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ABSTRACT

The effect of various operating parameters on the cell voltage of an advanced chlor-alkali membrane
cell is studied. The optimization and modeling of the electrolysis process are performed through the
response surface methodology (RSM) in combination with central composite design (CCD). The elec-
trolysis process is carried out in the filter press advanced chlor-alkali membrane cell by using a half-
MEA (Nafion® 115 membrane coated with Pt-Ru/MWCNTs) as the oxygen depolarized cathode and a
dimensionally stable anode. Cell temperature, brine concentration, pH and current density are consid-
ered as input variables for RSM. The predicted values of cell voltage are found to be in good agreement
with experimental values (R? = 0.9555 and Adj-R? = 0.9165). The optimization process show that the
minimum cell voltage is achieved at the optimum conditions: cell temperature 80°C, brine concentra-
tion 320 g/L, pH 3.7 and current density 1 kA/m?. Finally, the current density effect on the cell voltage
and caustic current efficiency (CCE) of advanced chlor-alkali cell is studied under optimal conditions.
The results show that by increasing the applied current density, the cell voltage is increased and CCE
is decreased and reach to 2.27 V and 89.90% at 5 kA/m?, respectively.

Keywords: Advanced chlor-alkali cell; Oxygen depolarized cathode; Pt—-Ru/MWCNT catalyst; 1; Central
composite design

1. Introduction 2CI" - CL, + 2e” E=+1.358 V/INEH 1)

Sodium hydroxide and chlorine are produced by the
electrolysis of brine in the chlor-alkali industry [1]. The brine
electrolysis is performed by three methods included the
mercury, diaphragm and ion-exchange membrane processes
[2]. The brine electrolysis system has been changed from the
mercury and the diaphragm process to the ion-exchange
membrane process in the most advanced countries because
of the attempting to reduce the manufacturing costs of chlo-
rine production [3]. The total cell reaction proceeds through
the following anodic and cathodic half-cell reactions:

2H,O +2e"— 20H +H, E=-0.828 V/NHE )

The decomposition voltage (thermodynamic potential differ-
ence) of total electrode reactions is approximately 2.2 V [4].
The hydrogen evolution reaction (HER; Eq. (2)) occurs at the
conventional cathode in the ion-exchange membrane brine
electrolysis. However, the oxygen reduction reaction (ORR;
Eq. (3)) takes place if the oxygen depolarized cathode (ODC)
is used:

0,+2H,0 + 4e” — 40H" E =+0.401 V/NHE 3)
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The equilibrium potential of the ORR is about 1.2 V/NHE
higher than that of the HER [5]. Hence, by replacing the HER
cathodes in a membrane cell with an ODC, the cell voltage and
energy consumption can be reduced by as much as 30%-40%
[6]. For effective ODC at the membrane cells, a high perfor-
mance gas diffusion electrode (GDE) is required [7]. The
GDE consists of a reaction layer, gas diffusion layer (GDL)
and current distributor. The reaction layer structure is made
of carbon black and an active catalyst. A key factor of GDE
performance is the ORR at a reasonably low over-potential
[8]. Many types of electro-catalysts for ORR have been inves-
tigated [9,10]. The best and standard catalyst routinely used
as ORR in the GDEs is Pt/C [11]. The durability test of ODCs
under the severe conditions of brine electrolysis indicated
that the hot concentrated sodium hydroxide can oxidize the
carbon carriers. The studies showed the higher long-term sta-
bility of carbon-free electrodes with silver as electro-catalyst
[12]. Moreover, Pt metal, which is widely used as the elec-
tro-catalyst of ORR, is expensive, and its limited supply poses
a serious problem in commercialization of chlor-alkali mem-
brane cell technology. Many studies have been carried out to
reduce this economical problem in recent decades [13]. Some
efforts focused on the use of Pt-based alloys for solving this
feature [14-16]. In our previous study, Pt—-Ru/C nanoparticles
were used as an ORR electro-catalyst of GDE [4]. As a result,
Pt-Ru/C showed better electro-catalyst performance than
Pt/C. Another effective way to enhance the catalytic activity
of Pt-based alloying catalysts is to load the active particles
onto nanomaterials as support catalysts. Recently, single
wall nanotubes (SWNTs) and multi-walled carbon nanotubes
(MWCNTs) have attracted much interest, due to their mor-
phology and interesting properties such as nanometer size,
high accessible surface area, better electronic conductivity
and high stability [17]. However, it seems that Pt-based bime-
tallic catalysts deposited on MWCNTs can show synergistic
catalytic activities toward ORR. In the present work, Pt-Ru/
MWCNTs were used as ORR electro-catalyst of chlor-alkali
membrane cell.

