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Abstract

Removal of Reactive Black 5 (RB5) dye from aqueous solutions was investigated by adsorption onto Multi-walled Carbon Nanotubes
(MWCNTs) and Single-walled Carbon Nanotubes (SWCNTs). A Taguchi orthogonal design including pH, initial RB5 concentration,
contact time, and CNTs dose, was used in 16 experiments. The results showed that all four factors were statistically significant, and
the optimum conditions for both adsorbents were as follows: pH of 3, adsorbent dose of 1000 mg/L, RB5 concentrations of 25 mg|L,
and contact time of 60 min. An equilibrium study by Isotherm Fitting Tool (ISOFIT) software showed that Langmuir isotherm pro-
vided the best fit for RB5 adsorption by CNTs. The maximum predicted adsorption capacities for the dye were obtained as 231.84
and 829.20 mg/g by MWCNTs and SWCNTSs, respectively. The results also indicated that the adsorption capacity of SWCNTs was about
1.21 folds higher than that of MWCNTs. Studies of electrochemical regeneration were conducted, and the results demonstrated that
RB5-loaded MWCNTs and SWCNTs could be regenerated (86.5% and 77.3%, respectively) using the electrochemical process. Adsor-
bent regeneration was mostly due to the degradation of the dye by the attack of active species such as chlorate, H,0,, and, "OH,
which were generated by the electrochemical oxidation process with Ti/RuO,-IrO,-TiO, anodes. The results of Gas Chromatography-
Mass Spectrometry (GC-MS) analysis showed that acetic acid, 3-chlorobenzenesulfonamide, and 1,2-benzenedicarboxylic acid were
produced after adsorbent regeneration by the electrochemical process in the solution of regeneration. The adsorption and regen-
eration cycles showed that the electrochemical process with Ti/RuO,-IrO,-TiO, and graphite is a good alternative method for the
regeneration of CNTs and simultaneous degradation of the dye.
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1. Background

The textile industries use dyes for coloring their final
products, and as a result, produce large amounts of or-
ganic matter and color-containing effluents (1, 2). The pres-
ence of these substances with complexaromatic structures
can adversely affect the aqueous environment by reduc-
ing photosynthesis activity (1-4). Moreover, most of these
aromatic compounds can cause skin irritation and respi-
ratory problems and increase cancer and cell mutation
risks in humans (5-7). Therefore, effluents containing dyes
require efficient treatment before being discharged into
the environment (1). Various methods such as oxidation,
adsorption, coagulation, photochemical degradation, and
membrane separation are used for the removal of dyes
from aqueous solutions (8, 9). Among the mentioned tech-
niques, adsorption has been considered the most attrac-

tive technology due to high efficiency, simplicity, and low
cost (10-12). It is a method that transfers contaminants
from the liquid phase to a solid phase and, therefore, re-
duces the bioavailability of stable and aromatic species to
living organisms (13). In this method, different adsorbents
such as powdered activated carbon (14), chitosan (15), CNTs
(1), bamboo activated carbon (16), fly ash (17, 18), chitin (19),
zeolite (20), peanut hull (21), carbon nanotubes (12), and
Fe;0,/chitosan (22) have been used for the adsorption of
reactive dyes in aqueous environments. Among them, car-
bon nanotubes have been suggested for the successful re-
moval of different types of pollutants from aqueous so-
lutions because CNTs have favorable physicochemical fea-
tures such as stability, large specific surface area, high se-
lectivity, hollow and layered structures, and small size (5,
6,23). Moreover, their functional groups and hydrophobic
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surfaces show strong interactions with inorganic and or-
ganic compounds (24).

