_ct_ion
orce, f coefficient
2.64 0.0140 d(Fe) — dpyl, dpy2, L 2.56 2810
d(Fe) — n(Fe-dpyl), 8(Fe- L)
d(Fe) — 8(Fe-dpy2), 8(Fe- L)
2.78 0.1204 d(Fe) — dpyl, dpy2, L
d(Fe) — n(Fe-dpyl), 6(Fe-L) 2.69 2010
d(Fe) — d(Fe-dpy2), d(Fe-L)
2.82 0.1331 d(Fe) — n(Fe-dpyl), 8(Fe-L)
d(Fe) — d(Fe-dpy?2), &(Fe-L)
3.61 0.0237 d(Fe) — dpy2, dpyl 3.54 3300
3.65 0.0375 d(Fe) — dpyl, dpy2
d(Fe) — L, dpyl
3.70 0.0241 d(Fe) — L, dpyl
d(Fe) — o(Fe-dpy2), o(Fe-dpyl), o(Fe-L)
3.73 0.0328 d(Fe) — L, dpyl 3.94 1782
L — dpyl, dpy2, L
d(Fe) — o(Fe-dpy2), o(Fe-dpyl), o(Fe-L)
3.75 0.0428 L — dpyl, dpy2, L
L — n(Fe-dpyl), 8(Fe- L)
3.78 0.0855 d(Fe) — L, dpyl
L — n(Fe-dpyl), 8(Fe-L)
3.76 0.0935 d(Fe) — dpy2, dpyl
d(Fe) — L, dpyl
d(Fe) — dpyl, dpy2
3.82 0.0465 d(Fe) — dpy2, dpyl
L — n(Fe-dpyl), 8(Fe-L)
d(Fe) — dpyl, dpy2
3.87 0.0434 d(Fe) — dpyl, dpy2
3.88 0.0431 L — S(Fe-dpy2), 8(Fe-L)
d(Fe) — dpyl
d(Fe) — dpy2
3.89 0.0350 d(Fe) — dpyl, dpy2
d(Fe) — o(Fe-dpy2), o(Fe-dpyl), o(Fe-L)
3.91 0.0635 d(Fe) — o(Fe-dpy2), o(Fe-dpyl), o(Fe-L)
d(Fe) — dpyl, dpy2
3.94 0.2302 L — n(Fe-dpyl), 8(Fe-L)
L — d(Fe-dpy2), (Fe-L)
n(Fe-pb) — n(Fe-dpyl), 8(Fe- L)
4.00 0.1449 n(Fe-pb) — n(Fe-dpyl), 8(Fe-L)
4,01 0.1462 d(Fe) — dpyl, dpy2 4.32 2310
d*(Fe) — dpy2, dpyl
4.25 0.0193 dpy2, dpyl — dpyl, dpy2, L
4.29 0.0210 dpyl, dpy2 — dpyl, dpy2, L
dpy2, dpyl — 8(Fe-dpy2), 6(Fe- L)
4.42 0.2582 dpyl, dpy2 — 8(Fe-dpy2), 6(Fe- L)
dpyl, dpy2 — n(Fe-dpyl), 8(Fe- L)
4.44 0.0142 dpy2, dpyl — d(Fe-dpy2), d(Fe-L)
dpyl, dpy2 — dpyl, dpy2, L
4.48 0.0515 d(Fe) — o(Fe-dpy2), o(Fe-dpyl), o(Fe-L)
4.53 0.0597 L — dpyl, dpy2, L
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4. CONCLUSIONS

The quantum-mechanical study consisting in HOMO-LUMO EHT
calculations (based on specialised chemistry software), supports the already
presentedl statement that the complex compounds of Fe(ll) with one of the
ligands (L, L’ or L”) along with two dpy ligands are octahedral, the three
bidentate ligands being coordinated by means of nitrogen atoms to the central
metal ion. Moreover, L’ and L” are able to act as bridging ligands in supra-
molecular structures.

The comparison between the experimental and theoretical spectra shows
that complexes [Fe(dpy).L’-]*" and [Fe(dpy).L”]** exhibit absorption in the
same spectral region of the spectrum as [Fe(dpy)s]*".

Moreover, the complex compound [Fe(dpy),L,]** proved itself to exhibit
the availability to act as an “antenna”, so that the ligands L’ and L”, containing
in their structure a second group able to be involved in the coordination to the
Fe(Il) ion, may be used as “bridging ligands” in the synthesis of polynuclear
supramolecular structures of the “antenna-bridge” kind.
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Abstract

The effect of food additives on human health and on the environment has been
widely investigated. Their electrochemical degradation / mineralization
constitute an important method to transforms these chemical compounds into
harmless ones.

In this study we investigated the electrochemical behavior of tartrazine (TRZ)
food additive (E102) in the presence of NaCl and Na,SO, supporting electrolyte
using the cyclic voltammetry method and current constant density electrolysis.
The variation of dye concentration in time was analyzed by UV-Vis
spectrophotommetry.

The presence of different supporting electrolyte leads to different degradation /
mineralization processes of tartrazine.

Keywords: tartrazine, electrochemical degradation, electroactive species,
degradation degree
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1. INTRODUCTION

Synthetic organic dyes are widely used in industrial processes such as:
confectionery, beverages, drugs colorants, textile dye. Although they presents
some advantages (stability to acids, light, temperature, oxygen), on the other
hand represents a source of pollution, and consumed in high quantity are
genotoxic to humans and animals [1, 2]. Di(Azoic) dyes are one of the synthetic
dye types with a large use in food, cosmetic, textile and pharmaceutical
processing. Based on their individual physico-chemical properties, diverse
electrochemical, spectrophotometric and thermic methods have been reported
for the characterization, determination, retention and degradation of single or
mixed dyes [3-10].

It was observed that after systemic exposure of mice to tartrazine
resulted in gut and hepatic inflammation without periportal inflammatory cell
recruitment [11]. The genotoxic, cytotoxic and cytostatic potentials of food
dyes, tartrazine, amaranth and erythrozine have been tested in human peripheral
blood cells. The authors [12] observed that amaranth (8 mM) presents
genotoxicity, cytotoxicity and cytostaticity, tartrazine is toxic at 8 and 4 mM
and erythrozine shows high cytotoxicity and cytostaticity at 2, 4 and 8 mM.

The content of tartrazine in food products must be controlled due its
negative effects. Multi-walled carbon nanotubes were used for the
electrochemical determination of tartrazine [13], Ponceau 4R and Allura red
[14]. ZnOlcysteic acid nanocomposite electrochemically deposited on glassy
carbon electrode was used for simultaneous determination of tartrazine and
sunset yellow [15]. Modified gas diffusion electrode [16]; alumina microfibers-
based sensor [17] and expanded graphite paste electrode [18] were used for
electrochemical determination/degradation of tartrazine, Ponceau 4R and
Amaranth.

Also, tartrazine was used in the preparation of active electrodes used for
removing heavy metal ions, Pb(ll), Cd(1l) and Cr(I11) [19, 20].

The removal of tartrazine has been investigated using TiO2 catalyst
under UV light [21]; carbon nanotubes decorated with silver nanoparticles [22];
Photo-Fenton process [23] or using electrocoagulation coupled with
electrochemical advanced oxidation processes [24].

This work reports the results of direct and indirect electrochemical
degradation of tartrazine food dye by constant current density on platinum
electrode.
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2. MATERIALS AND METHODS
2.1. Materials

Tartrazine (IUPAC name: trisodium 5 - hydroxyl - 1 - (4 -
sulfonatophenyl) - 4 - [(E) - (4 - sulfonatophenyl) diazenyl] - 1H - pyrazole - 3
- carboxylate), commonly known as E number - E102 was purchased in the
form of crystalline powder from a local confectionery.

NaCl and Na,SO, were purchased from Sigma-Aldrich and it presented
analytical reagent grade. For achieving the aqueous electrolyte solutions was
used bidistilled water. The electrochemical cell used was made of heat resistant
glass and was jacketed thermostatic.

Metallic electrodes (anode and cathode) used in the electrochemical
assembly were made of pure platinum plate (99.99 %) and were of Sigma-
Aldrich provenience (active surface = 2 cm?). The reference electrode was
represented by the Ag/AgCI,KClg, electrode.

