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Abstract—This study investigated the detoxification of water contaminated with hexavalent chromium through a cat-
alytic electrochemical reduction process using metallic foam cathodes. To select the proper materials to be used in a
continuous electrochemical cell, batch experiments were performed on copper and nickel metallic foams, as potential
cathodes, in the presence and absence of a coating layer of either palladium or silver nanoparticles, as potential cata-
lysts. Regarding the results, copper foam and copper foam coated with palladium nanoparticles (PANPs) were chosen.
Next, the effects of parameters including pH, flow rate, electrical current intensity, and the initial concentration of
hexavalent chromium were studied utilizing the continuous column of copper foam before and after adding PdNPs.
The response surface methodology and the Box-Behnken Design approach were applied to optimize the significant
parameters. Results indicated that the palladium nanocatalyst has significant effects on reduction efficiency. Through
further experiments, we also found that the presence of nitrate and other coexisting ions has negligible impact on
reduction efficiency. The optimum charts of chromium reduction were plotted based on the results. A sample opti-
mum point gives a 97.8% reduction efficiency at pH=7, flow rate=50 mL min "', initial concentration=0.45 mg L, and
electric current of 0.3 A.

Keywords: Hexavalent Chromium, Electrochemical Reduction, Palladium Nanoparticles, Contaminated Water, Metal
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INTRODUCTION

According to the World Economic Forum (WEEF), the water cri-
sis is one of the most serious challenges regarding natural resources
all over the world [1]. In this regard, heavy metals are known as
one of the most important aquatic contaminants in terms of non-
degradability and toxicity [2,3]. More than 70% of chromium and
its compounds, which are considered among the most dangerous
heavy metals, are released into the environment due to human activ-
ity and as a result of different industries, such as paint, leather tan-
ning, textile, electroplating, and the processes related to metallurgy
and protection of metal corrosion. On the other hand, small amounts
of chromium exist in the rocks and soils naturally. Erosion and
weathering of chromium-containing rocks is the main cause of the
release of chromium into groundwater [4].

The chemical behavior and toxicity level of different forms of
chromium are related to their oxidation number. Cr(III) and Cr(VI)
are the most common forms of chromium in water. Cr(III) can eas-
ily deposit as a hydroxide or adsorb on the surface of solids, whereas
Cr(VI) is highly soluble with a high degree of mobility [5]. Cr(VI),
even at very low concentration, is very toxic and can be a hazard
to the environment and human health due to its high toxicity and
carcinogenicity [6-8]. Inhalation of a large amount of Cr(VI) can
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cause nasal ulceration, asthma, and skin contact can lead to skin
allergies. Furthermore, exposure to this substance for long periods
may cause liver failure, neurological disease, genetic mutations, and
cancer. However, Cr(III) is 500 to 1,000 times less dangerous com-
pared to Cr(VI) [9]. Although, the World Health Organization’s
(WHO) guidelines for drinking water quality still consider the maxi-
mum limit of 50 ug L™ for total chromium in drinking water. How-
ever, during the last few years, some countries have started to in-
troduce a limit of 10 ug L™ for Cr(VI) [10-12].

Several methods have been proposed for removing Cr(VI) from
contaminated water, including ion exchange [6,13], adsorption [14,
15], membrane technology [8,16], biological methods [17,18], chemi-
cal reduction and precipitation [19], and electrochemical reduc-
tion [20]. One disadvantage of chemical methods is that they may
introduce a high dose of chemicals into the water, and therefore add
other contaminants to it, or they may lead to sludge formation, which
can be difficult to be treated or disposed [19].

In an electrochemical system, an anode and a cathode act as
acceptor and donor of electrons, respectively. In the electrochemi-
cal reduction of Cr(VI), electron exchange between the cathode and
Cr(VI) leads to the transformation to Cr(III) without adding any
chemicals to the water. On the other hand, easy maintenance and
a low level of environmental hazard are among the main advan-
tages of the electrochemical methods for removing Cr(VI). There-
fore, this method is known as an environmentally clean process. In
addition to the material used for the electrodes, other parameters
that can influence the reduction process are the pH value, presence
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of coexisting species, flow rate, electrical current intensity, and the
initial concentration of contaminant [14,21].

The selection of dimensions and materials of the cathode used
in electrochemical cells is the most important point. Common mate-
rials used for the fabrication of cathodes include lead (Pb), tin (Sn),
iron (Fe), copper (Cu), platinum (Pt), and titanjum (Ti). Cathodes
are manufactured in rod or plate shape conventionally. On the other
hand, the active surface area, which plays a significant role in the
reduction process, is limited in plate cathodes. Low surface area can
decrease the reaction rate, thereby increasing reaction time [22,23].
Recently, metallic foams with a porous structure providing a high
active surface area have attracted the attention of researchers [24,
25]. Therefore, it is expected that using metallic foams with a huge
surface area improves the efficiency of contaminant removal and
increases the reaction rate. Carbon-based materials, like graphite,
are widely employed as the anode in the Cr(VI) electroreduction
process because they are resistant to oxidation and, therefore, they
act as an inert anode. In addition, graphite is not corroded, while
iron anodes are dissolved during the reaction, producing iron hy-
droxide sludge [26-28].