Nonetheless, adsorbents including activated carbon
and CNTs are relatively expensive and readily saturated,;
thus, it is essential to regenerate and reuse them for the
treatment of aqueous solutions. Commonly, adsorbents
are regenerated by chemical, thermal, and wet air oxi-
dation methods, with serious drawbacks including high
cost, expensive equipment, decreasing adsorption capac-
ity,and high energy consumption (25). Recently, adsorbent
regeneration by the electrochemical process has been re-
ported as an effective method because of minimal adsor-
bent losses, 80-95% regeneration efficiencies, and degrada-
tion of contaminants desorbed from the adsorbent via ox-
idation at the anode surface (26, 27). In the process of elec-
trochemical regeneration, pollutants are desorbed from
the adsorbent surface by the electro-desorption mecha-
nismand then degraded by electrochemical oxidation (25).
Many active species such as hydroxyl radicals, hydrogen
peroxide, and HCIO contribute to direct or indirect electro-
chemical oxidation of pollutants (25, 28). Wu et al. treated
p-nitrophenol by the electrochemical-adsorption process
and found that the electrochemical regeneration was af-
fected by current density, airflow, and the production rate
of reactive species (28). Zhou and Lei, by studying the elec-
trochemical regeneration of activated carbon containing
p-nitrophenol, reported that the degradation of contami-
nant molecules on the adsorbent could occur by the attack
of free radicals produced by electro-oxidation (26).

It has been reported that the efficiency of electrochem-
ical oxidation is mainly dependent on the electrode mate-
rial, which is basically divided into active and non-active
electrodes. It was also reported that non-active electrodes,
such as lead dioxide (PbO,) have better efficiency for the
destruction of pollutants than have active electrodes such
as platinum (Pt) (26). Recently, this type of electrodes
has shown a loss of activity due to surface fouling or lim-
ited service life (25). To overcome these problems, elec-
trodes with high lifetime and catalytic activity such as
Ti/Sb-SnO, (29), Ti/Co/Sn0,-Sb,05 (30), boron-doped dia-
mond (31), Ti/Pt/PbO,, and Si/BDD (32) electrodes have been
proposed. Compared to these electrodes, Ti/RuO,-IrO,-TiO,
has special characteristics such as large specific surface ar-
eas, high mass transfer, rapid production of oxidants, and
long-term durability (33-37). However, less attention has
been paid to Ti/RuO,-IrO,-TiO, as the anode electrode for
the electrochemical regeneration of adsorbents.

2. Objectives

The objective of this research was to understand the
equilibrium adsorption of RB5 dye on MWCNTs and SWC-
NTs by investigating the influence of different experimen-
tal parameters such as pH, adsorbent dose, initial dye con-
centration, and contact time. In addition, the regener-
ation performance of RB5-loaded CNTs was investigated
by the electrochemical process with Ti/RuO,-IrO,-TiO, and
graphite felt electrodes under various electrolytes and con-
centrations. In this study, the intermediate products pro-
duced from adsorbent regeneration by the electrochemi-
cal process were investigated for the first time.

3. Methods

3.1. Chemicals and Reagents

Textile dye Reactive Black 5 (RB5; CAS Number 17095-
24-8; C,6H5N5Na,019S6; 991.82 g/mol; Apax= 597 nm) with
a purity of > 50% was supplied by Sigma Aldrich (USA).
A stock solution was prepared by dissolving the RB5 dye
in deionized water to prepare the concentration of 1000
mg/L. Working solutions were prepared by diluting the
stock solution of the RB5 dye to the required concentra-
tions (25-200 mg(L). The MWCNTs and SWCNTs with a spe-
cific surface area of >100 m2/g and an average pore diam-
eter of 1-20 nm were purchased from US research nanoma-
terials, Inc., (Houston, USA) and used as adsorbents in the
study.

3.2. Adsorption Experiments

Various experiments were carried out to evaluate the
effective parameters in runs designed by the Design of Ex-
periments (DOE) software (Design Expert 7 Stat-Ease, Inc.,
USA). All of the experiments were conducted in 250 mL
glass flasks. In each experiment, a varied amount of CNTs
(0-1000 mg(L) was added to 100 mL of dye solution, with
the initial concentration of 25-100 mg|/L. After preparing
each batch system, the flasks were placed on a shaker
(Orbital Shaker Model KS260B, IKA Company, Germany)
and stirred at 250 rpm at room temperature for 15-60
min. Then, samples were filtered by 0.45 ;m polytetraflu-
oroethylene (PTFE) filters to remove CNT particles. Finally,
the residual RB5 concentrations were analyzed. Before and
after each experiment, the RB5 concentration was deter-
mined using a UV-Vis spectrophotometer at a wavelength
of 600 nm. All of the experiments were repeated three
times, and only the mean values were reported.