2.2. Methods

Three stock solutions were prepared as follows: i) 100 mL 107 mol-L™
tartrazine solution; ii) 100 mL 1.0 mol-L? NaCl solution; i) 100 mL 1.0
mol-L™* Na,SO, solution. For the preparation of working solutions were taken
the appropriate volumes of stock solution and diluted accordingly to obtain 100
mL mixed solution: a) 5-10° mol-L™ TRZ, 10" mol-L™* NaCl and b) 5-107
mol-L™* TRZ, 10" mol-L™ Na;SOs.

Cyclic voltammograms of the platinum electrode in supporting
electrolyte solution, both in the absence and presence of tartrazine, were
recorded using the dynamic electrochemical system VoltaLab 40 with
VoltaMaster 4 software. In all cases, the scanning rate of the working electrode
potential was of 100 mV-s™.

Electrolysis at constant current density (50 mA-cm™) of the tartrazine
solution, in the presence of various supporting electrolytes, was made using
also the dynamic electrochemical system VoltaLab 40. The electrolysis was
carried out under dynamic condition of agitation.

Tartrazine solutions were spectrophotometrically analyzed at different
times of the electrolysis process. Thus, the UV-Vis spectra of solutions were
recorded in the wavelength range of 200-400 nm using a Varian Cary conc.
spectrophotometer equipped with a quartz cuvette.
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3. RESULTS AND DISCUSSION
3.1. Direct electrochemical degradation of tartrazine (TRZ)
3.1.1. Cyclic voltammetry study

Direct electrochemical degradation of tartrazine was studied by cyclic
voltammetry associated with UV-VIS spectrophotometry using sodium sulfate
as the supporting electrolyte. Figure 1 presents the cyclic voltammograms of the
platinum electrode in the 10 mol-L™ sodium sulphate solution in the absence
and in the presence of 5-10° mol-L™ tartrazine. Into this figure are inserted the
detail of cyclic voltammograms at low values of current densities and the UV-
Vis spectra of the solution before and after recording the cyclic
voltammograms.
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- - - - TRZ Na2S04 t
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Figure 1: Cyclic voltammograms of Pt electrode in 10~ mol-L™ Na,SOy in the
absence and in the presence of 5-10® mol-L™ TRZ, sweep rate 100 mV-s™.

As can be seen from Figure 1, the two voltammograms are very similar
and they differ only at high values of anodic (> 1.5 V) and cathodic (< -1.0 V)
potentials. At potential values greater than 1.5 V, the values of recorded current
densities are much higher when in the electrolyte solution are present the
tartrazine molecules; this shows an increase in the electron transfer processes at
the interface of metal / electrolyte solution.

The UV-Vis spectra of 5-10™ mol-L* tartrazine in 10 mol-L™* Na,SO,
solution, before and after cyclic voltammogram registration are presented in
insert of Figure 1. According to these spectra, it is observed that the absorbance
values are almost identical for the two cases. At a high scanning rate of working
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potential, used for recording the cyclic voltammograms, the electrochemical
degradation of TRZ is very small.

3.1.2. Constant current density electrolysis / Spectrophotometry

Constant current density electrolysis (50 mA-cm™) was performed over
a time period of one hour. Tartrazine solution was spectrophotometrically
analyzed during electrolysis. The UV-Vis spectra of 5:10° mol-L™* TRZ, 10
mol-L™ Na,SO, electrolyzed solution, registered form 10 to 10 mins. are
presented in Figure 2.

The initial spectrum, registered before the start of electrolysis, shows
one absorption peak at 430 nm, in the Visible domain, attributed to extended
chromophore system and one absorption peak around 258 nm in the Ultraviolet
domain.

0 min

10 min
20 min
30 min
40 min
50 min
60 min

absorbance

200 400 600 800
wavelength (nm)

Figure 2: UV-Vis spectra of 5-10” mol-L™ TRZ, 10~ mol-L™ Na,SOy solution
at different times of electrolysis.

The electrochemical degradation process of tartrazine molecules in the
presence of the sodium sulfate supporting electrolyte was evaluated by
monitoring the absorbances values at A = 430 nm. The electrochemical
degradation degree (%) of azorubine was calculated with the following
equation:

Ay — 4,

electrochemical degradation (%) = ( ) - 100

o
where Agis the initial value of absorbance (time = 0 min.), and Atis the
absorbance of tratrazine solution at reaction time t (min.).

The values of absorbance registered at the characteristic wavelength of
430 nm decrease with the increasing of time value (Figure 2). This indicates
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that the tartrazine molecules are degradated over time, reaching a degree of
electrochemical degradation of approximately 37 % at the end of the
electrolysis (t = 60 min.).

3.2. Indirect electrochemical degradation of tartrazine (TRZ)
3.2.1. Cyclic voltammetry study

Indirect electrochemical degradation of tartrazine was studied by cyclic
voltammetry associated with UV-VIS spectrophotometry using sodium chloride
as the supporting electrolyte. Figure 3 presents the cyclic voltammograms of the
platinum electrode in the 10* mol-L™ sodium chloride solution, in the absence
and in the presence of 5-10° mol-L™ tartrazine. Into this figure are inserted the
detail of cyclic voltammograms at low values of current densities and the UV-
Vis spectra of the solution before and after recording the cyclic
voltammograms.

i{mAJem?)
ubsorbmce

E vs. Ag/AgCl KCI(V) wavelength (nm)

Figure 3: Cyclic voltammograms of Pt electrode in 10~ mol-L™ NaCl in the
absence and in the presence of 5-10® mol-L™ TRZ, sweep rate 100 mV-s™.

Cyclic voltammograms of the Pt electrode (Figure 3) shows a decrease
of current densities in the presence of tartrazine molecules. Chloride anions are
reduced at the platinum electrode to form clorine molecules, which reacts with
water molecules to forms hypochlorite anions. Consequently, the tartrazine
molecules are indirectly degraded by hypochlorite anions. The detail of cyclic
voltammograms shows the presence of current density peaks attributed to
electrochemical generation of chloride active species. The cyclic
voltammogram recorded in the presence of tartrazine indicates the appearance
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of a new peak (1.4 V vs. Ag/AgCI,KCI) of current density, this peak being most
probably attributed to the electro-oxidation of organic dye molecules.

The interaction of tartrazine molecules with active chloride ions is one
of the strongest interactions. The UV-Vis spectra of 5-10”° mol-L™ tartrazine,
10" mol-L™* NaCl solution, before and after cyclic voltammogram registration,
shows that the absorbance value decreases significantly. Only by recording the
cyclic voltammogram, the chromophore system of tartrazine is electrochemical
degraded approximately 75 %, according to the UV-Vis spectra inserted in
Figure 3.

3.2.2. Constant current density electrolysis / Spectrophotometry

Indirect electrochemical degradation of E102 food dye was studied by
the electrolysis of the salted tartrazine solution at a constant current density (50
mA-cm™). In saline solution, both the chemical and electrochemical processes
occur much faster. Figure 4 shows the UV-Vis spectra of the electrolyzed
tartrazine solution, recorded form 1 min. to 1 min..
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Figure 4: UV-Vis spectra of 5-10° mol-L™ TRZ, 10" mol-L™ NaCl solution at
different times of electrolysis.

The UV-Vis absorption spectra in the domain of high wavelengths (430
nm) indicate a rapid electrochemical degradation. After 2 minutes from the start
of the electrolysis process, the maximum absorption wavelength corresponding
to 430 nm disappears completely. The UV-Vis absorption spectra in the domain
of low wavelengths (258 nm) indicate a more complex process. While the
absorption maximum at 258 nm decreases, it is noted the appearance of a new
peak at a wavelength of 332 nm, whose intensity increases with time. This
indicates the formation of an intermediate species with an increasing
concentration during the electrolysis process (absorbance values increase). In
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saline solution, the UV-Vis spectra show the disappearance of the initial
absorption peaks ( 258 nm and 430 nm) and the appearance of a new absorption
peak (332 nm). As a conclusion, it can be said that, in the presence of chloride
ions, occurs only a partial electrochemical degradation of the tartrazine
molecule.