On the other hand, the chlorine production by the elec-
trolysis of brine in the membrane cells is dependent on a
number of parameters [18]. In the conventional methods used
to determine the influence of operational parameters, exper-
iments were carried out varying systematically the studied
parameter and keeping constant the others. This should be
repeated for all the influencing parameters, resulting in the
numerous experiments. To optimize the effective parameters
with the minimum number of experiments, the application of
experimental design methodologies can be useful. Response
surface methodology (RSM) is a statistical method being use-
ful for the optimization of industrial processes and widely
used for experimental design [19,20]. In this technique, the
main objective is to optimize the response surface that is
influenced by process parameters. RSM also quantifies the
relationship between the controllable input parameters and
the obtained response surface. Process optimization by RSM
is faster for gathering experimental research results than the
rather conventional, time-consuming one-factor-at-a-time
approach [21].

The present work is focused on the Pt-Ru/MWCNT
performance as an electro-catalyst of GDE in advanced
chlor-alkali membrane cell. The central composite design

(CCD) is applied to the optimization of the brine electrolysis.
The factors investigated are the cell temperature, brine con-
centration, pH and applied current density.

2. Experimental procedure
2.1. Chemicals used

Sodium borohydride (NaBH,, 96%), sodium hydrox-
ide (NaOH, 99%), Vulcan carbon (XC-72R), sulfuric acid
(H,SO,, 98%), hydrogen peroxide (H,O,, 30%), hydrochloric
acid (HCI, 37%), phenolphthalein indicator and 2-propanol
((CH,),CHOH, 99.99%) are received from Merck. Ruthenium
trichloride anhydrous (RuCl,-3H,0, 99%) and chloroplati-
nic acid hydrate (H,PtCl-xH,O, 99.99%) are purchased from
Cole-Parmer (United States) and Sigma-Aldrich (Germany),
respectively. Polytetrafluoroethylene (PTFE, 99%), Nafion®
solution (5 wt%) and carbon cloth are obtained from Sigma-
Aldrich, Cobat and ELAT®, respectively. Multi-walled car-
bon nanotubes (MWCNTs, 99%) and sodium chloride (NaCl,
299.5%) are purchased from Neutrino (OH content: 3.06
wt%) and Dr. Mojallali Chemical Labs, Iran, respectively.
DuPont™ Nafion® 115 is used as a membrane.

2.2. Preparation of ODC
2.2.1. Gas diffusion layer

In total, 30 mg Vulcan carbon (XC-72R) and 20 mg
PTFE are dispersed into 10 mL 2-propanol:water (volume
ratio = 3:1), ultrasonicated for 2 h. Then obtained suspension
is painted onto the carbon cloth (geometric exposed area of
5 cm?) and dried at 80°C. This method is repeated several
times until the 1 mg cm™ loading of painted ink is achieved.
Finally, the painted carbon paper is dried at 120°C for 1 h and
sintered at 340°C for 30 min.

2.2.2. Nafion membrane treatment

Nafion® 115 membrane is pre-cleaned in boiling water for
15 min, then boiled in 3% H,O, solution for 30 min to remove
organic impurities, after washing with distilled water it is
boiled in 0.5 M H,SO, for 30 min to exchange ions with pro-
tons, and again washed with distilled water. Prepared mem-
brane is boiled in distilled water for 15 min three times and
finally stored in distilled water until use.