Electroreduction methods based on metallic foams can be very
efficient and more suitable compared to other methods for remov-
ing Cr(VI). In this method, very little electrical energy is used and
power consumption is negligible. Immobilization of nanoparticles,
such as palladium or silver nanoparticles, on the surface of metallic
foam, can potentially increase the specific surface area and produce
hydrogen radical, which is a strong reductant, thereby increasing
the reduction efficiency and removal rate [29].

In summary, we studied the reduction efficiency of Cr(VI) by
comparing the behavior of copper foam and nickel foam as cath-
odes and comparing the catalytic properties of palladium and sil-
ver nanoparticles coated on the surface of the cathode to determine
the best combination. Then the possible effects of some parameters
including pH, flow rate, current intensity, and initial dose of con-
taminant on the reduction efficiency were investigated. Moreover,
removing Cr(VI) in the presence of nitrate and the other coexist-
ing ions was examined.

MATERIALS AND METHODS

1. Materials

Copper foam (100x100x2 mm) and nickel foam (100x100x2
mm) with a porosity of 90 pores per inch (PPI) were provided from
Latech (Singapore) and used as the cathode. Graphite plate (10x
10x1.5 cm, Toray Industries, Inc.) and carbon fabric (Coarse, Uni-
directional, Iran Composite shop) were used as the anode. The
experiments related to the reduction of Cr(VI) were carried out
using a power supply (Megatek MP-3010 DC, Taiwan) and a peri-
staltic pump (Sina Company). To coat the catalyst nanoparticles on
the metallic foams, various salts including NH,Cl, PACL, and AgNO;
were purchased from Merck (Darmstadt, Germany). For prepar-
ing a standard solution of Cr(VI) with a concentration of 1,000
mg L™, a certain amount of K,Cr,O, was dissolved in deionized
water. Cr(VI) kit based on the 1, 5-diphenylcarbazide method was
provided by Zist Tajzieh Gostar Co (Iran, Arak) and used for deter-
mining the amount of Cr(VI) remaining in the solution. For adjust-
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Table 1. Analysis of groundwater sample

Cation mgL™ Anion mg L™

Ca™ 111  HCO; (as CaCO;) 171 TDS* 509 mg L™
K 15 CI 62 EC' 719pscm™
Mg 22 SO; 63 DO° 59mgL’
Na* 69 NO; 67 pH 682

Fe 0.02

Mn*  ND!

cr* ND

“Total dissolved solids, “Electrical conductivity, ‘Dissolved oxygen,
“Not detected

ing the initial pH of the solution, NaOH and HCl solutions (1 mol
L") were used. A buffer solution (pH=4) was prepared using
solutions of acetic acid and sodium acetate (0.1 mol L™). All mate-
rials whose suppliers are not mentioned were provided by Merck
Company.
2. Water Analysis

The composition of the groundwater used in this research is
presented in Table 1. In addition, groundwater spiked with Cr(V1)
was used to evaluate the efficiency of the process in the real ground-
water matrix.
3. Preparation of Coated Cathodes

First, the surface of the metallic foam was washed with nitric
acid (0.5% w/v) to remove metal oxides from the surface of the
electrodes. For coating the surface of metallic foam with PANPs, a
solution containing 1.5mM of PdCl, and 15mM of NH,Cl was
prepared. Using hydrochloric acid (37%), the pH value of the coat-
ing solution was lowered to 1 [30]. To coat the cathode with silver
nanoparticles, a solution containing 1.5 mM of AgNO; was pre-
pared. A buffer solution containing 820 mL of acetic acid (0.1 mol
L) and 180 mL of sodium acetate (0.1 mol L) was used to main-
tain the pH of the AgNO; solution at the level of 4 [25,31]. For each
coating process, 500 mL of the initial solution was poured into a
rectangular open container made of plexiglass with dimensions of
8x10x10 cm (LxWxH). In this container, the metallic foam cath-
ode and the graphite plate anode are placed at a distance of 3 cm
from each other. A magnetic mixer was used to stir the batch sys-
tem. An adjustable digital DC power supply provided an electrical
current of 20 mA between the electrodes for an hour to complete
the coating process. Bare cathodes and different cathodes prepared
through this coating process were used to compare their reduction
efficiency. By comparing the results obtained from batch experi-
ments, the most suitable cathode was selected. After that, the selected
foam was used in a continuous electroreduction cell and coated
with a suitable catalyst. For this purpose, two liters of the coating
solution was pumped into the column under an upward flow using
a peristaltic pump (10 mLmin™"). This process was carried out for
several cycles for two hours.
4. Characterization