4. CONCLUSIONS

This study reports the application of electrochemical methods such as
direct and indirect electrochemical degradation in removing the tartrazine, an
azoic food additive, from salted aqueous solutions.

The method of constant current density electrolysis was used to
investigate the effect of supporting electrolyte on tartrazine removal efficiency.
The influence of supporting electrolyte was evaluated using spectrophotometric
analysis. In the presence of sulfate anions the electrochemical degradation
degree reaches a value of 37 % at 60 minutes of electrolysis, while in the
presence of chloride anions the degradation degree reaches the maximum value
of 100 % in just 2 minutes.

Experimental results indicate a total electrochemical degradation of the
tartrazine molecules in the sodium sulfate solution, while in the sodium chloride
solution only a partial electrochemical degradation occurs.

References

1. S. Kobylewski, M. F. Jacobson, J. Occup. Environ. Health., 18 (2012) 220.

2. M. A. Rauf, S. S. Ashraf, J. Hazard Mater., 166 (2009) 6.

3. A. Samide, B. Tutunaru, J. Therm. Anal. Calorim., 127 (2017) 863.

4. A. Samide, B. Tutunaru, J. Therm. Anal. Calorim., 127 (2017) 597.

5. B. Tutunaru, C. Tigae, C. Spinu, I. Prunaru, Int. J. Electrochem. Sci., 12
(2017) 396.

6. A. Samide, B. Tutunaru, C. Tigae, R. Efrem, A. Moanta, M. Dragoi,
Environm. Protect. Eng., 2014 (2014) 93.

7. A. Samide, M. Dumitru, A. Ciuciu, B. Tutunaru, M. Preda, Stud Univ.
Babes-Bolyai, Chemia, 4 (2009) 157.

8. A. Samide, G. E. lacobescu, B. Tutunaru, C. Tigae, Int. J. Electrochem. Sci.,
12 (2017) 2088.

9. A. Idris, M. S. Suhaimi, N. A. M. Zain, R. Rashid, N. Othman, Desalin.
Water Treat., 52 (2014) 6694.

10. E. Z. Godlewska, W. Przystas, E. G. Sota, Water Air Soil Pollut., 225
(2014) 1.

11. Stephanie K. Meyer, Philip M.E. Probert, Anne F. Lakey, Andrew R. Axon,
Alistair C. Leitch, Faith M. Williams, Paul A. Jowsey, Peter G. Blain,
George E.N. Kass, Matthew C. Wright, Toxicol. Lett., 273 (2017) 55.

91



12

13
14
15
16

17
18

19
20
21

22

23
24

92

. P. Mpountoukas, A. Pantazaki, E. Kostareli, P. Christodoulou, D. Kareli, S.
Poliliou, C. Mourelatos, V. Lambropoulou, T. Lialiaris, Food Chem.
Toxicol., 48 (2010) 2934.

. L. Zhao, B. Zeng, F. Zhao, Electrochim. Acta, 146 (2014) 611.

. Y. Zhang, X. Zhang, X. Lu, J. Yang, K. Wu, Food Chem., 122 (2010) 909.

. P. S. Dorraji, F. Jalali, Food Chem., 227 (2017) 73.

. W. R. P. Barros, S. A. Alves, P. C. Franco, J. R. Steter, R. S. Rocha, M. R.
V. Lanza, J. Electroch. Soc., 161 (2014) H438.

. Y. Zhang, L. Hu, X. Liu, B. Liu, K. Wu, Food Chem. 166 (2015) 352.

.J. Zhang, M. Wang, C. Shentu, W. Wang, Z. Chen, Food Chem., 160 (2014)
11.

. L. Monser, N. Adhoum, J. Hazard. Mater., 161 (2009) 263.

. M. Soylak, Z. Topalak, J. Ind. Eng. Chem. 20 (2014) 581.

. V. K. Gupta, R. Jain, A. Nayak, S. Agarwal, M. Shrivastava, Mat. Sci. Eng.,
C 31 (2011) 1062.

. J. Goscianska, R. Pietrzak, Catalysis Today, 249 (2015) 259.

. P. Oancea, V. Meltzer, J. Taiwan Inst. Chem. Eng., 44 (2013) 990.

. A. Thiam, M. Zhou, E. Brillas, 1. Sires, Appl. Catal. B: Environ., 150-151
(2014) 116.



OF
STl

Annals of the University of Craiova LY .

. . 4. *

The Chemistry Series , /\3)0

Volume XLIV, No. 1 (2017) 93-117 = @ §’
homepage: chimie.ucv.ro/anale/ 2 - Ny
p ‘zr% - B@t‘

Materials for solid oxide fuel cells

Review
Adriana Voinea”, Andreea Simionescu, Alexandru Popescu
University of Craiova, Faculty of Sciences, Department of Chemistry, Calea
Bucuresti, 107i, Craiova, Romania

“E-mail: voineaadrianaa@yahoo.com

Received: 23.01.2017 / Accepted: 20.02.2017 / Published: 10.05.2017

Abstract

Solid-oxide fuel cells (SOFCs) present a particular interest due to their fuel
flexibility, power generation efficiency, and low pollution. In order to achieve
the best performance, the SOFC components must be compatible regarding
thermal expansion, chemical interaction at their interfaces, electric and ionic
conductivity and electrochemical performance. New electrode and electrolyte
materials are developed during past decades. Research of new materials for
SOFC components proved to be a major and challenging task. However, yttria
stabilized zirconia, nickel cermet and lanthanum strontium manganite or
lanthanum strontium cobaltite ferrite are the state-of-the-art materials for
electrolyte, anode, and cathode, respectively. This work provides a review
regarding the aspects related to material development.

Keywords: solid oxide; fue cell; materials

1. INTRODUCTION

The solid oxide fuel cells (SOFCs) are energy conversion devices that
directly convert chemical energy of a fuel into electricity through a series of
electrochemical reactions. They are delivering high electrical efficiency and
significant environmental benefits in terms of fuel flexibility, as well as clean
and efficient electric power generation [1, 2]. In addition, these fuel cells are
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quiet, vibration-free and also produce no or very low levels of SOx and NOy
emissions.

A SOFC consist in a dense electrolyte layer sandwiched between two
porous electrodes (i.e., cathode and anode) as shown in Figure 1. The SOFC
can use either an oxide ion conduction (Figure 1a) and/or proton conduction
(Figure 1b) through the electrolyte. In principle, during operation the electrons
generated in the oxidation process of fuel on anode travel through the external
circuit to the cathode, where are involved in the oxygen reduction process.
Since current is obtained via diffusion of oxide ions (or protons) through a solid
electrolyte, it becomes imperative to use high operating temperatures (~800—
1000°C) for achieving high ionic conductivity (of ~0.1 S/cm) [1-7].

Electrolyte Electrolyte
Anode l Cathode Anode l Cathode

Fuel in l Air in Fuel in l l Air in

Excess fuel Depleted Excess fuel Depleted air

and water air out and water

(a) (b)
Figure 1. Schematic diagram of solid oxide fuel cell (SOFC) showing: a —
oxide-ion conducting electrolyte, and b — proton conducting electrolyte during
its operation. Adapted from: [8]

The most common SOFC are based on the standard materials: yttria
stabilized zirconia for the electrolyte, Lag-xSr«MnO;z for the cathode and Ni-
cermets for the anode [9, 10]. These fuel cells operate at high temperatures
(900-1000°C), due to the thermally activated processes running in electrodes
and electrolyte. These high operation temperatures impose drastic requirements
on cell components. The problems arising from long term operation at high
temperatures are well-known: electrode sintering, catalyst poisoning, interfacial
diffusion between electrolyte and electrode materials, thermal instability, and
mechanical (or thermal) stresses due to differences in thermal expansion
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behavior of the cell components. Such problems have limited the development
and use of SOFCs to a greater extent.

To overcome these problems, new materials and processing
technologies must be developed in order to decrease the operation temperature
down to intermediate temperature range (500-700°C).