2.2.3. Catalyst layer preparation

Approximately 40 mg of MWCNTs is ultrasonically
dispersed into the 10 mL 2-propanol and water (volume
ratio = 3:1), for 2 h. Metal precursors (H,PtCl -xH,O + RuCl,)
are added to the resulted MWCNTs ink. The molar ratio of
Pt to Ru was chosen 1:1 and the results showed ORR cata-
lytic enhancement in the compression of single Pt catalyst
[4]. The total metal content in the electro-catalyst is 20 wt%
vs. MWCNTs support. Finally, 10 mL of an aqueous solution
of NaBH, in excess (stoichiometric metal:NaBH, ratio = 1:15,
mol:mol) is added dropwise into the above solution under stir-
ring at 80°C. The solid particles are separated from the solution
by filtration, then washed and dried at 120°C for 6 h. The crys-
tal structure is characterized by X-ray diffraction (XRD-6000)
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using Cu K radiation (A =1.5416 A) at the scale of 20°-90°. The
surface morphology and composition of the catalyst is stud-
ied with a scanning electron microscope (Model XL30, Philips,
United States) and energy dispersive X-ray (EDX) analysis,
respectively. X-ray photoelectron spectroscopy (XPS) data are
obtained with an ESCALab220i-XL electron spectrometer (VG
Scientific, United States) using 300 W Al K  radiations.

To prepare the catalyst ink, 18 mg of the catalyst is mixed
with 3 mL deionized water, 7 mL 2-propanol and 0.5 mL
Nafion® (5 wt%) and the mixture was ultrasonicated for 2 h.
The loading of active metal catalyst ink onto the membrane
is maintained at 0.5 mg cm™ and the efficiency of spraying
assumed to be 70%.

Prepared Nafion® 115 membrane is dried in the oven at
70°C for an hour between two sintered glass plates to avoid
deformation during drying. Dried membrane is weighed out,
then mounted in a 5 cm? frame and put on the hotplate at
80°C. The ink is carefully sprayed on the membrane using
an air brush, and then it is left on the hotplate for 10 min to
be dried. Then the membrane is put in the oven at 80°C for
15 min to make sure there is no water remains in the catalyst
layer to interfere weight measurement. The membrane with
catalyst is weighed out, and then subtracted to the mem-
brane’s weight to get the desired load. The painted mem-
brane is put in the hot-press at 100°C for 1 min. The prepared
GDL is put on the other side of the membrane, in the way
that the painted side of carbon cloth attaches the membrane.
Then the assembly is put in the hot-press at 130°C for 1 min
and used as half-MEA.

2.3. Experimental setup

The electrochemical cell is a divided filter-press type made
in laboratory (Fig. 1). The structural supports of advanced
chlor-alkali membrane cell are made from polypropylene
(Fig. 1(a)). The coated Nafion® membrane divides the anode side
of the reactor from the cathode side. The anode is a dimensionally
stable anode (DSA®, De Nora, Italy; Fig. 1(g)) and the cathode is
prepared half-MEA (Fig. 1(d)). The anode flow field was made
from ~2 mm Teflon® as a spacer (Fig. 1(f)). A particular graphite

(@) (b) (© (d)

block having patterned channels for gas/liquid distribution is
allocated right after the half-MEA (Fig. 1(c)). The electric current
is directly connected to the anode (DSA®) and a copper plate
used as current collector for the cathode side (Fig. 1(b)) [22-24].
The cell gaskets are made from silicon (Fig. 1(e)).

During the electrolysis, the anolyte is continuously fed
into the jacketed heater anode chamber with a thermome-
ter to monitor its temperature. Moreover, the anolyte pH is
controlled by the feed pH. The anode and cathode chamber
overflows are conducted to different separators for further
depleted reactant separation and recirculation. The anolyte is
prepared from analytical grade NaCl (299.5%) using deion-
ized water and fed to the cell with a constant flow rate of
500 mL/h. The oxygen stream is heated and humidified by
a laboratory made humidifier (HF) [25] and fed to the cath-
ode side of the cell through graphite block [26]. The cathode
chamber was fed with oxygen at 250 kPa with a flow rate
corresponding to three times that required by stoichiometry
of the four-electron oxygen reduction at the applied current
density. Constant currents are applied to the cell and the
corresponding cell voltages are measured by a multimeter.
After each test, the setup was washed thoroughly with deion-
ized water, drained and dried. Preliminary tests showed that
the system reached steady-state conditions after 30 min.
Therefore, the current density is applied after 30 min from
the beginning of each experiment. Caustic current efficiency
(CCE) is determined from titration of the obtained sodium
hydroxide with standardized 1.0 M HCI solution against
phenolphthalein indicator.