The morphology of the bare copper foam and copper foam coated
with PANPs was studied using a TeScan-Mira IIT field-emission
scanning electron microscopy (FESEM Czech Republic) to iden-
tify the presence of PANPs on the surface of the copper bed and
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measure the approximate size of PANPs. EDAX analysis was used
for detecting the type of elements and measuring the palladium
content on the surface of the foam.
5. Analytical Methods

Hach-DR 5000 (Germany) spectrophotometer was used for deter-
mining the concentration of Cr(VI). The pH value of solutions
was measured with a Swiss Metrohm 691 pH Meter. Inductively
coupled plasma-optical emission spectroscopy (ICP-OES) (VISTA-
PRO, Varian-Inc., USA) was used to determine the concentration
of the Pd*" in the coating solution after the coating process.
6. Fixed-bed Column Experiments

To investigate the effects of various parameters on the efficiency
of Cr(VI) reduction and bring the experiments closer to practical
conditions, a special reduction column was designed and built. For
this purpose, a plexiglass cylindrical tube with an internal diameter
of 26 mm, an outer diameter of 30 mm, and a length of 300 mm
was used. Eight 7x10 cm” copper foam plates were attached to each
other to form an integrated plate with a size of 28x20 cm” and used
as the cathode in the reduction column. Carbon fabric (anode) with
a length of 40 cm and copper foam (cathode) with a length of 28 cm
were put together as two perfectly matching plates, and to prevent
contact between the two plates, a porous plastic sheet was placed
between them. Note that these three layers fit perfectly, and they
can be considered as a single integrated plate. Using a multi-meter
device ensured that there was no connection between the cathode
and anode plates. Then, the integrated plate was wrapped around
a plexiglass rod with a diameter of 1 mm. The wrapping of the plate
around the rod continued until it eventually formed a cylindrical
shape with a cross-section of concentric circles and with a diameter
equal to the inner diameter of the plexiglass tube (Fig. 1(a)). Then,
both ends of the tube were enclosed by circular plexiglass plates
and sealed with a special type of glue. Three holes with diameters
of 0.5, 0.5, and 0.9 mm were drilled in these circular plates to pro-
vide the required space for connecting the power supply to the cath-
ode and anode plates and placing the water inlet/outlet, respectively:
A section of the carbon fabric (anode) with a length of 5cm was
left out of the caps on both ends of the tube for connecting it to
the power supply, and then the tube was sealed well. A few wire
strands were placed on the inner wall of the column that extended
through the designated holes at both ends of the column for con-
necting the metallic foam cathode to the power supply, and seal-
ing was completed. Two pipes were attached to both ends of the
column in their designated place to act as water inlet/outlet ports.
Also, both ends of the anode and cathode plates were connected to
the power supply so that the potential distribution would be uniform.

Table 2. Experimental range and levels of the independent variables
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Fig. 1. (a) Cross-section of the special column built for the electro-
chemical reduction of Cr(VI) (b) Schematic diagram of the
Cr(VI) reduction column with a cathode bed of copper
foam and (c) Copper foam cathode coated with PANPs.

To investigate the catalytic effects of PANPs, a comparison was
made between the reduction efficiency of Cr(VI) using bare cop-
per foam and copper foam coated with PANPs. For this purpose,
the surface of the copper foam cathode in the reduction column
was coated by the process described in the previous sections. The
fixed-bed column, before and after coating the copper foam bed
with PdNPs, is shown in Fig. 1(b) and c, respectively.

In this study, reduction column experiments were performed
using copper foam cathode and copper foam cathode coated with
PdNPs so that the experimental results would be more precise and

Copper foam cathode Copper foam cathode coated with PANPs
Variables Factor Unit Levels Levels
-1 0 +1 -1 0 +1
C A mg Lt 0.1 0.3 0.5 0.1 0.45 0.8
pH B - 5 7 9 5 7 9
Q C mLmin™ 10 30 50 20 50 80
I D A 0.1 0.3 0.5 0.1 0.3 0.5
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comprehensive. Hence, to optimize the important parameters of
the electroreduction cell composed of a copper foam and copper
foam coated with PANPs, two sets of experiments were designed by
Design Expert 10 software using the response surface Box-Behnken
method. The variable parameters of these experiments include the
initial concentration of Cr(VI), the intensity of the applied current,
flow rate, and pH value. Process optimization was performed based
on the reduction efficiency (%R). Since four variables were chosen
in each set of experiments, according to Eq. (1), 29 experiments
were needed for each cathode [32].

