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ABSTRACT

In this study, the removal of Cr(VI) from contaminated waters was studied via a chemical reduction
of Cr(VI) on cellulose sulfate microfibers coated with palladium nanocatalyst. In this catalytic
procedure, hydrogen gas was generated utilizing an electrochemical cell containing graphite
electrodes. Characterization of the prepared catalyst was done using scanning electron microscopy,
energy-dispersive X-ray analysis, Fourier-transformed infrared spectroscopy, and thermalgravimet-
ric analyses. The Box-Behnken model of response surface methodology was used to optimize the
adsorption process. The effects of main variables including current density, initial concentration of
Cr(VI), and time and their interactions on the removal efficiency of Cr(VI) were assessed. Under
the optimal conditions (0.1 A and 15 min), the removal efficiency of 98% was achieved for Cr(VI).
The examination of recovery indicated that the performance of the prepared catalyst decreased

about 10% after 10 cycles of usage.
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1. Introduction

Heavy metals are one of the most important environ-
mental pollutants with harmful and carcinogenic effects.
The presence of heavy metals in drinking water, even at low
concentrations, is a major concern for human health due to
their high toxicity [1]. The accumulation of these metals
at low concentrations in the human body causes disease.
Chromium is one of the most famous and widely used heavy
metals, which is found in various oxidation states, hexava-
lent (Cr(VI)) and trivalent (Cr(IIl)) in the environment. It
was found that Cr(VI) is 500 times more toxic than Cr(III)
[2,3]. The International Agency for Research on Cancer has
classified Cr(VI) as a class I carcinogen due to its high
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toxicity, mutagenicity, and carcinogenicity [4]. The world
health organization (WHO) stipulates that the maximum
Cr(VI) concentration of 0.1 and 0.05 mg L™ for treated
wastewater and drinking water, respectively [5]. The
wastewater of industrial activities such as leather tanning,
steel and alloys manufacturing, electroplating, petroleum
refining, wood preservation, and the production of pulp,
paper, and pigments are the main sources of contaminants
affecting the environment [6-9]. Unlike Cr(VI), which is
highly toxic, soluble, and mobile, Cr(Ill) ions have low
toxicity and mobility and are susceptible to precipitate
or adsorb on various adsorbents [10]. Cr(Ill) is needed in
small quantities for humans and animals as an important
nutrient used for the metabolism of sugars, proteins, and
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fat [11]. Therefore, to increase the elimination performance
of total chromium in the treatment process of contaminated
waters, conversion of Cr(VI) to Cr(IlT) has an essential role.

Nowadays, to reduce Cr(VI) to Cr(IIl), several cheaper
and practical technologies including physicochemical
methods [12,13], electrochemical techniques including
electrocoagulation using different electrodes [14,15], pho-
tocatalytic degradation [16,17], and biological methods
[18] have been established. Removal of Cr(VI) based on
the chemical transformation of Cr(VI) to Cr(III), has been
done on the interfacial surface of commercial adsorbents
such as activated carbon, Fe(0), and biochar [19]. In this
strategy, reducing reagents, such as L-ascorbic acid [20,21],
Fe(Il) [22], and sodium borohydride (NaBH,) [23] were
used. However, releasing new contaminants into the water
source is a serious consequence of the removal of Cr(VI)
under reduction conditions [24]. In contrast, no residual
contamination, no chemical requirement, and ease of oper-
ation are the advantages of the electrochemical method
[25,26]. This method suffers from some limitations such as
low removal efficiency and intensive energy requirements
[27]. In order to effectively eliminate Cr(VI) with a signif-
icant reaction rate, catalytic hydrogenation of Cr(VI) by
palladium nanocatalyst was utilized. However, the appli-
cation and development of this method is limited due to
the potential safety problem concerning H, handling [28].
To overcome the mentioned issues, electrochemical method
has been integrated with catalytic reduction process. For
this purpose, Pd catalyst was immobilized on the surface of
cathode and electrochemical reduction reaction was done
on the electrodes.