The pH of the solution was measured at the input
(pHin) and output (pHey) in each experiment. The pHin
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was adjusted using 0.01 M HCl and NaOH and determined
by a pH meter (CyberscanpH1500, Thermo Fisher Scientific
Inc., Netherlands). The amount of adsorbed RB5 on CNTs
(qe, mg/g) and removal percentage (R %) were calculated as
follows:

o= =C vy 0
m

Co — C.
= X100 (2)

%R =

Where C0 and Ce (mg|L) are the RB5 concentrations at
the input and output in each run, V(L) is the solution vol-
ume, and m (g) is the mass of CNTs.

3.3. Analysis of Data

To assess the individual effects of pH, CNTs dosage, RB5
initial concentrations, and contact time on the removal of
RB5 and optimize the process condition, DOE software was
used. The Taguchi orthogonal plan was applied by four fac-
tors at four levels (Appendix 1in Supplementary File). The
matrix involved 16 runs and each run was conducted in
triplicate.

An isotherm study was carried out for the RB5 adsorp-
tion by CNTs in the optimum condition with the initial con-
centration of 25-200 mg[L, CNTs dose of 1000 mg|L, con-
tact time of 60 min, and pH of 3. The fit isotherm param-
eters to experimental data were estimated by the Isotherm
Fitting Tool (ISOFIT) software. This software is an analy-
sis program that fits isotherm parameters to experimen-
tal data through the minimization of the Weighted Sum
of Squared Error (WSSE) of the objective function (38). The
ISOFIT supports several isotherms, including 1) Brunauer-
Emmett-Teller (BET), 2) Freundlich, 3) Freundlich with Lin-
ear Partitioning (F-P), 4) Generalized Langmuir-Freundlich
(GLF), 5) Langmuir, 6) Langmuir with Linear Partitioning
(L-P), 7) Linear, 8) Polanyi, 9) Polanyi with Linear Partition-
ing (P-P), and 10) Toth (39).

The pseudo-first-order and pseudo-second-order mod-
els are useful for the design and optimization of the RB5
treatment process. Their linear equations are as follows:

In (ge — qt) = Inge — kit (3)

t 1

=+t (@)
a k2g2  qe

Where ge and qt are the amounts of RB5 adsorbed
(mg/g) at equilibrium and time t (min), respectively, and
k; (1/min) and k, (g/mg.min) are the rate constants of first-
order and second-order adsorption, respectively.
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3.4. Adsorbent Electrochemical Regeneration

The electrochemical regeneration experiments were
conducted in a batch reactor consisting of Ti/RuO,-IrO,-
TiO, (anode) and graphite felt (cathode) electrodes. Both
anode and cathode had dimensions of 5 cmx2 mmXx10
cm, and there was a fixed distance of 1 cm between the an-
ode and cathode in those experiments. Before the regen-
eration process, the RB5 adsorption was performed in the
optimum condition, i.e., pH of 3, adsorbent dose of 1000
mg(L, RB5 concentrations of 200 mg/L, and contact time
of 120 min. Then, 1 g of used CNTs was put into the elec-
trochemical cell containing 450 mL of electrolyte solution
with sodium chloride (NaCl) and sodium sulfate (Na,SO,).
The regeneration experiments were carried out at room
temperature. The electrochemical oxidation was stopped
after 2 h. After each regeneration, the regenerated CNT
was separated from the regeneration solution by PTFE fil-
ters to determine its adsorption capacity. In the regener-
ation process, the influence of different operating param-
eters was studied by varying one parameter and keeping
the other parameters constant (40). To investigate the ef-
fectof sodium chloride (NaCl)and sodium sulfate (Na,SO,)
on the CNTs regeneration, different electrolyte concentra-
tions of 0.01, 0.05, and 0.1 M were added into the regener-
ation solutions. The effect of current density was investi-
gated under the controlled condition at current densities
0f 10-30 mA/cm?.