N=2"+2n+n=2"+(2x4)+5=29 1)

Five experiments were completely identical and repetitive so as
to determine the level of error in experiments. The range of each
variable is listed in Table 2, while the design matrix of experiments
for copper foam cathode and copper foam coated with PANPs is
shown in Table S1.

7. Error Analysis

The residual root-mean-square error (RMSE) was used to eval-
uate the agreement between the experimental data and predictions
using models. The related equation is as follows:

C C
where E"exp is the experimental results, Ezcal is the calculated
0 ()

values using the model, n is the number of experimental data, and
p is the number of model parameters. RMSE should be as small as
possible [33].

RESULTS AND DISCUSSION

1. Selection of Cathode and Catalyst

To select the most suitable material for metallic foam cathode
(ie., copper or nickel) and choose the proper catalyst for coating
the surface of the cathode (i.e., palladium or silver), various experi-
ments were carried out and the results were discussed. In these
batch experiments, all the parameters, except the material used as
the cathode and the catalyst, were kept constant. The experiments
were carried out under an initial concentration of Cr(VI) equal to
02mg L™, a current intensity of 0.1 A, and a pH value of 7. A
mixer was used for providing uniform mass transfer. As shown in
Fig. 2(a), the copper foam cathode coated with PANPs had better
performance and was able to reduce more chromium during one
hour of running the experiment. The results showed that copper
foam cathode coated with PANPs had a distinguished performance

n C, C, as a cathode. As a consequence, the palladium coating had a sig-
RMSE= LZ(—exp - —cal) ) . . . q. P . . 8 . &
n-p5N\C, C, /; nificant impact on improving the reduction efficiency and reaction
(a) 12 -
=== @ Copper © Palladium-coated Copper
—=-=- 0 Palladium-coated Nickel

------ ® Nickel

-- @ Silver-coated nickel

- @ Silver-coated copper

Time (min)

7 copper

0.02

0

0.088 ® palladium-coated copper

& silver-coated nickel

silver-coated copper
Il Palladium-coated Nickel

% nickel

0.013

Fig. 2. The comparison of the (a) efficiency rates and (b) reaction constants (k) of removing Cr(VI) by using different materials as cathodes

and coating them with different catalysts.
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rates. The reaction rate constant per each material is demonstrated
in Fig. 2(b). The higher the constant (k), the faster the reaction, and
the higher the reduction efficiency for a given time. A simple com-
parison using the bar chart shows that the copper foam cathode
coated with PANPs had a reaction constant (k) three times greater
than the copper foam and more than twice greater than the silver-
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coated copper foam. This higher reaction constant is due to the
special properties of palladium in the adsorption of hydrogen mole-
cules at its surface and converting it to hydrogen radical [30]. Based
on these results, the copper foam coated with PANPs was selected
as the most suitable cathode for the preparation of the reduction
column.

SEM HV: 150 kV
SEM MAG: 200 x

‘WD: 4.63 mm
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View field: 1.04 mm  Date(m/dly): 07/24/17

o

A 2 'S G B
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2% 2808 nm., 5
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SEM HV: 15.0 kV WD: 4.62 mm
SEM MAG: 150 kx Det: InBeam SE
View fleld: 1.38 ym Date(mvdly): 07/24/17

MIRA3 TESCAN|

FESEM - RMRC

(f) g Cdle Cu foam coated | Element % W/W
with PANPs Cu 66.85
Pd 23.78
o 937

Fig. 3. FESEM images of copper foam at (a) 200 m, (c) 200 nm, and copper foam coated with PANPs at (b) 200 um, (d) 200 nm, The EDS
result for (e) copper foam and (f) for copper foam coated with PANPs.
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2. Morphological Study of the Surface of the Bare Copper
Foam and Copper Foam Coated with PANPs

Results of the FESEM analysis are presented in Fig. 3(a)-(c). These
images show the surface of copper before and after coating with
PANPs. As can be seen, the coating process has been properly con-
ducted and the surface of the copper foam is well-coated. More-
over, according to the study conducted by Li et al. [34] and also
the results of this study, the surface of the copper foam coated with
PdNPs is rougher than bare copper foam. The diameter of the
PANPs is shown in Fig. 3(d). The measured diameter of these
nanoparticles approximately falls in the range of 21 to 23 nm. The
results of the energy dispersive spectroscopy (EDS) analysis are pre-
sented in Fig. 3(e) and (f), which show the amount (W/W %) of
each element in the sample.
3. Measuring the amount of Palladium Coated on the Sur-
face of the Copper Foam Cathode