The typical process for the treatment of hexavalent chro-
mium-contaminated waters is the electrochemical reduction
of Cr(VI) to Cr(Ill) followed by a simple process such as
adsorption. Activated carbon, clays, modified plant wastes,
and chitin are common substances used as effective adsor-
bents in the adsorption process. Due to the porosity and high
surface area of cellulose, it is a suitable material to use as an
adsorbent. Additionally, it is biodegradable, renewable, and
inexpensive. Nevertheless, due to the lack of proper func-
tional groups, cellulose is not able to eliminate pollutants
and its surface modification through its hydroxyl groups is
necessary to convert it to a suitable adsorbent [29-33].

In this study, Pd NPs were immobilized on the surface
of synthesized cellulose sulfate from the natural cotton and
used for electrochemical removal of Cr(VI) from contam-
inated water. Fourier-transformed infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), energy-disper-
sive X-ray analysis (EDX), and thermalgravimetric analysis
(TGA) techniques were used for the characterization of the
prepared modified cellulose microfibers. All of the factors
involved in the removal process of the Cr(VI), such as cur-
rent density, initial concentration of Cr(VI), and reaction
time were investigated and optimized.

2. Experimental
2.1. Materials

All chemicals and reagents used in this research includ-
ing, chlorosulfonic acid, N,N-dimethylformamide, PdCl,
H,SO,, NaBH,, Na,CO,, and K,Cr,0, were obtained from

Merck (Darmstadt, Germany) or Sigma-Aldrich (St. Louis,
MO, USA) and used without further purification. Sodium
chloride (NaCl), potassium chloride (KCI), magnesium
chloride (MgCl,), potassium nitrate (KNO,), sodium sulfate
(Na,SO,), magnesium sulfate (MgSO,), and calcium sulfate
(CaSO,) were used to investigate the effect of co-existing
ions. Natural cotton, as a source of cellulose microfibers,
was obtained from a local market in Kashan, Iran. Before
modification of the cotton surface, it was dried at 50°C over-
night. Deionized water purified via a Milli-Q purification
system (Millipore, Bedford, MA) was used in all experimen-
tal tests.

2.2. Preparation of fibrous cellulose sulfate

Sulfonation of natural cotton fiber was conducted using
CSA, resulting in cellulose sulfate as anionic biomass. [34].
In a typical procedure, a proper amount of pre-dried cot-
ton microfiber (20 g) was immersed in 100 mL of DMF and
soaked for 15 min at 4°C. Afterward, 50 g of CSA was added
dropwise to 150 mL of DMF in an ice bath. At that point, the
resultant solution was gently added to the cotton microfiber
soaked in DMF and shacked in an ice bath for 3 h. Then, the
functionalized cotton microfibers were separated from the
reaction mixture using vacuum filtration through a 1 um
membrane filter. Subsequently, the obtained functionalized
cotton microfiber was neutralized with 5% (w/v) sodium
bicarbonate solution and washed three times with deion-
ized water. Lastly, modified cellulose sulfate was filtered and
washed with deionized water several times.

2.3. Preparation of the catalyst

To immobilize Pd NPs on the surface of cellulose
sulfate fibers, 5 g of cellulose sulfate sodium salt was
immersed in 50 mL of an aqueous solution of H,SO, (1 M)
for 10 min at 60°C. Then 0.05 g of PdCl,, which was dis-
solved in few drops of concentrated hydrochloric acid,
was added to the cellulose sulfate mixture while shak-
ing for 15 min. Then, the resulting mixture was reduced
with a cold aqueous solution of NaBH, for 30 min to form
Pd nanoparticles on the surface of the cellulose sulfate
[27]. The prepared Pd NP-containing fibrous catalyst was
rinsed thoroughly with water, dried under vacuum at
room temperature, and stored for future use.