4. Results and Discussion

4.1. Effect of Operating Parameters on RB5 Removal

Appendix 2 in Supplementary File shows the RB5 re-
moval percentage by MWCNTs and SWCNTs and equilib-
rium amounts of absorbed RB5 on CNTs (ge) under differ-
ent pHs, initial RB5 concentrations, contact time, and ad-
sorbent doses. The results showed that more than 94% of
RB5 was removed by CNTs in run 13, which is in agreement
with other studies (39). Figure 1A indicates that the RB5
removal decreased with increasing initial pH from 3 to 9.
Therefore, the maximum dye removal by adsorption onto
CNTs was achieved at a pH of 3, which can be attributed to
the influence of solution pH on the surface of CNTs and dye
functional groups (41). At acidic pH, the sulfonate group
(-SO57) is present on the RB5 surface, so it is expected that
the strong electrostatic attraction occurred between the
CNTs adsorption sites and RB5 anions (42). It has been re-
ported in the Machado et al. (43) study that the pH,, val-
ues of MWCNTs and SWCNTs are 6.85 and 6.73, respectively.
Therefore, these nanoparticles at pH 3 (a value lower than



Mengelizadeh N and Pourzamani H

the pHy,) are positively charged. On the other hand, lower
adsorption capacity in the alkaline condition is due to the
competition between hydroxyl ions (OH) and negatively
charged dye ions for the adsorption sites (42, 44). Yao et
al. (45) obtained the same results and showed that the
amount of RB5 dye adsorbed decreased from 40 mg/g to
24.8 mg(g as the initial pH increased from 2.3 to 10. Also,
Machado et al. (46) showed that the adsorption of reactive
blue 4 dye on MWCNTs and SWCNTs adsorbents decreased
when the initial pH increased from 2 to 10.

The effects of dye initial concentration on the RB5 re-
moval percentage using MWCNTs and SWCNTs were inves-
tigated in the RB5 concentration range of 25 to 100 mg/L
(Figure 1B). For both adsorbents, RB5 adsorption decreased
by raising the dye initial concentration. This may be due
to the limitation of free sites available on CNTs for RB5 ad-
sorption. This finding is supported by a study carried out
by Balci and Erkurt (47), who reported that the dye removal
efficiencies decreased with increasing RB5 initial concen-
tration. This observation is also in agreement with Shirzad-
Siboni et al. study (48). Figure 1C shows that the removal
rate sharply increased with increasing contact time from
15 to 45 min and then reached the equilibrium in 60 min.
Kabbashi et al. (49) reported that Pb(II) sorption reached
the equilibrium in 80 min with an initial concentration of
40 mg|L. Moreover, Pourzamani et al. (50) reported that
most benzene adsorption on the composite of MSWCNT
nanoparticle occurred in 20 min.

The effects of adsorbent dose in the range of 100-1000
mg/L on the RB5 removal are shown in Figure 1D. As can be
seen, the percentage of dye removal increased by increas-
ing CNTs’ dose from 34.48% to71.54% for MWCNTs and from
51.5% to 87.17% for SWCNTs. Also, Figure 1D shows that most
RB5 removals happened in 1 g/L of CNTs dose that was se-
lected as the optimum condition of CNTs dose. This can be
attributed to increasing adsorbent surface areas and active
functional groups (44). This result is in agreement with
Wau (12) for the adsorption of reactive dye onto carbon nan-
otubes.

Thus, the optimum conditions for RB5 adsorption by
CNTs were the RB5 concentration of 25 mg(L, pH of 3, CNTs
dose of 1000 mg|[L, and contact time of 60 min. The RB5
removal rates by the adsorption process in the optimum
conditions were 94.5% and 95.30% for MWCNTs and SWC-
NTs, respectively.