2. ANODE
SOFC anode is the site of the fuel oxidation according to the following
reaction:
H,+ 0°~ = H,0 + 2e”
The main requirements for the anode are [11-17]:
+ electrically conductive;
 high electrocatalytic activity;
+ avoid coke deposition;
« large triple phase boundary;
 stable in a reducing environment;
« can be made thin enough to avoid mass transfer losses;
+ able to provide mechanical support to electrolyte and cathode if the cell
is anode supported;
» similar thermal expansion coefficient for neighboring cell component;
« chemically compatible with neighboring cell component;
* has a fine particle size;
« relatively inexpensive materials.

Conventionally, metals (or carbon) were both used as anode and
cathode, which include graphite, platinum, iron, cobalt, and nickel. Due to low
cost, good chemical stability and excellent catalytic activity towards hydrogen
oxidation and reforming of hydrocarbon fuels, Ni had been used as an anode for
several years. However, pure Ni has a considerable CTE mismatch with
commonly used electrolyte material, such as, YSZ, which leads to weakening of
its interface with the electrolyte material. While optimizing metal electrodes,
cermets (i.e., ceramic—metallic composite e.g., Ni-YSZ) and metal oxides were
introduced. Over the last few years, improvements in anode material properties
have been addressed by selecting new materials [18].

2.1. Nickel-based anodes
Nickel metal anode

Ni electrodes were investigated as potential SOFC anode materials.
Yamamura et al. [19] and Norby et al. [20] have reported patterned Ni anode
and Ni mesh, respectively as a model anode to study the anodic reaction
kinetics. Mizusaki et al. [21, 22] investigated the anode kinetics of the
electrochemical oxidation reaction of H, on patterned Ni anodes with YSZ as
electrolyte. Varying the Py, and Py.o in the anode feeds, Mizusaki et al. [23]
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observed that the electrode interface conductivity is proportional to the length
of TPB, and the rate of the electrode reaction is essentially determined by the
reaction process on the Ni surface close to TPB.

Aaberg et al. [24] investigated Ni-YSZ point electrode using long-term
potential step measurements and impedance spectroscopy and evidenced a
redistribution of materials in the reaction zone (Ni and YSZ interface) on
applying anodic overpotentials, which was attributed to the migration of Ni
particles around the electrode-electrolyte interface. This was suggested to
increase the length of TPB, which in turn enhances the electrode activity.
According to Pizzini et al. [25], new catalytic sites are generated by such
treatment, leading to an enhancement of anode activity.

Mizusaki et al. [22], Boer [26], and Bieberle et al. [27] studied anodic
reaction mechanism on model anodes possessing well defined structures:
metallic Ni thin films fabricated by photolithography and wet-chemical etching.
At temperatures higher than 700°C, Ni was found vulnerable to grain growth
and coarsening [22]. The electrochemical performance of the anodes obtained
by Bieberle et al. [27] was similar to that of Boer [26], but it differs from that
reported by Mizusaki et al. [22] due to lower electrode conductivity. It is
important to note that the TBP length was directly correlated with electrode
conductivity [28].

Nickel/YSZ cermet anode

Ni—zirconia cermet anodes, which were first introduced by Liu et al.
[29] in 1995, are the most used anode materials for SOFCs. Ordinarily, the
thermal expansion of Ni mismatches that of stabilized zirconia at high
temperatures [17]. However, Ni particles aggregate and reduce the porosity of
an anode by eliminating the triple-phase boundary (TPB) required for cell
operation, thereby decreasing cell performance. A pioneering research
performed by the Westinghouse Electric Corporation developed Ni—YSZ
cermet anodes to enhance the compatibility of thermal expansion coefficients
between anodes and YSZ electrolytes. YSZ is electronically insulating;
therefore, Ni phases in the cermet must be present in concentrations high
enough to allow a complete conducting pathway through the anode. The
percolation threshold, which is the common name of this parameter, has been
studied in a number of systems. This characteristic normally occurs at
approximately 30 vol% of the conducting phase. Studies on balancing thermal
expansions and achieving sufficient conductivity have led to the development of
anodes with Ni concentrations of 40-60 vol% [30].

One of the main disadvantages of Ni is the promotion of carbon
formation. Anode specifications have changed as fuel requirements are
increasingly focusing on hydrocarbon fuels with low steam ratios. Discussions
on anode materials have highlighted direct oxidation of hydrocarbon fuels at the
anode. Traditional Ni-based cermets are unsuitable in this process due to carbon
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deposition. The usual method of producing Ni—YSZ cermets involves calcining
mixed powders of NiO and YSZ to set up channels for ion conduction in YSZ.
NiO is then reduced to Ni metal to achieve porosity. This material remains the
most promising anode material for hydrogen conversion [31], but exhibits
properties that are highly dependent on particle size, porosity, and
microstructure of the final electrode [32, 33]. Anode porosity affects the fuel
supply and reaction product removal in SOFCs.

Thus, despite its many advantages, the low sulfur tolerance and carbon
deposition in Ni/YSZ composites lead to degradation in its performance. Thus
there is a need to search alternative anode materials.

2.2. Copper and other noble metal cermets

New alternative composite anode materials such as Cu, Co, and
phosphorous cermets are currently under evaluation [34]. Cu has been found
inactive to carbon deposition [35] during the reformation of hydrocarbon fuels,
such as CH,4 and syngas. However, Cu has a lower melting point (1083°C)
compared to Ni (1453°C), and therefore, sintering at high temperatures is
impractical. Instead, a new fabrication method, i.e., wet impregnation method
was adopted to fabricate Cu based anodes [36-38]. Lu et al. [39] investigated
impedance and current-voltage characteristics of SOFCs prepared with samaria
doped ceria (SDC) as an electrolyte and anode based on either Cu-SDC or Au-
SDC. The SOFCs were tested in Hy and n-butane fuels at 650°C. Similar
performances were observed for both the cells based on Au-SDC and Cu-SDC,
which suggest that both Au and Cu are acting solely as electronic conductors in
the anode. This also leads to increase in activation polarization of the cell. One
possible solution is to combine Cu with other materials exhibiting higher
catalytic activity, such as ceria, to achieve enhanced activity and stability.

Ceria acts as an excellent oxidation catalyst, while Cu provides
electronic conductivity to the anode. Kim et al. [40] fabricated and tested Cu—
Ni alloys (with 0%, 10%, 20%, 50% and 100% Ni) as anode at 800°C in dry
CH,. It was demonstrated that carbon deposit was greatly suppressed on the
Cu—Ni alloys compared to that on pure Ni. Nevertheless, a significant increase
in power density of cells based on Cu—Ni alloys was observed over time. This
was attributed to an enhanced electronic conductivity of anode. Finally, authors
suggested that the direct oxidation fuel cells based on Cu—Ni alloy cermet are
feasible at 800°C for CHj.

Costa-Nunes et al. [35] compared the performance of SOFCs with Cu-
Ce0,-YSZ composite anode to the SOFCs based on Ni—YSZ anodes operating
under H,, CO and syngas as fuel environments. Cu-CeO,-YSZ were found to
exhibit marked improvement in the anode performance compared to Ni-YSZ
anode. Authors also explored the role of cobalt (Co) addition in Cu-CeQO,-YSZ
cermet [35]. A significant enhancement in catalytic activity of Co-Cu-CeO;-
YSZ cermet was found in CO fuel compared with that in H, at 700°C.x
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2.3. Oxide Anodes

Compared with a metallic nickel catalyst, oxide catalysts show much
higher coking resistance due to their different electronic structures. In addition,
many oxide materials also show much higher redox stability than nickel. Thus,
during the past decade, oxide-based anodes have also received considerable
interest for use in SOFCs.

Fluorite Oxides

Ce0, is a mixed ionic-electronic conductor in reducing atmospheres. It
possesses higher electronic conductivity than YSZ (1 S/cm at 900°C and Po,
~10"*8 atm). Its ionic conductivity can be controlled by adding acceptor dopant
oxides such as CaO, Y03, GdO3, and Sm,03 [41-46].