2.4. Catalyst characterization

Fourier-transformed infrared (FTIR) spectra of the nat-
ural cotton, cellulose sulfate, and Pd NP-containing cel-
lulose sulfate were recorded by means of a Burker FTIR
spectrometer at a wavenumber range of 4,000-400 cm™
under ambient conditions. For X-ray diffraction analysis,
an X-ray diffractometer (XRD, PAN, analytical B.V. — X'Pert
PRO MPD) equipped with Cu Ka radiation at 20 of 10°-90°
was used. The microstructure and morphology of as-pre-
pared the catalyst before and after immobilization of Pd
NPs were investigated using scanning electron microscopy
(SEM, JSM-5600LV, JEOL Ltd., Japan) with an operating
voltage of 15 kV. Energy-dispersive X-ray analysis (EDS,
IE300X, Oxford, U.K.) was used to analyze the elemental
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composition of the catalyst. Thermal gravimetric analysis
was done using a thermogravimetric analyzer (TGA, Bahr
STA 503 instrument, GmbH, Germany) with a heating rate
of 10°C/min in an air atmosphere. All UV-Vis absorption
measurements were done on a UV-Vis spectrophotometer
(Hatch, DR5000, USA).

2.5. Electrochemical cell

An electrochemical cell made of Plexiglas with a
dimension of (5 cm x 5 cm x 10 cm) equipped with graph-
ite electrodes (8 cm x 5 cm x 0.5 cm) was used to generate
hydrogen gas during the catalytic reduction process of chro-
mium (IV). An appropriate amount of the prepared catalyst
was packed between the two electrodes. The useful vol-
ume of the electrochemical cell to evaluate all variables was
100 mL. In all experiments, the current density was adjusted
using an HY3020D DC power supply (0-30 V, and 0-20 A)
and the solution was stirred with a magnetic stirrer during
the process.

2.6. Typical procedure to catalytic removal of Cr(VI)

The catalytic removal process was done using the
electrochemical cell in the batch method. A stock solution
(1,000 mg mL™) of Cr(VI) was used to prepare different
concentrations of Cr(VI) solution in deionized water. In all
experimental tests, 100 mL of an aqueous solution of the
Cr(VI) with the desired initial concentration was added
to the cell and the reaction was started. At the given time
of the reaction, samples were withdrawn and the remain-
ing concentration of Cr(VI) in the solution was determined
by UV-Vis spectrometer at 540 nm according to stan-
dard methods [35]. The removal efficiency of Cr(VI) was
calculated as shown in the following equation [19]:

Cr(VI) removal % = (COC_C') x100

0

)

where C,and C, are the concentration of the Cr(VI) (mg L™) at
the beginning and end of the reaction, respectively.

2.7. Design of experiments

To optimize the experimental conditions and define
the importance of the independent parameters and their
interaction, the Box-Behnken design (BBD) was employed.
Firstly, a number of tests were done to choose the main
parameters and their effective ranges. According to the

Table 1
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obtained results, three main variables including current
density (A), initial concentration of Cr(VI) (B), and time of
reaction (C) were chosen. Three different levels (-1, 0, and
+1) were set for each input variable. The levels and the
ranges of these variables are shown in Table 1.

The number of whole test runs was calculated according
to the following equation:

N =2k(k-1)+N, @)
where N, is the number of the central points, and k is the
number of independent factors. Three independent vari-
ables and five focal points were selected, so the whole
number of experimental tests was 17. Additionally, to esti-
mate the experimental error, 5 replicate tests were done in
the center point. Table 2 shows the designed matrix and
experimental data. To design the experiments and validate
the fitted model, Design—-Expert 10 (Stat-Ease Inc., USA)
was used.

3. Results and discussion
3.1. Catalyst characterization

The morphology of the sulfonated cotton microfibers
containing Pd NPs was investigated by SEM. As shown
in Fig. 1, microfibers of sulfonated cotton are shorter than
natural cotton microfibers due to the aging process in
the acidic medium, which is consistent with the struc-
ture of sulfonated cotton microfibers in the literature [36].
Additionally, a large number of white Pd NPs can be obvi-
ously seen on the surface of the sulfonated cotton micro-
fibers, which confirmed the successful formation of the
Pd NPs. Also, it seems that the Pd NPs are distributed
homogeneously onto the surface of cotton microfibers.