4.2. Statistical Analysis

To obtain the individual and combined effect of four
different parameters (pH, initial dye concentration, con-
tacttime, and adsorbentdose) on adsorption capacity, data

analysis was done and the results are shown in Appendix 3
in Supplementary File. Equations 5 and 6 represent the em-
pirical formula in terms of the above factors:

RB5removal by MWCNT's )
= 53.67+ 18.05A + 15.52B — 9.76C' — 19.19D

RB5removal by SWCNTs = 51.72 4 18.78A + 13.07B
— 9.91C — 19.00D
(6)

The sufficiency of the regression model for the expla-
nation of experimental data at a 95% confidence level was
evaluated by the Analysis of Variance (ANOVA). The ANOVA
includes some statistical factors such as “Prob-> F”, Fvalue,
lack of fit, R?, and adjusted R*. From the ANOVA results (Ap-
pendix 3), it is found that the model was highly significant,
as the P value for the model was < 0.0001 (P-value < 0.05).
Also, based on Equation 7, the obtained model F-value was
205.91for SWCNTs and 252.40 for MWCNTs, which indicates
that the model is significant for both adsorbents. More-
over, the F value was selected in the range of 100-450 for
the RB5 removal percentage, which offers that the terms
of the factors are significant. The insignificance of “lack of
fit” with P-values of 0.63 and 0.98 (P-value > 0.05) showed
that the model satisfactorily fitted the data. A comparison
between experimental and calculated values of the sorp-
tion capacity is shown in Appendix 4 in the Supplementary
File. According to this Appendix, all points lay on a straight
line and display a good correlation between predicted val-
ues and actual values. This close correlation between the
experimental and predicted values of RB5 adsorption was
also shown by the values of R? and adjusted R2.

F value — Model mean square

7

Appropriate error mean square

The contribution of all four factors on the predicted re-
sponse was calculated by the following formula:

mean square of each factor

% contribution =
° sum of mean squaresof all factors

(8)

It is clear from Appendix 3 that the most important
variable for the RB5 adsorption system is the adsorbent
dose. Almost 44.31% and 43.52% of the contributions to
the total RB5 removal were from the MWCNTs and SWCNTs
dose factors, respectively. The initial pH also had a signifi-
cant role in RB5 adsorption efficiency, as it contributed to
26.18 and 28.73% of the predicted responses.

Health Scope. 2020; 9(4):e102443.
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Figure 1. Effect of pH (A), RB5 concentration (B), contact time (C), and adsorbent dose (D) on RB5 removal at average levels

4.3. Isotherm Study

The equilibrium data of RB5 adsorption on MWCNTs
and SWCNTs were fitted to several well-known isotherm
models to evaluate their efficacies. In this study, ISOFIT was
selected to assess the adsorption of the RB5 dye at initial
concentrations of 25-200 mg/L (25, 50, 75,100,150, and 200
mg/L) by MWCNTs and SWCNTs. Appendix 5 and Appendix
6 in Supplementary File summarize some of the diagnos-
tic statistics computed by ISOFIT and reported in the out-
putfile for RB5 adsorption by MWCNTs and SWCNTs, respec-
tively. The Akaike Information Criterion (AIC) values indi-
cate that the Langmuir isotherm expression provided the
best fit of the sorption data for dye adsorption by both ad-
sorbents. This shows that dye adsorption occurred at spe-
cifichomogeneous sites on the surface of CNTs. Table 1 con-
tains selected ISOFIT outputs for the Langmuir isotherm
for dye adsorption by both adsorbents. Figure 2 shows the
plots of the fitted isotherms for dye adsorption by MWCNTSs
and SWCNTs, along with the observed data points. Bazraf-
shanetal. (42)studied the adsorption of RB5 from aqueous
solutions onto MWCNTs. Their study showed that the Fre-
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undlich model could describe the experimental data fairly
better than did Langmuir, Temkin, and Dubinin-Radushke-
vich isotherms. The adsorption process of remazol black B
on orange peel studied by Bayrak and Uzgor (51) showed
that the adsorption equilibrium data were fitted to the
Langmuir isotherm. In another study, ISOFIT was used by
Bina et al. (52) to study the adsorption of benzene and
toluene by carbon nanotubes. Their results indicated that
the Generalized Langmuir-Freundlich (GLF) and Brunauer-
Emmett-Teller (BET) isotherms provided the best fit of sorp-
tion data for benzene and toluene by CNTs, respectively.