In line with Tabatabaei et al. [35] and based on the ICP results
of this study; the concentration of PANPs in the initial solution and
the solution passed through the column with a copper bed was
169.05 and 4.32 mg L™, respectively. Therefore, 97.44% of Pd*" con-
tent was coated on the copper foam. According to the nominal
density of 0.03 g cm ” for copper foam plates, the total surface area
of eight foams (5.505 ) used in the column is 1,468 cm”. There-
fore, the amount of PANPs that have coated the surface of the cop-
per foam bed is equal to 0.1795 mg cm . In fact, this clearly shows
that even trace amounts of PANPs can significantly improve the
reduction efficiency of Cr(VI).
4. Statistical Analysis

Quadratic models for the reduction efficiency of Cr(VI) (Y) using
the copper foam cathode and copper foam cathode coated with
PdNPs are presented in Egs. (3) and (4), respectively. The equa-
tions are formulated by Design Expert 10 software, which deter-
mines the reduction efficiency as a function of the initial concen-
tration of Cr(VI) (A), pH value (B), the flow rate in the reduction
column (C), and current intensity (D).

R%=109.7638+92x A—5.5556X B—0.4354x C+27.3582xD
—300x AxD-0.0687xBxC+21.4583xBxD
+3.5625xCxD—0.0065xC*—279.162xD* (3)

(a) Perturbation
120 4

100

80

60—

Actual Factors
A: C=0.30

B: pH=7.00
40 4(2: Q=50.00

Reduction eficiency (%)

D:1=0.20
T T T T T
-1.000  -0.500 0.000 0500  1.000
Deviation from Reference Point (Coded Units)
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R%=39.7233+134.845x A +3.97083xB+2.51914xC
—87.0415xD—17.25x AxB—1.58333x AxC
+82.1429x AxD—0.205833xBxC+22.875x BxD
+0.8875xCxD—0.0112705xC*—192.024xD? 4)

To determine the significance of the proposed model and investi-
gate the contribution of each variable, analysis of variance (ANOVA)
was performed. In this analysis, a small p-value (<0.05) indicates
that the corresponding parameter is significant [32]. In the case of
using the copper foam cathode, the p-values of parameters B, C,
D, AD, BD, CB, C’, and D’ were less than 0.05, while for coated
copper foam, all of the parameters except A” and B’ had a p-value
<0.05. Therefore, these parameters are considered significant in
the model. For both cases, the p-value of the overall model is less
than 0.0001, which indicates that the proposed model is significant
and fits the data. For both cases, according to the p-value, lack-of-
fits were not significant, which indicates that the data fit the pro-
posed model well [36]. As can be seen in Table S2, the R* values of
the models for both cathodes were very close to 1, indicating a
strong correlation between the experimental results and the data
predicted by the model [37]. Comparing the reduction efficiency
of Cr(VI) using the experimental results and model predictions
(Table S1) clearly shows that these values are strongly correlated.
Therefore, the proposed model is valid for both cathodes, and the
predicted reduction efficiencies are acceptable.

5. The Effects of Variables on the Reduction Efficiency

Using a perturbation plot, the influence of each parameter in a
given point of design space can be evaluated and compared. In
this plot, the higher slope of a curve indicates that the correspond-
ing parameter has a greater influence on the removal efficiency. As
can be seen in Fig. 4, increasing the current intensity resulted in
higher reduction efficiency while increasing the other parameters
had an adverse effect on the reduction efficiency. Fig. 4(a) shows
that in the case of using the copper foam, two parameters, current
intensity (D: I) and flow rate (C: Q), have the greatest influence on
the reduction efficiency, respectively. Moreover, Fig. 4(b) shows
that in the case of using the copper foam coated with PANPs, the
current intensity has a relatively higher influence, while other param-
eters are significant and influential.

(b) Perturbation
120
<= A
2\5100— c
c
2 g0
O
=
]
c .
.g 60
3
=5 40 | Actual Factors
] A:C=0.30
o B: pH=7.00
C:Q=50.00
20 p:1=0.20
T T T T T
-1.000 -0500 0000 0500  1.000

Deviation from Reference Point {Coded Units)

Fig. 4. Perturbation plots for Cr(VI) reduction by (a) Copper foam cathode and (b) PANPs coated copper foa.