2.4. Experimental design

In this study, four factors are introduced as RSM input
variables which their experimental ranges in coded and
actual values are presented in Table 1. The coded values are
applied for statistical calculations, according to the following
equation [27]:

X‘ — i 0 (4)

(e) (f) (e) (9 (a)

Fig. 1. Components of the advanced chlor-alkali membrane cell used in this study: (a) structural support polypropylene, (b) current
distributor-copper, (c) gas distributor-graphite, (d) half-MEA, (e) gasket-silicon, (f) spacer-Teflon® and (g) anode-DSA®.
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where X, denotes the coded level of the variable (dimen-
sionless value), z, is the actual value of the variable, z is the
center point of the variable and 9z is the interval variation.
CCD is employed to evaluate the individual and interactive
effects of four main controllable variables on the cell voltage
(output response). CCD with four input variables consists
of 31 experiments with 16 orthogonal two-level full factorial

Table 1
Experimental ranges and levels of the independent test variables

Variable Ranges and levels

-2 -1 0 +1 +2
Cell temperature (°C) (X)) 20 35 50 65 80
Brine concentration (g/L) (X,) 200 230 260 290 320
pH (X)) 2 3 4 5 6
Current density (kA/m?) (X,) 1 2 3 4 5
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design points (coded as +1), 8 axial points (or star point coded
as *+2) and 7 replications of the central points to provide an
estimation of the experimental error variance. The design of
experiments and experimental data analysis are performed
using Minintab 16 software. The design matrix of experi-
ments is presented in Table 2.

3. Results and discussion
3.1. Physical characterization and structural studies

XRD pattern of Pt-Ru/MWCNT catalysts is given in
Fig. 2 and shows that the prepared catalyst has typical Pt
fee structure. The peak about 25.79° is related to the (200)
reflection of the MWCNT structure [28]. The other four
peaks are characteristic of fcc crystalline Pt, 40.25°, 47°,
68°, 82°. On the other hand, 20 of (111) peak is shifted from
39.8° to 40.25°. The angle shift of Pt peak implies the alloy
formation between Pt and Ru and incorporation of Ru

Table 2
The four-factor central composite design matrix and the value of response function (cell voltage, V)
Run Cell temperature Brine concentration pH Current density Cell voltage (V)
Q) (&/L) (kA/m?) Experimental Predicted
1 0 0 0 0 2.09 2.09
2 -1 +1 +1 +1 2.32 2.35
3 0 -2 0 0 2.11 2.07
4 -1 -1 -1 +1 2.20 2.22
5 0 0 0 0 2.09 2.09
6 0 +2 0 0 2.07 2.10
7 0 0 0 0 2.09 2.09
8 +1 +1 +1 -1 1.89 1.88
9 0 0 +2 0 2.30 2.21
10 0 0 0 0 2.09 2.09
11 +1 -1 -1 +1 2.21 2.19
12 +2 0 0 0 1.97 1.97
13 -2 0 0 0 2.23 2.22
14 +1 -1 +1 -1 1.89 1.92
15 0 0 0 0 2.09 2.09
16 0 0 0 -2 1.78 1.81
17 -1 +1 -1 -1 2.08 2.05
18 0 0 -2 0 2.00 2.08
19 +1 +1 -1 -1 1.87 1.84
20 -1 -1 -1 -1 2.00 1.97
21 0 0 0 +2 2.43 2.39
22 -1 +1 -1 +1 2.32 2.29
23 0 0 0 0 2.09 2.09
24 -1 -1 +1 +1 2.29 2.31
25 +1 -1 +1 +1 2.22 227
26 +1 -1 -1 -1 1.88 1.86
27 +1 +1 +1 +1 2.20 2.22
28 +1 +1 -1 +1 2.19 2.17
29 0 0 0 0 2.09 2.09
30 -1 -1 +1 -1 2.02 2.05
31 -1 +1 +1 -1 2.09 2.10
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atoms on Pt lattice [29]. The lattice parameter for fcc phase
of Pt is 0.3902 nm.

The SEM images and EDX analysis of Pt-Ru/MWCNTs
are shown in Fig. 3. SEM image shows plenty of nanotube
tangles together with some particles clinging to them. In the
other words, the MWCNT surfaces form densely packed
rod-shaped carbon clusters and are coupled with the sphere-
shaped nanoparticles on them. The EDX analysis reveals the
presence of 9.15 and 10.81 wt% Pt and Ru, respectively. The
obtained weight percentage of Pt and Ru is in good agree-
ment with nominal values of catalyst.