4.4. Absorption Kinetics

To understand the mechanism of adsorption and mass
transport processes, the pseudo-first-order and pseudo-
second-order models were used to describe the adsorption
data. The parameters and correlation coefficients (R*) of ki-
netic models are listed in Table 2 and Appendix 7. In Table
2, it can be seen that the correlation coefficients (R*) range
from 0.9984 to 0.9999, and the calculated q. values are in
agreement with experimental g values. This indicates that
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Table 1. Selected ISOFIT Post-Regression Outputs (Langmuir Isotherm)

Parameter or Statistic ISOFIT Result
SWCNTs MWCNTs
Overall quality of fit
Weighted sum of squared error 6.55X10" 3.44X10°
Root of mean square error 4.04 9.27
Ry 0.99 0.97
Parameter statistics
b'Qo 225 2.75
b 2.72 X107 119 X107
Qo 829.20 231.84
Parameter std. error
M’ 3.9 X10° 145
Threshold 0.1 0.2
Assessment Linear Non-linear
Normality (R, )
RN 0.882 0.94
Assessment Normal residuals Normal residuals
Runs test
Number of runs 3 4
Pvalue 0.65 0.70
Assessment No correlation No correlation
Durbin-Watson test (D)
D 15 2.68
Pvalue 0.49 0.49
Assessment No correlation No correlation
200 = 250 9 )
# Sorbed Concentration (mg/g) ;SB%_frbEd Concentration (mg/g)
@ BET
8 mFreundlich _ Freundlich
-5 ) ]
o0 E-P = 200 XF-P _
£ 150 X Langmuir ED *Langmuir
= XLF 2 4 LF
5 L-P = L-P
=] Linear L 150 Linear
g PP w PP
=) o Toth
5 100 4 Toth g
o 7]
= E 100
e
S S
'8 =]
2 504 o <
2 2 50
@ 3
o4 T T T 1 (0]
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Figure 2. Plots of fitted isotherms and observed data for MWCNTs (A) and SWCNTSs (B)
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the pseudo-second-order model provided the best correla-
tion with experimental data for both adsorbents. Similar
results were observed by Wu et al. (12).

The intraparticle diffusion model (Equation 9) is com-
monly used to investigate the effect of mass transfer stabil-
ity on the bonding of RB5 molecules in CNTs. In this equa-
tion, q, (mg/g) is the amount of pollutant absorbed over
time, k, (mg g'h'?) is the constant rate of intraparticle dif-
fusion, and x; (mg/g) is the intercept and boundary layer
thickness. The low R? value and nonlinear plot (Appendix
7) showed that intraparticle diffusion was not responsible
for the adsorption kinetics of RB5 on CNTs,

a =z + kpt™® (9)

Based on the above results, a comparison was made be-
tween different adsorbents in terms of maximum adsorp-
tion capacity and the type of adsorption isotherms and ki-
netics, the results of which are shown in Table 3. As can
be seen, the adsorption capacity of CNTs is higher than
that of other reported adsorbents, which emphasizes that
CNTs with high surface areas can be used as an effective and
promising adsorbent.