EDX analysis was used for the qualitative and quantita-
tive analysis of elemental composition on the surface of the
modified cotton microfibers as shown in Fig. 2. The exis-
tence of the Pd element shows the effective immobilization
of Pd NPs on the surface of the microfibers.

The FTIR spectra of the natural cotton, cellulose sul-
fate, and Pd NP-containing cellulose sulfate are shown in
Fig. 3, respectively. The strong absorption peak at 3,400 cm™!
is characteristic of the hydroxyl (OH) groups of natural
cellulose. The peak observed at 2,900 cm™ is related to the
stretching vibration of C-H present in cellulose, and the
absorption band at 1,630 cm™ is related to the presence
of water in the cotton microfibers. The peak at 1,428 cm™
is characteristic of the CH, symmetric bending of the cel-
lulose [37]. The bands observed at 1,230 and 1,180 cm™ at

Experimental ranges and three levels of the independent variables

Variables Factor Unit Levels

-1 0 +1
Current density A A 0.010 0.055 0.100
Initial concentration of Cr(VI) B mg L 0.5 1.75 3
Time of reaction C min 1 8 15
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Table 2
RSM designed matrix, experimental, and predicted values
Variables Removal efficiency (%)
Run Current (A) Cr(VI) (mg L) Time (min) Actual Predicted
A B C value value

1 0.055 0.5 1 100 99

2 0.055 1.75 8 85.5 85.7

3 0.01 1.75 15 51 50.6

4 0.01 1.75 1 46.2 45.7

5 0.055 1.75 8 87 85.7

6 0.055 1.75 8 84.5 85.7

7 0.01 3 8 21.2 20.6

8 0.1 1.75 15 99.1 99.5

9 0.055 3 1 52.3 53.2
10 0.1 0.5 8 100 100
11 0.055 1.75 8 88.1 85.7
12 0.1 3 8 88.5 87.1
13 0.01 0.5 8 77.7 79.1
14 0.055 1.75 8 83.5 85.7
15 0.055 3 15 72 72.9
16 0.1 1.75 1 84.4 84.7
17 0.055 0.5 15 100 99

20.0kV

EHT = 15.00 kV
WD = 49mm

EHT = 15.00 kV

xxxxxx

Signal A = SI2
Mag= 200X

Date :9 Jan 2019
User - DP

Signal A = SE2
Mag= 50.00KX

Date:9 Jan 2019
User= DP

Fig. 1. SEM images of (a) cotton, 200 um; nanocomposite (b) 20 pm and (c) 200 nm.
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Fig. 2. EDX analysis of sulfonated cotton microfibers containing Pd NPs.

the spectrum of the cellulose sulfate and Pd NP-containing
cellulose sulfate correspond to asymmetric stretching vibra-
tions, and the bond at 610 cm™ is related to the symmetric
vibration of the sulfate group.

TGA graphs of the modified cellulose microfibers with
and without Pd NPs are demonstrated in Fig. 4. Slight
weight loss is due to water evaporation. As the tempera-
ture increased, the weight decreased sharply for both the
Pd-free and Pd NP-assembled modified cellulose microfi-
bers as a result of the decomposition of cellulose. The load-
ing percentage of Pd NPs can be calculated by comparing
the final weight of the Pd-free (a) and Pd NP-assembled
(b) sulfonated cellulose microfibers.

3.2. Statistical analysis
According to the obtained quadratic model using BBD,

the removal efficiency of Cr(VI) is a function of current

Table 3
ANOVA results of the quadratic model

density (A), initial concentration of Cr(VI) (B), and time
of reaction (C). The double interactions are shown with
AB, AC, and BC, while A? B? and C? are related to the
quadratic effects. A confidence level of 95% was used for
statistical analysis.