XPS spectra of Pt—-Ru/MWCNTs are recorded to study the
chemical state of Pt and Ru in nanocatalyst. Fig. 4 shows the
XPS spectra of Pt 4f and Ru 3d in the Pt~-Ru/MWCNT cata-
lyst. The Pt 4f spectra is deconvoluted into the doublets of 7/2
and 5/2, and each doublet consisted of Pt’ and Pt*" species as
shown in Fig. 4(a). The Pt° peaks are obtained at the binding
energies of 71.6 and 74.9 eV, which are related to Pt 4f7/2 and
Pt 4f_,, respectively. In Fig. 4(b), the XPS spectrum of Ru 3d
shows the Ru 3d,, peak at 280.9 eV. The overlapping of the
C 1s and the Ru 3d,, peaks at ~285 eV makes it complicated
to assign the binding energy of Ru 3d,,. For C 1s spectrum of
MWCNTs, the peaks at 285.7 and 288.7 are attributed to C-C
and C-OOH groups, respectively.

Cross-sectional SEM image of the painted membrane
is shown in Fig. 5. There are two distinct layers in the SEM
image. A thin film comprised of Pt-Ru/MWCNT catalystlayer
is observed at the surface and the under layer is a structural

(200) Pt

(111)Pt (220) Pt

MWCNTs
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Fig. 2. XRD pattern of Pt-Ru/MWCNT catalyst.
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Fig. 3. SEM images (a) and EDX analysis (b) of Pt-Ru/MWCNT
catalyst.

membrane base. The thickness of the thin catalyst layer on
the membrane support is calculated from the cross-sectional
SEM image. It is observed that the average thickness of cata-
lyst layer is ~16 um.
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Fig. 4. XPS spectra of Pt 4f (a), Ru 3d and C 1s (b) in the Pt-Ru/
MWCNT catalyst.

SEM HV: 10.0 KV ‘WD 10.04 mm
View field: 159 pm Det: SE
SEM MAG: 800 x  Date{m/dly): 10/24116

I MIRAJ TESCAN

50 pm

Fig. 5. Cross-section SEM image of Pt-Ru/MWCNT thin-film
coated on the membrane.
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3.3. CCD model and residuals analysis

A second-order (quadratic) polynomial response sur-
face model (Eq. (5)) is applied to fit the experimental results
obtained by CCD. This model describes a polynomial approx-
imation of experimental results with following relationship:

Y =b,+2,(bX)+ Zz‘:l(biixizi) + Z?,;‘:l(quix;) 5)
where Y is the predicted response, X, indicates the coded
experimental levels of the variable, b, is a constant and b, b,
and b, are the regression coefficients for the linear, quadratic
and interaction effects, respectively [30].

Based on these results, the empirical relationship
between the response and independent variables is attained
and expressed by the following equation:

Y =2.09000 - 0.06208x, +0.00708x, +0.03208x,
+0.14708x, +0.00135x; —0.00115x; +0.01385x]
+ 0.00260xi -0.02187x,x, —0.00437 x,x, +0.02188x,x,
-0.00563x,x, —0.00188x,x, +0.00313x,x,

The voltage of advanced chlor-alkali cell is predicted by
Eq. (6) and presented in Table 2. These results indicate the
good agreements between the experimental and predicted
values of cell voltages. The significance and adequacy of the
model are evaluated by analysis of variance (ANOVA) and
the obtained results are shown in Table 3.

The correlation coefficient (R quantitatively evaluates
the correlation between the experimental data and the pre-
dicted responses. It was found that the predicted values
matched the experimental values reasonably well with R*=
0.9555. It means that the 95.55% of the variations in cell volt-
ages are explained by the proposed model and only 4.45%
of variations cannot be explained by model. Adjusted R*
(Adj-R?) is also a measure of the goodness of a fit and it is
more suitable for comparing models with different numbers
of independent variables. If there are many terms in a model
and not very large sample size, Adj-R* may be visibly smaller
than R?[31]. The value of Adj-R?is found to be 0.9165 which is
very close to the corresponding R? value (Table 3).