Doping CeO, with Sm,03 (SDC) is however reported to slightly reduce
the cell performance as well as catalytic activity (in spite of increasing
conductivity) for direct electrochemical oxidation of butane [47]. Replacing
YSZ in Ni— YSZ with ScSZ (scandia stabilized zirconia) and GDC (gadolinia
doped ceria), i.e., Ni-ScSZ [48], and Ni-GDC [49-52], results in the
enhancement in power outputs, with additional benefits in terms of sulfur
tolerance.

A Mn-doped ceria—ScSZ anode for SOFCs operating on hydrogen and
methane fuels has been reported [53]. It was found that the addition of Mn
could remarkably decrease the sintering temperature of ceria, and the
conductivity of ceria could also be improved with proper Mn doping in the fuel
atmosphere.

Other elements, such as Mo, Zr and Fe, were used to dope ceria, and
certain good results have been obtained [54-56]. Song et al. reported the
creation of ceria—zirconia mixed oxides of Ce;xZrO, (x = 0.1, 0.25, 0.5, 0.75,
and 0.9, respectively, as anodes for SOFCs when hydrogen and methane were
applied as fuels [54]. Lv et al. also reported Ce;.xFexO,s (FDC, x = 0.1 and 0.2)
anodes for methane-fueled SOFCs [56].

CeosMp20,5 (M = Mn, Fe, Ni, Cu) was evaluated by Tu et al. for
suitability as anodes for SOFCs running on hydrogen and methane [57]. It was
found that CeggMg 20,5 have high coking resistance in a methane atmosphere.
CepsMo2025 (M = Mn, Fe, Ni, Cu) presented relatively low electrochemical
activity in both H, and CHa.

Perovskite Oxides

With the aim to develop sulfur tolerant anode materials, oxides with
perovskite structure were invented [58, 59], e.g., Sr1xLacTiO3 (LST; x = 0.3—
0.4) [60, 61], Y-doped SrTiO; [62], La;-xSrkVO;3 (LSV; x = 0.5) [63-68],
Ceg9Sro.1VOy (X = 3,4) and its doped variations [69, 70], LajxSrxCri.yMnyO3
(LSCM; x = 0.25, y = 0.5) [71], and double perovskite structured materials such
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as SrgMgz.xMoer (SMMO; X :1) [72, 73], SroFes3M0,304 [74], and
pyrochlore structured Gd,Ti,«M0xO7; (x = 0.6) [75, 76]. Conductive oxides
exibited improved sulfur tolerance, but lower electrical conductivity than Ni-
cermet counterparts which leads to inferior anode performance [77], poor fuel
oxidation, reduced catalytic activity, and incompatibility with the adjoining cell
components during service at high temperatures.

Tao and Irvine reported La;—SrxCrosMngsOs—s (LSCM) as a single-
phase anode for SOFCs operating on H, and CH,4 [78]. This anode was stable in
both reducing and oxidizing atmospheres and also showed good redox stability
and operation stability in methane. The effects of the content and/or the variety
of the LSCM dopants on the electric and electrocatalytic properties for high-
performance SOFC anodes at reduced temperatures were studied [79, 80, 81].
Strontium was substituted by barium in LSCM, and the addition of Ba
enhanced the electrical conductivity in air, whereas the conductivity in wet H,
was well maintained compared with that of LSCM [79].

SrTiO3 presents high chemical stability under air and fuel atmospheres
and also has a high resistance toward carbon deposition and a high sulfur
tolerance. Doping of the A and B sites of SrTiO3; was also extensively exploited
to make it applicable as anodes of SOFCs. For example, A-site La-doped
SrTiOz (LST) perovskite anodes are attractive due to their high electronic
conductivity and high dimensional and chemical stability in repeated redox
cycling [61, 82].

3. ELECTROLYTE
The electrolyte conducts oxide ions from cathode to anode where it
reacts with hydrocarbons to form H,O and CO, and thus completes the overall
electrochemical reaction. The oxide ion conduction occurs via oxygen vacancy
hopping mechanism, which is a thermally activated process. For achieving a
high ionic conductivity in electrolyte materials, their crystal structure must
possess large interionic open space that allows high level of point defect
disorder, and low migration enthalpy <1 eV [83].
The main requirements for the electrolyte are [84-86]:
« ionically conductive (should be characterized by oxygen ion transport
numbers close to 1);
 electronically insulating;
» chemically stable at high temperatures;
« chemically stable in reducing and oxidizing environments;
 gas tight/free of porosity;
« production as a uniformly thin layer (to minimize ohmic losses);
+ thermal expansion that matches electrodes;
* inexpensive materials.
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The large number of oxygen ion electrolytes that have been investigated
can be grouped into a small number of structure types: fluorite-based systems
(doped bismuth oxide, zirconia, ceria, pyrochlore); [87] perovskite and related
intergrowth structures (lanthanum gallate, brownmillerites, BiMeVOX); [88]
LaMOX and apatites.

3.1. Fluorite based electrolytes

Y,0;3 stabilized ZrO, (YSZ) materials were first recognized by Nernst in
1890s as a potential electrolyte owing to their high oxide ion conductivity. The
mechanism of ionic conduction in YSZ is similar to that of acceptor doped
Ce0,. Thus, the oxygen vacancies generated by adding acceptor dopant cation
not only stabilizes the cubic phase of ZrO,, but also enhances its oxide ion
conductivity [89]. Among the various Y,03-ZrO, solid solutions, 8 mol %
Y,03-ZrO, (8YSZ) is reported to exhibit highest ionic conductivity of 0.1 S/cm
at 1000°C, which is a minimum ionic conductivity required for an electrolyte
[90].

Among other doped ZrO, systems, Sc,03 doped ZrO, (ScSZ) materials
have received considerable interest for SOFC electrolyte. At 850°C, the ionic
conductivity of 11 mol % Sc,03; doped ZrO, is roughly 1.5 times higher than
that of 8YSZ [91]. With high ionic transference (and negligible electronic
conductivity) over a wide operation temperature range and partial pressures of
oxygen, and good thermochemical properties, they offer an advantage of
lowering the working temperature of SOFCs to intermediate temperature range.
However, ScSZ suffers phase transitions as a function of temperature,
conductivity ageing behavior over time at high temperatures, poor accessibility.
Moreover, it has a quit high market price [92].

The high temperature fluorite structure of bismuth oxide polymorph (6-
Bi,O3) exhibits high intrinsic oxygen vacancies concentration (25% of the
oxygen sublattice sites) [93], which leads to a remarkably high ionic
conductivity in 8-Bi,Os. In fact, the ionic conductivity of 8-Bi,Os3 is highest
among all the studied oxide ion conductors. However, these materials
undergoes a phase transformation from cubic (3) to poorly conducting
monoclinic (o) phase on cooling below 600°C, which results in concomitant
drop in the ionic conductivity. Furthermore, bismuth-oxide has structural
stability issues in fuel environments (700°C), and it possess low bending
strength and toughness [93].

In order to enhance the oxide ion conductivity, numerous compositions
based on CeO, have been explored. Acceptor dopants such as trivalent
lanthanide cations, and divalent alkaline earth cations, were extensively used
with varying doping level to understand the correlation between the physical
properties of dopant and conductivity. Doping CeO, with lanthanide cations
exhibit improved performance in the intermediate temperature range [94-97].
According to Kharton et al. [83] doped ceria materials exhibit higher ionic
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conductivity than YSZ, so they can be utilized in the intermediate temperatures.
In this category, solid solutions, such as, Ce;.xMxO,.s (where, M = Gd or Sm, X
= 0.10-0.20) show the highest level of oxide ion transport [83]. Doped CeO; is
relatively chemically inert towards electrode materials and renders high power
density (~400mW/cm?) at intermediate temperatures [98-103]. Gd- and Sm-
doped ceria are generally recognized as the best conductors. Excellent
conductivity has been observed in yttria-doped ceria [104]. Several co-doped
ceria electrolytes have been investigated, for example, Cepg5Gdo.1M0.0501.9
[105], Cel-aGda-y-Smy02-0_5a [106], Cel-x-dexPrOZ-z [107], CepsSmpoxYx.O19
[108] and CeggGdo.2-xYx [109] with some positive results.