Removal (%)=85.72+21.99 x A—17.96x B+4.90xC
+11.25x AB+2.48 X AC +4.92x BC-12.39 x A’ ®)
-149xB*-3.16 xC?

Validation of the designed model and significance of
main variables was investigated using analysis of variance
(ANOVA). According to the results given in Table 3, the
term A with a larger F-value and the smaller p-value was the
greatest important variable, while the term B? was the least
important factor with an F-value and p-value of 2.88 and
0.1333, respectively [38].

Variable Ss dF? Ms* F-value p-value
Model 7,999.22 9 888.80 275.96 <0.0001
A-current 3,867.60 1 3,867.60 1,200.83 <0.0001
B-Cr(IV) 2,581.21 1 2,581.21 801.42 <0.0001
C-time 192.08 1 192.08 59.64 0.0001
AB 506.25 1 506.25 157.18 <0.0001
AC 24.50 1 24.50 7.61 0.0282
BC 97.02 1 97.02 30.12 0.0009
A? 645.85 1 645.85 200.52 <0.0001
B? 9.29 1 9.29 2.88 0.1333
C? 42.04 1 42.04 13.05 0.0086
Residual 22.55 7 3.22

Lack of fit 8.78 3 2.93 0.85 0.5346
Pure error 13.77 4 3.44

Cor. total 8,021.77 16

“Sum of square.
"Degree of freedom.
‘Mean square R*=0.9972, Adj. R?=0.9936, Pred. R*=0.9798.



M. Jokar et al. / Desalination and Water Treatment 248 (2022) 124-133 129

100 (@)

[

60

50

%Transmittance
66604

1429
613.25

1371.69

40

30

20

10

Cog g b b b L

3410.31
0659.24

4000 3000 20|00

Wavenumbers (cm-1)

-
o
o
o

(b)

100
90
80

70

g b by by

60

50

%Transmittance

40

30

20

I RERERERI RN AR R RN

4000 3000

S060.43

o
o

2000
Wavenumbers (cm-1)

(c)

100

|l

90

80

70

60

50

%Transmittance

40

oo b o b by

30

2902.58
1630.89
142815
816.07

20

10

vl ool

583.61

3406.63
1229.61
059.09

4000 30'00 2060

Wavenumbers (cm-1)

=
o
o
o

Fig. 3. FTIR spectra of the (a) natural cotton microfiber, (b) cellulose sulfate, and (c) Pd NP-containing cellulose sulfate, respectively.
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As can be seen, the results indicated that the model
F-value of response is 275.96 proving the validity of the
model. Moreover, the model p-value of <0.0001 represents
the validity of the model in the studied range of main factors.
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Fig. 4. TGA curves of the (a) Pd-free and (b) Pd NP-assembled
cellulose sulfate.
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The pure error, which was represented by the p-value of
lack of fit, was not significant (0.5346), indicating that the
model fitted well with the experimental data. Furthermore,
the accuracy of the model was established by the high
values of the adjusted R? (99.36%) and predicted R? (97.98%).

3.3. Impact of independent variables and interactions of them on
removal efficiency of Cr(V1)

In order to compare the effect of main independent
variables on the removal efficiency of Cr(VI), a perturba-
tion plot was used. As can be seen in Fig. 5a, all parame-
ters have a significant effect on the removal efficiency of
Cr(VI). Nevertheless, the impact of time was less than
that of current density and initial concentration of Cr(VI).
Fig. 5b—d demonstrates the response surface plots obtained
from equation (3). Fig. 5b shows the impact of current den-
sity and initial concentration of Cr(VI) at a constant time
on the removal efficiency. Obviously, as the current den-
sity and/or time increased, the removal efficiency also
increased. The interaction of Cr(VI) concentration with time