In addition to the mentioned criteria for evaluating the
adequacy of the models, the difference between experimental
and predicted responses (residuals) can be used for investi-
gating the adequacy of the model. Residuals are thought as
elements of variation unexplained by the fitted model and
they will occur based on a normal distribution, if the model
is a good predictor [32]. In Fig. 6, normal probability plots of

Table 3
Analysis of variance (ANOVA) for fit of cell voltage from central
composite design

Source of variation Regression Residual Total
Sum of squares 0.659697 0.030742 0.690439
Degrees of freedom 14 16 30
Adjusted mean square 0.047121 0.001921

F value 24.53

R?=10.9555, Adj-R*=0.9165

residuals (Fig. 6(a)) and residuals vs. fit plots (Fig. 6(b)) are
shown for the processes describing models. Trends observed
in Fig. 6 reveal reasonably well-behaved residuals. Based on
these plots, the residuals appear to be randomly scattered.
On the other hand, ANOVA subdivides the total variation of
the results into two components: variation associated with
the model and variation associated with the experimen-
tal error. The ratio between the mean square of the model
and the residual error is defined as F value. If the model is a
good predictor of the experimental results, F value should be
greater than the tabulated value [33]. Here, F value obtained
is 24.53, which is clearly greater than the tabulated F (2.352
at the 95% significance) and confirming the adequacy of the
model fits.

3.4. Determination of importance of model terms

The Student’s t distribution and the corresponding val-
ues, along with the parameter estimate, are given in Table 4
to determine the effective terms of the developed model. The
greater T value and the smaller p value (less than 0.05 at the
95% significance) for a coefficient indicate the most signifi-
cant influence of it [34].

The coefficient with p value greater than 0.05 are elimi-
nated and Eq. (6) is rewritten as follows:

Y =2.09000 - 0.06208x, +0.03208x, +0.14708x, (7)

In addition, the Pareto analysis can be applied to deter-
mine the significance of each factor. According to this anal-
ysis the percentage effect of each factor (P)) on the response
can be calculated as follows [35]:

b? .
Pl.:[zn’bz]xloO i%0 )

i=1"1i

The Pareto graphic analysis is shown in Fig. 7. The results
indicate that among the variables, current density (77.85%)
and cell temperature (13.87%) produce the highest effect on
voltages of advanced chlor-alkali cell.

3.5. Effects of variables on the cell voltage

As concluded above, the current density and the cell
temperature are the most important factors in cell voltage.
Fig. 8 illustrates three-dimensional response surface and two-
dimensional counter plot for investigating the interactions
between the variables. The X- and Y-axis values of these fig-
ures are the real values. The results demonstrate that the cell
voltage is increased sharply by increasing the applied current
density and the trend of cell voltage increase is very close to
be linear [36]. The effect of brine concentration indicates that
at higher temperature and current density, the cell voltage is
decreased by increasing the higher brine concentration. The
effect of temperature on the cell performance was studied
and the results show that the increasing of cell temperature
reduces the cell voltage. At higher temperatures, the higher
conductivity of solution lowers the cell voltage and reduces
the energy consumption of the cell [19]. In addition, increas-
ing of cell temperature improves the reaction kinetics and
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Fig. 6. Residual plots for cell voltage of advanced chlor-alkali cell.

Table 4
Estimated regression coefficient and corresponding T and p
values from the data of central composite design experiments

Coefficient  Coefficient estimate T value p value
b, 2.09000 126.151 0.000
b, -0.06208 -6.939 0.000
b, 0.00708 0.792 0.440
b, 0.03208 3.586 0.002
b, 0.14708 16.439 0.000
b, 0.00135 0.165 0.871
b,, -0.00115 -0.140 0.891
b, 0.01385 1.690 0.110
b,, 0.00260 0.318 0.755
b, -0.02187 -1.996 0.063
b, -0.00437 -0.399 0.695
b, 0.02188 1.996 0.063
b,, -0.00563 -0.513 0.615
b,, -0.00188 -0.171 0.866
b 0.00313 0.285 0.779

@
b4

lowers the Gibbs free energy and therefore, decrease cell
voltage [37]. On the other hand, the cell voltage increases at
higher pHs. It is due to the production of by-products such
as hypochlorite and chlorate in brine at higher pHs [38].
However, if the pH is kept too low, the competition of H" and
Na* concerning carrying the charge will be high [39].