May, 2023



Electrochemical reduction of Cr(VI) using copper foam cathode coated with palladium nanoparticles 1083

6. Effect of Independent Variables and their Interactions on
the Reduction Efficiency

Fig. SI shows the response surface plots for the case of using
the copper foam cathode. Fig. S1(a) shows the response surface
plot for two variables, current intensity and initial concentration,
for pH=>5 and a flow rate of 30 mLmin™". As can be seen, at the mini-
mum level of initial concentration, reduction efficiency increases
by increasing the current intensity. Fig. S1(b) also shows the response
surface plot for two other variables, flow rate and current inten-
sity, for pH=>5 and an initial concentration of 0.1 mg L™". As can
be seen, the maximum level of reduction efficiency was 100% and
a complete reduction of Cr(VI) was achieved. Generally, increas-
ing the current intensity resulted in a higher reduction efficiency.
At the maximum and minimum levels of current intensity, differ-
ent behaviors were observed with the increase in flow rate. At the
maximum level of current intensity, increasing the flow rate in-
creased the reduction efficiency. This behavior is probably caused
by the increase of active sites due to the higher intensity of current
and proper mass transfer due to the higher flow rates. Fig. S1(c)
shows the relationship between pH value and the current inten-
sity for the maximum level of flow rate (50 mL min ') and an ini-
tial concentration of 0.5 mg L. Generally, increasing the pH value
decreases the reduction efficiency;, while increasing the current inten-
sity will increase it.

Fig. S2 shows the response surface plots for the case of using
the copper foam cathode coated with PANPs. This figure includes
the interaction of current intensity and initial concentration of Cr(VI)
(Fig. S2(a)), the interaction of flow rate and current intensity (Fig.
S2(b)), the interaction of flow rate and initial concentration (Fig.
S2(c)), the interaction of pH value and initial concentration (Fig.
S2(d)), the interaction of pH value and flow rate (Fig. S2(e)), and
the interaction of pH value and current intensity (Fig. S2(f)). As
can be seen, increasing the current intensity generally tends to in-
crease the reduction efficiency, while increasing pH value, flow
rate, and the initial concentration variables have adverse effects on
the reduction efficiency.

In both cases, the copper foam and copper foam coated with
PdANPs, as the flow rate and initial concentration of Cr(VI) increase,
the reduction efficiency drops consequently. For instance, accord-
ing to Egs. (3) and (4), considering 0.3 mg L' of initial concentra-
tion of Cr(VT), pH of 7, 50 mL min ™" of flow rate, and 0.2 A of current

(b)

( a) 120
100
80
g 60
40
20
0

100 200 400 800 1000

TDS(mgL?)

Table 3. The composition of stock solution of TDS with a concen-
tration of 1,000 mg | A

Cation mg L' Anion mg L'
Na' 91.80 HCO; 24334
Ca™* 137.66 cr 243.92
Mg™* 57.70 SO;” 227.81

intensity; reduction efficiency was 78.3% and 94.5% for copper foam
and copper foam coated with PANPs, respectively.

While other parameters were kept unchanged, by increasing the
flow rate from 20 mL min~' to 50 mL min ", reduction efficiency
using both cathodes decreased and more decrease for copper foam
was observed (5-15 percentage), which shows its higher sensitivity
to flow rate. The results show that using the PANPs catalyst, higher
reduction efficiency was achieved.

7. Effect of Coexisting Ions

The potential effects of nitrate ions and total dissolved solids
(TDS) on the reduction efficiency of Cr(VI) were studied separately
using the copper foam cathode coated with PANPs. Several solu-
tions with different concentrations of nitrate ions (200, 150, 100,
50, and 25 mg L) and TDS (1,000, 800, 400, 200, and 100 mg L)
were prepared using potassium nitrate and salts presented in Table
3, respectively. Similar conditions (I=0.3 A, Q=50 mL min ", Cr(VI)=
045mg L', pH=7, and sampling time of 30 min) were applied.
The results are shown in Fig. 5(a) and (b). Although increasing the
nitrate concentration diminishes the reduction efficiency, it can be
ignored because of its low adverse effect. Furthermore, TDS had
no significant effect on the reduction efficiency.

8. Optimization

Using Eq. (4), three plots (Fig. 6) were obtained for the initial
concentrations of 0.1, 0.45, and 0.8 mg L. Considering the limit
of 0.01 mg L™ for Cr(VT) in drinking water, the reduction efficiency
of each plot is set in such a way that the remaining concentration
of Cr(VI) in the treated water is less than 0.01 mg L™". The pur-
pose of the optimal plots presented in this section is to provide a
practical guide for selecting the parameters to reduce the Cr(VI)
concentration to the acceptable limit. For instance, at pH=7 when
the initial concentration is 0.45 mg L, by setting the current inten-
sity to at least 0.3 A, Cr(VI) concentration in treated water is less
than 0.01 mg L' at the flow rates up to 50 mL min .

100
80

& o0

25 50 100 150 200
. . -1
Concentration of Nitrate (mgL ")

Fig. 5. Effect of (a) nitrate ions and (b) TDS on the reduction efficiency using copper foam coated with PdNPs.
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Fig. 6. Optimal plots of the experiment’s variables for the initial
concentration of Cr(VI) equal to (a) 0.1 mg L (b) 0.45mg
L' (c)08mgL™".