HEN
e
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et

.07
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0

0.04
0.0

A: Current (A) 30_020

01

Fig. 5. (a) Perturbation plots for Cr(VI) removal, and the 3D response surface plots; (b) interactive effect of initial concen-
tration of Cr(VI) and current density, (c) interactive effect of initial concentration of Cr(VI) and time, and (d) interactive
effect of current density and time, while time, current density, and initial concentration of Cr(VI) at the level of 0, respectively.
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is shown in Fig. 5c. It is obvious that by increasing the time
at the low level of the initial concentration of Cr(VI), the
removal efficiency of the process remained approximately
constant. However, by increasing the time at the higher
levels of the Cr(VI) concentration, the removal efficiency
of Cr(VI) significantly increased. According to Fig. 5d, the
interaction between current density and time was notable.
It is clear that at low current density, more time is needed
to remove Cr(VI), while by increasing current density,
the time required for Cr(VI) removal is also decreased.

3.4. Mechanism of Cr(VI) reduction

Fig. 6 demonstrates the reduction-adsorption mechanism
of Cr(VI) in the electroreduction cell. After the electrochem-
ical production of the hydrogen molecules on the surface
of the electrode, the produced hydrogen molecules are
adsorbed on Pd NPs surface and transformed into active
hydrogen radicals. After that, the bonded hydrogen radicals,
as a strong reducing agent, react with Cr(VI) ions and con-
vert them to Cr(Ill) ions, which are subsequently adsorbed
on the surface of the modified sulfonated cotton microfibers.

3.5. Effect of co-existing ions on the removal efficiency of Cr(VI)

Effect of various co-existing ions such as Na*, K*, Ca*,
Mg*, CI', NO;, SO, and CO? on the removal efficiency of

Graphite Electrode
Graphite Electrode

K @ -ranps

Fig. 6. The reduction-adsorption mechanism of Cr(VI) ions in
the electroreduction cell.
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Cr(VI) was investigated in the different experiments, and
the results are shown in Fig. 7. According to the results,
the presence of the different ions had no destructive inter-
ference in Cr(VI) removal efficiency.

3.6. Reusability of the catalyst

Since palladium is an expensive metal, the reusabil-
ity of the Pd catalyst is critical. Fig. 8 shows the catalyst
performance up to 10 cycles. As can be seen, a 10% reduc-
tion in the performance of the catalyst was observed after
10 cycles, showing good reusability.

4. Conclusion

In the present study, an effective palladium catalyst
coated on cellulose sulfate microfibers was fabricated by
a coating of Pd NPs on the synthesized cellulose sulfate
as support. Moreover, the cellulose sulfate was prepared
by sulfonation of natural cotton fiber using chlorosul-
fonic acid. The Pd containing cellulose sulfate catalyst
was characterized by FTIR, SEM, TGA, and EDX anal-
yses. The presence of cellulose sulfate as the support of
the catalyst improved the removal efficiency significantly
due to its porosity and high surface area. A Box-Behnken

Mg?* NO;~ SO, COs*™

Co-existing ions

100
90 A

80 4
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50 4
40 A
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Fig. 7. Effect of co-existing ions on the removal efficiency of
Cr(VI).

100

Removal (%)
3

1 2 3 4 5 6 7 8 9 10
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Fig. 8. The catalyst performance after 10 cycles of the regenera-
tion process.
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model was used for the evaluation of the impact of cur-
rent density, initial concentration of Cr(VI), and time on
the removal efficiency of the Cr(VI). A quadratic model
was achieved, showing a noteworthy interaction between
the initial concentration of Cr(VI), current density, and
time. The results indicated that the Pd catalyst has a sig-
nificant role in the removal process of Cr(VI). Under the
optimal conditions and in the specified range of variables,
the maximum removal efficiency of >98% was achieved.
According to the results, at a higher current density, the
prepared catalyst had a higher removal efficiency for
the Cr(VI). Also, the results of the evaluation of catalyst
recovery indicated that the performance of the prepared
catalyst decreased about 10% after 10 cycles of usage.
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