4.5. Infrared Spectra of Adsorbents

The Fourier Transform-Infrared Spectroscopy (FT-IR)
technique was used to identify the functional groups re-
sponsible for RB5 adsorption. Figure 3 shows the FT-IR spec-
tra of MWCNTs and SWCNTs before and after the adsorp-
tion of RB5 dye. For both adsorbents, intense absorption
bands at 3438 and 3427 cm™ were assigned to O-H bond
stretching, before and after the interaction, respectively
(6), which indicates that this group played a role in the ad-
sorption of RB5. Also, the peaks at 3000 and 2917 cm™ rep-
resent symmetric stretching of CH, groups, which shows
these groups participated in the dye adsorption process.
Small bands at1742 cm”, before and after adsorption of the
dye by SWCNTs, were assigned to the carbonyl groups of
carboxylic acid, respectively. The bands at 1538 and 1483
cm™ presented on SWCNTs that were assigned to the aro-
matic ring modes. In addition, strong bands ranging from
900 t01200 cm™ before and after adsorption confirmed the
presence of the C-O bond. Based on the FT-IR bands, it can
be concluded that the adsorption of RB5 dye on CNTs oc-
curred mostly on the groups of hydroxyl (-OH), carboxyl (-
COOH), and aromatic rings (6).

Based on theresults of FT-IR spectra before and after ad-
sorption, the adsorption mechanism of RB5 by CNTs was
proposed, and its schematic is presented in Figure 4. Ac-
cording to a study by Saxena et al. (53), adsorbents con-
taining the functional groups of hydroxyl (-OH), carboxyl

Health Scope. 2020; 9(4):e102443.

(-COOH), and carboxylate (-COO-) can remove organic con-
taminants, especially dyes, through hydrogen bonding
and electrostatic interaction. In addition, the 7-7 inter-
action may occur between organic pollutants and adsor-
bents containing 7-electrons. In a study by Saxena et al.
(53),itwas reported that reactive dyes and CNTs adsorbents
have m-electrons and hence, the -7 stacking interactions
can occur between the aromatic rings of both reagents. Ac-
cording to the identified groups involved in RB5 adsorp-
tion in the present study, these mechanisms can play an
important role in the adsorption of dye molecules.

4.6. Electrochemical Regeneration
To study the effect of electrochemical regeneration on
CNTs adsorption capacity, a series of tests were done un-
der the influence of various factors in the electrochemical
cell. The percentage of regeneration is based on the ad-
sorption capacity of regenerated CNTs (q;) and the calcu-
lated adsorption capacity (qca ) of fresh CNTs at the same
liquid-phase concentration.
qr

Qcal

percentage of regeneration = x 100 (10)

The results in Figure 5 demonstrate that sodium chlo-
ride solution was better than sodium sulfate in CNTs regen-
eration. This is principally achieved by the hydroxyl and
HCIO radicals, which are generated on the surface of the
electrodes in the electrochemical process, as follows (25,
26):

HyO - OH+H" +e” (11)
2C1~ = Cla + 2e~ (12)
Cls (aq) + H:O — HCIO+Cl~ + H' (13)
HCIO - OCl” + H" (14)

Zhou and Li (26) found that the p-nitrophenol oxida-
tion on activated carbon was due to anodic oxidation and
indirect oxidation by chlorine. Lei et al. (40) also found
that the oxidation of ammonia on zeolites was primarily
due to the direct and indirect oxidation of chloride. More-
over, according to the experimental results, the adsorption
capacity of CNTs regenerated one time was almost equal
to that of unused CNTs (Table 4), proving that the electro-
chemical oxidation method was effective.

The change in the regeneration efficiency with the
change in the NaCl concentration is also shown in Figure
5A and B. As shown in the figure, the regeneration effi-
ciency of CNTs increased with an increase in the concentra-
tion of NaCl. The addition of NaCl in the electrolysis system
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Table 2. The First-Order and Second-Order Adsorption Rate Constants, Calculated g (qe,cal), and Experimental e Values of RB5 Dye on Adsorbents

Adsorbent Qe exp(mg/g) First-Order Kinetic Model hSecond-Order Kinetic Modelh Intraparticle Diffusion
Ky (1/min) de, cal(melg) R? Ky (g/mg.min)h 9e,cal(melg) R? X; kp R
MWCNTs 16237 0.04 46.05 0.95 0.002 163.93 0.998 12531 30.66 0.87
SWCNTs 196.75 0.05 2226 0.90 0.005 200 0.999 180.28 14.39 0.60
Table 3. Comparison of Adsorption Capacities of Various Adsorbents for Dyes

Adsorbents Pollutant Type Qmax (Mg(g) Isotherm Kinetic Model Sources
SWCNTs 829.2