9. Stability of PANPs

According to Li et al. [34], to estimate the stability of the PANPs
on the cathode surface, ten sequence cycles of the experiment were
run under the optimized condition of pH of 7, initial Cr(VI) con-
centration of 0.45mg L', the current intensity of 0.3 A, and flow

120

100

80

60

40

Cr(V1) removal (%)

20

Cycles

Fig. 7. Investigation of stability of PdNps on the reduction of Cr(VI)
(pH: 7, initial concentration of Cr(VI): 0.45mg L', flow
rate: 50 mL min ™', and current intensity: 0.3 A).

May, 2023

rate of 50 mL min~". As shown in Fig. 7, an average reduction effi-
ciency of 95.8% was obtained, indicating no significant decrease in
the system performance. Therefore, it can be concluded that PANPs
were not detached from the surface of the cathode.
10. Investigating the Reduction Mechanism

The mechanism of chromium reduction is either direct or indi-
rect-catalytic reduction. In the case of direct reduction, Cr(VI) is
reduced by receiving an electron from the cathode. In the case of
indirect-catalytic reduction, palladium adsorbs the produced hydro-
gen gas and converts it to H’, which is a strong reductant for the
reduction of Cr(VI) [30,38]. In the electrolytic cell, several reac-
tions occur at the cathode surface (Egs. (5) and (6)). The reaction
in the surface of the anode is presented in Eq. (7).

Cr,0 +14H +6¢ >2Cr*+7H,0 5)

2H,0+2¢ -»H,+20H" (6)

2H,0—>4H'+0,+4¢” 7)
CONCLUSION

The reduction of Cr(VI) from contaminated water was investi-
gated. Using graphite anode and copper and nickel foam cathodes
(bare and coated with nanoparticles of palladium or silver), batch
experiments were performed and, as a suitable result, bare copper
foam and copper foam coated with PANPs were selected for the
reduction column tests. Copper foam coated with PANPs resulted
in a significant increase in reduction efficiency (up to %100). In
both cases, variables such as pH value, flow rate, discharge, and
initial concentration of Cr(VI) were traced. The results showed
that the flow rate is the most effective parameter. The presence of
nitrate ions and TDS was examined, and the results reveal that
increasing the nitrate concentration may result in a decrease in
reduction efficiency (up to 20%), and TDS indicated no adverse
effect on the reduction efficiency. Overall, the applied reduction
system is practical since its efficiency is high, thereby reducing the
groundwater Cr(VI) concentration below the maximum contami-
nant level.
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Table S1. RSM design and the observed and predicted values

Copper foam cathode Copper foam cathode coated with PANPs
Factors Reduction Factors Reduction

efficiency (%) efficiency (%)

Run C Q ; C Q

(mgL™) PH (mLmin")  (A)  Actual Predicted (mgL™) pH (mLmin"") 1A Actual  Predicted
A B C D A B C D