3.2. Pyrochlores based electrolytes

Materials possessing pyrochlore structure (a superstructure of fluorite
structure (AXz)) with a general formula of A;B,O; have been actively
investigated for ionic conduction since 1960 [110-114]. The oxide ion
conductivity exhibited by pyrochlore based oxides (e.g., Gd>Zr,0; ~ 5x107
S/cm) is comparable to that of YSZ at 1000°C. The ionic conduction in these
materials can be tailored either by chemical substitution [115] or thermal
treatment [114]; e.g., substituting Zr*" for Ti** in Gda(TiyxZry).0; from
Gdy(Zro3Tip7)207 to GdoZr,0O7 results in conductivity enhancement by two
orders of magnitude [116]. Among various pyrochlore compositions, Gds.
xCaxTi207.5 (X = 0.20) is reported to exhibits the highest conductivity [115,117].
Substitution of Gd** with Ca®* in Gd,Ti,O7.; increases the p-type conductivity
and lowers the n-type electronic conductivity of the material [117]. However,
electron transference number of (Gd,Ca),Ti,O7s in air is reported to be on the
higher side of acceptable values for solid electrolytes. In addition, few
compositions in this category also possess ionic transference number lower than
stabilized ZrO,. These pyrochlore materials are most likely to find application
as protective films on LaGaO,- or CeO,-based electrolytes. Furthermore, with a
moderate CTE (~10.4-10.8x10%/K), these materials possess good compatibility
with other cell components [83].

3.3. Perovskite based electrolytes

Perovskite type oxides with the chemical formula ABO; were
investigated as ionic conductors by various groups [118, 119]. They exhibit
exceptionally high ionic conductivity, better than most of the other oxide ion
conductors [83].

Addition of acceptor dopant cation to LaBO; oxides, such as, Sr**,
Ca®*,Mg®* or Ba*" at La>* sites have been reported to enhance the catalytic
activity and ionic conductivity [120-125]. The reduction of effective valence at
A-site, creates oxygen vacancies, which, in turn, increase the ionic conductivity.
Doping with Sr** results in the highest ionic conductivity as the tendency
towards the formation of pair cluster is low, except for LaCoO3 [126]. In case
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of La;SrkGa;.yMgyOs.5 (LSGM) series, maximum ionic transport have been
observed for compositions with x and y lying in the range of 0.10-0.20 and
0.15-0.20, respectively [127]. Furthermore, it has been reported that replacing
Ga>* with Co® will result in an increase in ionic conductivity. However, this
will also slightly increase the electronic conductivity in the material [128, 129].
Perovskite aluminates, such as, LaAlOs; were extensively investigated since
1970s [127, 130-132]. Compared to LaGaO3.; and CeO,.;, perovskites based on
LnBO3; (B = Al, In, Sc and Y) exhibit better stability to reduction and
volatilization. Doping with Sr** at A-site has been shown to provide maximum
enhancement in the conductivity and minimum vacancy-association.

Among various Sr** doped LaGaO; compositions, the maximum
conductivity value has been reported in the case of Lagg¢Sro1AlO3s [133-135].
Although, adding Mg on B-site increases the oxygen vacancy concentration,
however, it has a negative effect on the oxygen vacancy mobility which leads to
lower ionic conductivity [136].

Brownmillerite-like phases

Oxides having a brownmillerite structure (with chemical formula of
A;B,0s) consist in alternating layers of perovskite [137]. The brownmillerites
exhibit different types of electrical conduction, viz., in dry atmosphere and
moderate Po,, it is typically ionic (oxide ion conductivity). Under oxidizing
conditions, they exhibit mixed ionic and p-type electronic conduction, whereas
in H,O containing gas mixtures, they exhibits protonic conduction.

BayIn,Os exhibits mixed conductivity, with oxide ion conductivity
dominating the total conductivity in dry air. The rise in temperature causes a
phase transition to a disordered perovskite phase at 930°C that results in a
significant increase in the ionic conduction [138]. The disordered cubic
perovskite phase can be stabilized by substituting In-sites with higher-valance
cations, e.g., Zr**, Ce**, Sn** or Hf** that can enhance intermediate temperature
ionic conduction [139]. Doping with other cations, such as, Y**, Yb**, Ga®* and
Sc** at In-sites, i.e., BayInz,MyOs, where x = 0.1-0.2 have also been
investigated [140-142].

3.4. LazM0,09 (LAMOX) based electrolyte materials

Materials based on La,M0,09 compound or LAMOX, first reported by
Lacorre et al. in 2000, exhibit fast oxide ion conducting property [143-145].
The oxide ion conductivity in LAMOX was found to be ~ 6x102 S/cm which
compares well with that of stabilized ZrO, at 800°C. These materials undergo a
phase transition from room temperature monoclinic (a-form) to cubic (B-form)
at around 580°C, accompanied by a sudden increase in conductivity (by 2
orders of magnitude), which is similar to that observed for Bi,O3 and Ba;In,Os
oxide ion conducting oxides. Due to their susceptibility towards phase
transition and the tendency of molybdenum to get reduced in fuel environment,
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researchers have investigated doping at both lanthanum and molybdenum sites.
The effect of substitution of lanthanum site with other elements such as Nd, Y
and Gd on suppressing the cubic to monoclinic phase transition on cooling have
been investigated by Georges et al. [146]. On doping with Nd, phase remains
monoclinic in the entire compositional range. However, above a certain dopant
level, doping with Gd and Y leads to stabilization of cubic phase at room
temperature. Doping with W to form La,Mo0,xWxOg solid solutions (with x
<1.6) were reported to exhibit ionic conductivity of ~ 0.11 S cm™ (x = 0) to
0.05 S cm™ (x = 1.5) at 750°C, which compares well with that of gadolinium
doped ceria [147].

Both ionic and electronic conductivity of La,Mo0,0g as a function of
temperature was explored by Subasri et al. [148]. It was reported that the phase
transition, although present in La,M0,0,, does not have any apparent effect on
its conductivity. The total conductivity was observed to be ~3 orders of
magnitude lower than that reported by Lacorre et al. [144]. Furthermore, at
900°C, this material exhibits an ionic conductivity of ~8x10™ S/cm which is
significantly lower than that of YSZ at the same temperature. Also, there is an
onset of high electronic conductivity even at the oxygen partial pressures of the
order of 8 Pa. The reported work is in contradiction with the result reported by
Lacorre et al. [144]. It was further suggested by Subasri et al. [148] that the
high conductivity observed by Lacorre et al. [144] may be due to the presence
of impurities in La;Mo0,0g samples.

3.5. Apatite structure

Apatite based materials have a general formula of Aj;(MO4)sXa+s
(where A is a rare earth or alkaline earth cation or Pb, M is a p-block element,
such as, Si, Ge, P or V and X is OH, O% or halides). Rare-earth apatite
materials have relatively high oxide ion conductivity at moderate temperatures
as well as at low oxygen partial pressures [149-151] and have been proposed as
alternative solid electrolyte materials [152-154]. The most interesting aspect of
the apatite conductors is that their conductivity involves interstitial oxide-ions
[155-158].

Apatite-based oxide ion conductors typically consists of
LNg 33+4x(S1/Ge04)60243x2. On examining and modeling the probable conduction
mechanism in apatites silicates, the atomistic simulation results suggest that
conduction in Lag33(Si04)s02 and LagSr,(Si04)s0, takes place via interstitial
and vacancy mechanism, respectively [155,157]. It has been shown that
Lag 33(Si04)s0 exhibits significantly higher ionic conductivity compared to that
of LagSry(Si04)s0, [159]. The key difference between the two samples is the
presence of lanthanum vacancies in the Lag 33SigO26 sSample, although the oxide
ion content is the same and nominally stoichiometric in both samples. Using
neutron diffraction investigation in both the compositions, Sansom et al. [159]
have shown that channel oxide ion are ordered in LagSr,(SiO4)sO, composition,
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while a degree of disorder is present in the case of Lag33(Si04)sO2, Where a
significant portion of the channel oxygen is displaced into interstitial sites.

Among several reported rare earth apatites, lanthanum silicates exhibit
ionic conductivity higher than their germinate counterparts [160-165]. The
conductivity obtained is purely ionic as most of the compositions exhibit ionic
transference number >0.9, across a wide range of Po,. Initial investigations
carried out by Nakayama et al. [152, 153] on an undoped Ln;o(SiO4)03
revealed that the high oxide ion conductivity was observed for larger rare earths
cations such as La, Pr, and Nd.