RB5 Langmuir Pseudo-second-order This work
MWCNTs 231.84
Nanohydroxyapatite Reactive Blue 19 90.09 Langmuir Pseudo-second-order (10)
Chitosan Remazol black 13 130 Langmuir Intraparticle diffusion (15)
Active carbon 198 Langmuir Pseudo-second-order (16)

RB5
Bone char 160 Freundlich Pseudo-first-order (16)

RB5 4.38 Langmuir
Fly ash Pseudo-second-order (18)

Reactive Yellow 176 3.65 Langmuir
Peanut hull RB5 50 Langmuir Pseudo-second-order (21)
Table 4. Efficiency of CNTs Regeneration
Time Adsorbent Control 1 2
SWCNTs 196.75 173.16 131.40
Adsorption capacity (mg(g)
MWCNTs 162.36 121.69 76.98

resulted in the production of chlorine and hypochlorite
ions (Equations12-14), as well as the increase in conductiv-
ity of the electrolyte. This finding is supported by a study
carried out by Zhang (54), who reported that the regenera-
tion efficiencies increased with increasing electrolyte con-
centration.

Current density is one of the most important factors
in the electrochemical regeneration process. The effect
of current density on the regeneration of CNTs is shown
in Figure 5C. For both adsorbents, the regeneration ef-
ficiency increased with increasing current density. This
is due to the increased oxygen evolution and enhanced
chlorine/hypochlorite formation rates (40). Similar results
were reported in the electrochemical regeneration of ac-
tivated carbon loaded with p-nitrophenol (26) and gran-
ular activated carbon loaded with phenol (27). Moreover,
Czarnetzki and Janssen (55) reported that increased oxy-
gen evolution and chlorate formation rates occurred by in-
creasing current density in the electrolysis process.

Regeneration time is also another key parameter af-
fecting regeneration efficiency and energy consumption
(25). Figure 5D shows the effect of regeneration time on
electrochemical regeneration. As seen, the regeneration ef-

Health Scope. 2020; 9(4):e102443.

ficiency increases with increasing the time up to 120 min
and then stayed almost constant. This can be simply at-
tributed to the increase in oxygen evolution and oxidant
formation rates. Zhang (54) found that the regeneration
rate of activated carbon increased quickly with contact
time and then slowly reached the equilibrium in 5 h.

To further understand the effect of the electrochemi-
cal oxidation process on adsorbent regeneration and dye
degradation, GC-MS analysis was carried out for identify-
ing the intermediate products in the regeneration solu-
tion. According to Figure 6, some organic acid compounds,
such as acetic acid and banzocarboxilic acid, were gener-
ated in the system.

5. Conclusions

The optimum condition was investigated to identify
the highest capacity of carbon nanotubes for RB5 dye ad-
sorption. Four controlling factors including pH, dye con-
centration, contact time, and CNTs dose at four different
levels were applied. According to the results, the optimal
condition occurred at a pH of 3, RB5 concentration of 25
mg/L, adsorbent dose of 1000 mg/L, and contact time of
60 min. The best fit kinetic and isotherm models were
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Figure 5. Regeneration efficiency of MWCNTs and SWCNTs in different electrolyte concentrations, current density, and time (total experimental conditions: initial pH=3, CNTs
=1g]L, current density= 30 mA/cm”, NaCl concentration= 0.1 M, and regeneration time =120 min)

determined to be the pseudo-second-order kinetic model
and Langmuir isotherm model, respectively. The high F, R?,
and R? adjusted values showed the quadratic polynomial
model was suitable for modeling the adsorption process.
The regeneration study was conducted using the electro-
chemical process, and itwas observed that> 70% dye could
be desorbed from the CNTs surface, and then degraded by
electrochemical oxidation. The results indicated that CNTs
could be used as an efficient adsorbent for the removal
of reactive black 5 dye from aqueous solutions. Also, the
combination of electrochemical and adsorption processes
would be an efficient process for dye treatment and regen-
eration of absorbents used.
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