1 0.30 7.00 10.0 0.50 81.0 80.5 0.45 7.00 20.0 0.50 93.1 92.6
2 0.50 9.00 30.0 0.30 100.0 96.3 0.10 7.00 50.0 0.50 100.0 101.6
3 0.30 7.00 30.0 0.30 96.7 98.3 0.45 9.00 80.0 0.30 42.0 41.2
4 0.10 9.00 30.0 0.30 99.0 95.5 0.45 7.00 20.0 0.10 86.5 87.5
5 0.30 9.00 30.0 0.10 69.0 70.8 0.10 7.00 80.0 0.30 100.0 98.8
6 0.30 7.00 30.0 0.30 99.0 98.3 0.45 9.00 20.0 0.30 914 95.6
7 0.30 7.00 30.0 0.30 100.0 98.3 0.45 7.00 80.0 0.10 44,7 47.2
8 0.50 5.00 30.0 0.30 100.0 101.1 0.45 7.00 50.0 0.30 100.0 93.0
9 0.50 7.00 30.0 0.10 94.0 94.2 0.10 7.00 50.0 0.10 100.0 974
10 0.50 7.00 30.0 0.50 80.0 80.9 0.80 7.00 80.0 0.30 335 372
11 0.30 5.00 50.0 0.30 99.0 96.0 0.10 9.00 50.0 0.30 100.0 104.8
12 0.30 7.00 50.0 0.10 62.0 60.2 0.45 7.00 50.0 0.30 95.4 93.0
13 0.30 5.00 30.0 0.50 90.0 86.3 0.80 5.00 50.0 0.30 100.0 105.4
14 0.30 7.00 50.0 0.50 100.0 994 0.45 9.00 50.0 0.10 52.5 539
15 0.10 7.00 50.0 0.30 89.0 90.5 0.10 5.00 50.0 0.30 100.0 109.5
16 0.30 5.00 10.0 0.30 100.0 100.1 0.45 9.00 50.0 0.50 89.1 87.9
17 0.30 5.00 30.0 0.10 94.3 92.7 0.45 7.00 50.0 0.30 92.7 93.0
18 0.30 9.00 50.0 0.30 88.0 85.8 0.80 7.00 20.0 0.30 100.0 100.2
19 0.10 7.00 10.0 0.30 100.0 100.1 0.80 9.00 50.0 0.30 51.7 52.3
20 0.10 5.00 30.0 0.30 100.0 100.3 0.80 7.00 50.0 0.10 61.0 57.6
21 0.30 9.00 10.0 0.30 100.0 100.9 045 7.00 50.0 0.30 97.8 93.0
22 0.50 7.00 50.0 0.30 85.2 91.3 045 7.00 80.0 0.50 72.6 73.5
23 0.10 7.00 30.0 0.10 66.0 69.4 045 5.00 80.0 0.30 100.0 94.8
24 0.50 7.00 10.0 0.30 99.6 100.9 0.80 7.00 50.0 0.50 84.0 84.8
25 0.30 9.00 30.0 0.50 99.0 98.8 0.10 7.00 20.0 0.30 100.0 95.2
26 0.30 7.00 30.0 0.30 95.0 98.3 0.45 5.00 20.0 0.30 100.0 99.8
27 0.30 7.00 10.0 0.10 100.0 98.2 0.45 5.00 50.0 0.50 100.0 98.5
28 0.30 7.00 30.0 0.30 100.0 98.3 0.45 5.00 50.0 0.10 100.0 101.1
29 0.10 7.00 30.0 0.50 100.0 104.1 0.45 7.00 50.0 0.30 96.0 93.0




Table S2. ANOVA for quadratic models

For copper foam cathode For copper foam coated with PANPs
Factor SSa Fb Sc  F-value p-value SSa Fb MSc  F-value p-value
Model 3,317.99 14.00 237.00 29.030 <0.0001 significant  12,257.92 14.00 875,57  49.71 <0.0001 significant
A-C 192 1.00 192  0.240 0.6352 2,402.67 1.00 2,402.67 13641 <0.0001
B-pH 6690 1.00 6690  8.190 0.0125 2,502.74 100 2,502.74 142.09 <0.0001
C-Q 27456  1.00 27456 33.630 <0.0001 2,646.27 1.00 2,646.27 15024 <0.0001
D-1 34848 1.00 34848 42.680 <0.0001 73790  1.00 73790  41.89 <0.0001
AB 025 1.00 025 0.031 0.8636 583.22  1.00 58322 3311 <0.0001
AC 2.89  1.00 2.89 0350 0.5614 1,10556  1.00 1,10556  62.77 <0.0001
AD 576.00 1.00 576.00 70.540 <0.0001 13225  1.00 132.25 7.51 0.0159
BC 3025 1.00 3025  3.700 0.0748 610.09 1.00 61009  34.64 <0.0001
BD 29469 1.00 294.69 36.090 <0.0001 33489 1.00 334.89 19.01 0.0007
CD 81225 1.00 81225 99480 <0.0001 11342  1.00 11342 6.44 0.0237
A2 1327 100 1327 1.630 0.2230 51.07 1.00 51.07 2.90 0.1107
B2 2012 100 2012 2460 0.1388 68.23  1.00 68.23 3.87 0.0692
C2 4236 100 4236  5.190 0.0390 800.04 1.00 800.04 4542 <0.0001
D2 801.20 1.00 801.20 98.130 <0.0001 48459  1.00 48459  27.51 0.0001
Residual 11431 14.00 8.17 246.59 14.00 17.61
Lack of fit 94.62 10.00 946  1.920 02767 . I?Ot 217.60 10.00 21.76 3.00 0.1504 . I?Ot
significant significant
Pure error 19.69  4.00 492 2899  4.00 7.25
Cor total ~ 3,432.30 28.00 12,504.51 28.00
R*=0.9667 AdjR’=0.9334 Pred R’=0.8322 R’=0.9803 Adj R’=0.9606 Pred R’=0.8961
“Sum of square ‘Degree of freedom “Mean square “Sum of square ‘Degree of freedom “Mean square

Actual Factors
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Fig. S1. The 3D response surface plots for the case of using copper foam cathode for interactive effect of (a) current intensity and initial con-
centration of Cr(VI); pH at 5 and flow rate at 30 mL/min, (b) flow rate and current intensity; pH at 5 and initial concentration at
0.1 mg L', (c) pH and current intensity; flow rate at 50 mLmin ' (maximum level) and initial concentration at 0.5mg L™
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