Moreover, oxygen excess compositions (X > 0) were reported to exhibit
higher conductivity, €.g., at 5000C, Lag_33(SiO4)602 and L&9,67(Si04)602,5 exhibit
ionic conductivity of 1.1x10™ S/cm and 1.3x10° S/cm, respectively [161]. The
results indicate that interstitial oxide ions also significantly contribute in
enhancing the oxide ion conductivity in apatite systems. A wide range of
compositions have been investigated in this category; however, majority of the
work is focused on the La containing system, i.e., Lag33+x(Si04)sO2+3x2 [152,
153, 160, 161, 163, 165, 166, 167]. Various types of dopant were used: for La-
site: Mg, Ca, Sr, Ba, Co, Ni, Cu, Mn, Bi and for Si-site: B, Al, Ga, Zn, Mg, Ti,
Ge, Fe, Co, Ni, Cu, Mn, P. In addition, there are certain dopants which can
easily occupy both La- and Si-sites (for example Mg?"), and are termed as
‘ambi-site” dopants [166].

Compared to  silicates, germanate  based  apatites  (or
Lag 33+x(Ge04)s024+3x2) have shown higher activation energy and hence, lower
ionic conductivity at low temperatures [150]. In addition, germanate apatite
materials show instability at high temperatures as they tend to volatilize,
undergo glass formation, and show poor sinterability. The sinterability is
reported to be improved by doping with transition metal cations. Furthermore,
these materials have a tendency to incorporate significant amount of water
molecules during annealing in wet atmospheres at temperatures below 500°C,
which probably contribute towards protonic conduction [168]. Their high ionic
conductivity at higher temperatures looks promising.

3.6. Other oxides

LaBaGaO, compounds constitute another category of oxides containing
isolated GaO, tetrahedral units which show significantly high ionic
conductivity. The undoped phase of LaBaGaO, exhibits significantly lower
conductivity than the doped phases. Li et al. [169] have measured the
conductivity of La; xBa;+xGaOs., in air and in N, atmospheres, and observed
that the conductivity in N, atmosphere is lower than that in air, which suggests
the existence of p-type conductivity in these materials.

LaSrGazO; - based materials represent another category of oxides that
can be used as electrolytes for SOFCs [170]. In this category, LaSrGazOy is the
parent compound which exhibits poor electrical conductivity. However, with an
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increase in x value in La1+xSr1xGasO7+xp2, La/Sr concentration ratio is increased,
resunlting in excess oxygen incorporation into the lattice to maintain the charge
balance [171, 172].

4. CATHODE
The molecular oxygen supplied on the cathode side of SOFC is

adsorbed onto the surface of the porous cathode, and is further reduced to oxide
ions by accepting the incoming electrons from the current collector. Depending
on the nature of the cathode material, oxygen reduction reaction can occur
either on the electrode/gas interface or somewhere in the vicinity of the
electrode/electrolyte/gas interface. The fully or partially reduced oxide ions or
atomic species are then transported through the bulk or surface pathways to the
electrolyte/electrode/gas interface where the complete reduction occurs. The
oxide ions are subsequently transported to anode via diffusion through dense
electrolyte [8].
The main requirements for SOFC cathode are [11, 37, 85, 86]:

« high electronic conductivity;

» chemically compatible with neighboring cell component (usually the

electrolyte);

+ can be made thin and porous;

« stable in an oxidizing environment;

+ large triple phase boundary;

 catalyze the dissociation of oxygen;

* high ionic conductivity;

 adhesion to electrolyte surface;

+ thermal expansion coefficient similar to other SOFC materials;

« relatively simple fabrication;

« relatively inexpensive materials.
Several classes of materials for cathode manufacture can be distinguished.

4.1. Noble-metal-based cathodes

Noble metals have been applied as cathodes in SOFCs for long time.
However, their high price and low oxygen reduction activity at reduced
temperatures and easy sintering at elevated temperatures make the pure phase
noble metals impractical for use as cathodes in IT-SOFCs. Instead, the most
studied noble-metal-based cathodes are composites created by mixing noble
metals with a second ionic conductor. The use of composite cathodes improved
the catalytic activity, lowered the electrode cost, and improved the
morphological stability. Among the noble metals, silver and platinum are the
two most popular electronic conductors, and they also show good chemical
compatibility with the selected ionic conductors. The best performance is
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usually obtained when the noble-metal phase and the ionic conducting phase are
properly mixed.

The Ag and Bi;V(9Cup 10535 (BVC) mixture is a well-known composite
cathode due to its high electrocatalytic activity at reduced temperature and
relatively low price compared with Pt. The Ag-BVC cathode was first reported
by Xia et al. [173].

Camaratta et al. systematically investigated the long-term stability of a
silver—bismuth oxide composite cathode [174, 175] and found that although the
initial performances of silver- and yttrium-stabilized bismuth oxide (Ag-YSB)
and silver- and erbium-stabilized bismuth oxide (Ag-ESB) were quite good,
their polarization resistances isothermally increased by more than 70 % for Ag-
YSB and by nearly 70 % for Ag-ESB, from 0.04 to 0.07 Q cm?® and from 0.06
to 0.10 Q cm? respectively, after operation at 650°C for 100 h. Yang et al.
replaced silver with gold as the electronic conducting phase in Ag-BVC, and a
core-shell-nanostructured Au-BVC cathode was developed [176] that showed
activity comparable to that of the Ag-BVC electrode.

4.2. Perovskite-based cathodes

Perovskites are of particular interest for SOFC cathodes. Perovskites are
oxides with general formula ABO3 (e.g., LaMnQOg3, LaCoO3, LaFeOs3). The A
sites are occupied by lower valence cations, mainly of rare and alkaline earth
metals, e.g., La, Sr, Ca, Ba, etc. The B-sites are occupied by higher valence
reducible transition metal cations, e.g., Ti, Cr, Ni, Co, Fe, etc. [177].

In 1966, La;.xSrxCo0s3.5 (LSC) was the first perovskite material reported
by Button and Archer to be used as cathodes for SOFCs [178, 179]. This was
followed by synthesis and testing of other several perovskite materials. From
1973, La;x SrxMnOs.5 (LSM) was exclusively used for cathode manufacture,
and it has remained the most investigated cathode material for SOFC [8].

The lanthanum strontium manganite (La;xSrxMnQO3) materials are still
the most popular material for cathodes in current SOFCs operating at
temperatures higher than 850 °C. This popularity is due to the good
performance and structural stability of La;—SrkMnQO3, as well as the good
chemical compatibility with the widely used YSZ electrolyte. Mizusaki et al.
found that the electronic conductivity of La;—SrkMnOsz increased
monotonically as the content of Sr increased from x = 0 to x = 0.5, and this
material showed a promising electronic conductivity that exceeded 100 S cm™
[21, 22].

To enhance the electrochemical performance of La;—SryMnO; at
intermediate temperatures, the introduction of a second ionic conducting phase
into the La;—SrkMnQj3 electrode is a simple and effective strategy. The most
commonly used ionic conductor is YSZ electrolyte material. Tsai et al.
systematically studied the effects of cathode composition, processing, and
structure on the performance of a LSM-YSZ dual-phase composite electrode. It
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was found that increasing the content of YSZ in the LSM-YSZ cathodes from 0
to 60 wt% reduced the low-current area-specific resistance of the cells (in air
and humidified hydrogen) from ~3.3 to 0.7 Q cm? at 750 °C [180]. Murray et al.
reported that at 700 °C, the polarization resistance decreased from 7.82 QQ cm 2
for a pristine LSM cathode to 0.75 Q cm 2 for a LSM—-GDC composite cathode
[181].

B-site doping is also widely applied to tailor the properties of LSM, and
many transition metals (Sc, Cr, Fe, Co, Ni, and Cu) have been tested as dopants.
Yue et al. prepared a scandium-doped LaggSro2,MnO3 cathode (LaggSrooMn;.
xSCx03 (LSMS)) [182]. Sc-doped LSMS cathodes exhibited higher
performance, especially at lower temperatures. By partial substitution of the Mn
in LSM with cobalt, the as-obtained cobalt-based materials exhibited greatly
improved electrochemical performance compared with LSM [183].