3.6. Determination of optimal conditions for cell voltage

The quadratic models obtained by the RSM can be used
to optimize and minimize the cell voltage. In order to con-
firm the reliability of the model established in this study, the
validation experiments are performed three times under the
operating conditions predicted by the model for minimum
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cell voltage. The optimum values of the process variables for
the minimum cell voltage are 80°C, 320 g/L, 3.7 and 1.0 kA/m?
for cell temperature (X)), brine concentration (X,), pH (X))
and current density (X,), respectively. At these optimum
conditions, the predicted and observed three cell voltages
are 1.53 and 1.58, 1.56, 1.60 V, respectively. It implies that the
strategy to optimize the cell performance and to obtain the
minimum voltage by RSM is successful.

3.7. Advanced chlor-alkali cell performance under optimal
conditions

The brine electrolysis is carried out under optimal con-

ditions and different current densities in the advance chlor-
alkali cell. The current density effect on the cell voltage and
CCE is shown in Fig. 9. The CCE is calculated based on the
following equation [40]:
CCE = NaOH moles produced/(It/nF) )
where I is current (A), t indicates the electrolysis time (s), n is
the number of transferred electron and F is Faraday number
(C/mol).

As it can be seen by increasing the current density, the
cell voltage is increased and it is obtained 2.27 V at 5 kA/m?
which is in good agreement with Eq. (6) at optimal condi-
tions (T = 80°C, brine concentration = 320 g/L and pH =3.7).
A comparison of the obtained cell voltages with literature
data shows that the prepared half-MEA electrode is in most
cases superior to other ODCs. The cell voltage of 2.0 V at
3 kA/m? has been reported by Saiki et al. (2 mm catholyte
gap) [41]. Nakamatsu and coworkers [42] have measured
2.14 V at 3 kA/m? 80°C, 7 mm catholyte gap. The cell volt-
age of 2.05 V at 3 kA/m? and 90°C in a zero gap cathode
arrangement has been reported by Ashida and coworkers
[43]. While the cell voltage of prepared Pt-Ru/MWCNT
ODC in optimal conditions and the current density of
3 kA/m?is 1.89 V (Fig. 9).
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Fig. 7. Pareto graphic analysis of cell voltage.

The CCE decreases with increasing the applied current
density (Fig. 9). This is as a result of different ORR kinetics
which can be happened by four-electron transfer or unde-
sired two-electron transfer pathways:

O, +2H,0 + 4e”— 40H"

E =+0.401 V/NHE (10)

O,+H,0+2e"— OOH + OH" E=-0.065 V/NHE (11)

The increase of current density causes to cathode poten-
tial shifts towards the more negative potentials and can affect
the rates of Egs. (10) and (11). Reaction (10) is more favorable
than Reaction (11) because of four hydroxyl ion production
per every oxygen molecule [44].

For the ODCs, the cell voltage as a function of current
density can be analyzed with the following equation:

V=a+kl (12)

where the rest voltage (a) is the extrapolated axis intercept at a
current density of zero while the slope k, which is known as k
factor, is a measure of all resistive processes in the cell, that is,
ohmic resistances in electrode, membrane and oxygen mass
transport resistances [45]. The k factor of Pt-Ru/MWCNT

Percentage effect of each term (%)

ODC at the present advanced chlor-alkali cell is calculated
0.171 V m?/kA. Moussallem and coworkers have studied
Ag-based GDE as an ODC in membrane chlor-alkali cell in
a finite gap arrangement and the k factor of Ag-based ODC
has been reported 0.174 V m*/kA at optimal condition (Ag
content: 98 wt% and 200 mg/cm? loading) [12].

4. Conclusions

The Pt-Ru/MWCNT electro-catalyst is prepared by
chemical reduction process and coated on Nafion® 115 mem-
brane. The coated membrane is used as half-MEA ODC in the
advanced chlor-alkali cell. The effect of operating parameters
including cell temperature (20°C-80°C), brine concentration
(200-320 g/L), pH (2-6) and current density (1-5 kA/m?)
on the cell voltage of a laboratory made chlor-alkali cell is
investigated by RSM. A high coefficient of determination
(R*=0.9555 and Adj-R? = 0.9165) between experimental and
predicted cell voltages is achieved. The minimum cell volt-
age of advanced chlor-alkali cell is obtained by CCD under
optimum conditions (cell temperature 80°C, brine concentra-
tion 320 g/L, pH 3.7 and current density 1.0 kA/m?). The cell
voltage and CCE are studied under optimal conditions and
different applied current densities. At 5 kA/m?, the cell volt-
age and CCE are achieved 2.27 V and 89.90%, respectively.
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