Ln,—SrkCo0j3 is another popular electrode material for IT-SOFCs due to
its superior oxygen reduction activity and can be treated as a material derived
from the full substitution of Mn in the Ln;_,SrxMnO3 perovskite lattice. Ishihara
examined the electrochemical activity of Smg7M3C003 (M = Ca, Sr, Ba), and
the maximum power density was obtained from the cell with Sr-doped SmCo0O3
[184]. However, the high content of Co in the B site of the perovskite resulted
in a somewhat unstable phase structure, a higher TEC compared with other
electrolyte materials, and a serious phase interaction between the electrode and
electrolyte [185, 186].

LaNiOs- based perovskite oxides are another series of popular electrode
materials in SOFCs [187]. The pristine LaNiO3 easily decomposes at elevated
temperatures to form a catalytically inert NiO phase [188]. To avoid such phase
decomposition, foreign ions were tested for partial substitution of the Ni in the
B site. Chiba et al. doped several elements, including Al, Cr, Mn, Fe, Co, and
Ga, into LaNiO3; and found that Fe was the best candidate (LNF) [189, 190].
This material exhibited a high tolerance to Cr contamination. Komatsu et al.
performed three separate stability tests of single cells with LSCF, LSM, and
LNF as cathodes [191]. The LNF cathode maintained a stable cathodic
overvoltage for ~150 h, whereas the overvoltages of cells with LSCF and LSM
cathodes in the presence of the Cr-contained alloy were steeply increased. Other
researchers tested cobalt and Mo doping as a strategy for electrochemical
performance improvement of the LaNiO3 electrode [192-194]. In addition to B-
site doping, praseodymium was demonstrated as a proper substitution element
for lanthanum in perovskite oxides to improve the performance of LaNiO3 as an
oxygen reduction electrode [195-198]. The substitution of La by Pr in LaNiO3
might help to mediate the reactivity of the electrode with the YSZ electrolyte.
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4.3. Layered perovskite-based cathodes
A-site cation-ordered double perovskites

A-site cation-ordered double perovskite oxides have the general formula
AA'B,0Os, where A’ = Ba, A = Y or a trivalent lanthanide ion, and B is a first
row transition metal ion.

Taskin et al. [199] first found that A-site ordering in GdgsBagsMnOs
material could greatly enhance its oxygen diffusivity. For example, an ionic
conductivity of 0.01 S cm™' was achieved in cation-ordered GdBaCo,0s at
~500 °C. It was proved that the oxygen transport in double perovskite occurred
in a highly anisotropic direction and only in the A-O and adjacent B-O layers
[200]. Later, Kim and Zhang et al. systematically investigated the application of
LnBaCo,0s materials (Ln = La, Pr, Nd, Sm, Gd, and Y) for SOFC cathodes
[201, 202]. Chen et al. systematically studied the electrode performance of
PrBaCo,0s on a SDC electrolyte. PrBaCo,05 and SDC showed good chemical
compatibility because no serious reaction occurred between these two
components, even at temperatures greater than 1000°C [203]. Doping of the B
site of double perovskite with transition elements other than cobalt was also
attempted. Zhao et al. prepared a series of Fe-doped PrBaCo,0s materials [204].
In the case in which the B site is fully occupied with Fe, Chen et al. found that
both LaBaFe,Os and PrBaCo,0s showed no A-site cation ordering, whereas
LnBaFe,0s (Ln = Nd, Sm and Gd) exhibited a cation-ordered double perovskite
structure. As the ionic radius of the Ln** cation decreased from La to Y, the
oxygen content, the average valence state of the iron ions, and the electronic
conductivity in the nominal composition of LnBaFe,Os were also reduced. The
YBaFe,05 material had the lowest TEC value of 14.6x10° K™'. Among these
materials, the SmBaFe,Os electrode exhibited the best electrocatalytic activity
for the oxygen reduction reaction (ORR).

B-site cation-ordered double perovskites

In the A,B’B”O¢-type double perovskite structure, the arrangement of
the B-cation sub-lattice is controlled by the charge difference and by the size
difference relative to a given A site [205].

Deng et al. [206] prepared a single-phase double perovskite
Ba,CoMo0gsNbys06-s (BCMN) composition with a Mo and Nb co-doping
structure, which showed high structural stability because no phase
decomposition was observed after 240 h of calcination at 750°C. One drawback
of Ba,CoMogsNbosOs-s materials might be their relative low electrical
conductivity. More recently, a novel Bi and Sc co-doped BaCoOj3 was reported
to possess a B-site cation-ordered double perovskite structure. This
Ba;Bi.15¢2C01.706-5 (BBSC) material showed good catalytic activity between
600 and 750°C related to its large oxygen vacancy diffusion coefficient and
surface exchange coefficient. Moreover, despite the existence of phase
decomposition, the oxygen reduction activity of BBSC was proved to be stable
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under cathodic polarization treatment, which is the normal cathode operating
mode in SOFCs [207].

Another popular A;B’B”Os-type double perovskite is SroFe; sM0gs06-5
(SFM), which was first used in symmetrical SOFCs [208]. SFM showed good
chemical compatibility with traditional LSGM, SDC, and BaZry1Ce7Y02035
(BZCY) electrolyte materials. This material also showed a low TEC of
14.5x10°° K™ in a temperature range of 200-760°C [209].

5. CONCLUSIONS

Considering that the solid oxide fuel cells are devices which promise to
deliver high electrical efficiency, significant environmental benefits because of
their fuel flexibility and clean and efficient electric power generation,
continuing efforts to discover new materials for the SOFCs components that
can improve the cells performances and enable their operating temperatures are
made.

Development of electrolytes with low resistance at intermediate or low
temperature, i.e., increasing the ion conductivity or/and decreasing the
membrane thickness, remain the mainstreams of research in the field of SOFC
electrolyte. Solid electrolyte materials have to be stable over a wide range of
oxygen partial pressures and temperatures. Candidate materials for medium and
low temperature operation (800-500°C) have to be examined for invariant
chemical composition and crystal structure as well as for mechanical stability
and electrical properties. Researches in the field have lead to new oxide
materials such as: ZrO,, CeO,, Bi,O3 based oxides with the fluorite structure,
LaGaO;3; based perovskites, BisV,01; and La,M0,09 based derivatives,
BayIn,Os derived perovskite, and brownmillerite like phases and pyrochlores,
which have shown promising results. Doping with multiple valent elements is
considered a promising approach to enhance conductivity up to several orders
of magnitude, while interfacial conduction could also exert a dramatic impact
on the total conductivity.

Electrode materials have to be well adjusted to the chosen electrolyte
material in terms of chemical compatibility, thermal expansion coeficient and
microstructure properties.

The design of anode requires enhanced triple phase boundaries (TPB:
gas, electrolyte and anode), while minimizing coking or sulfur poisoning in
order to enhance the efficiency of charge transfer. This class includes metals
(Ni, Cu), cermets (Ni/Cu-YSZ), perovskites, and pyrochlores. It has been
observed that the finer microstructure and lower sintering temperature result in
enhancing the performance of anode. The ceria impregnated Ni—YSZ appears to
be one of the high performing anodes as it possesses high melting point
(1453°C), and sustain resistance to enhanced sulfur poisoning (from
hydrocarbon fuels).
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Cathodes require gas-diffusion type porous electrodes, and their
electrochemical Kinetics is governed by over potential, and other factors such as
geometry of active surfaces. Popular choice among cathode materials are
perovskites owing to their high p-type electronic conductivity and high oxide
ion conductivity under oxidizing atmospheres. Furthermore, the minimal
mismatch in the CTE value with electrolyte, high permeability of oxygen
molecules to cathode/ electrolyte interface and ease of processing porous
structure make them a perfect choice. LSCF with a thin LSM coating appears to
be one of the promising cathode materials. Further, it is also observed that the
cathodic polarization can lead to enhancement in the cathodic activity as well.
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