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Raw bentonite (RB) was chemically modified by citric acid (CA) to obtain a low-cost
and environment-friendly citric acid incorporated bentonite (CAB) adsorbent, which
was applied for the adsorptive removal of Congo Red (CR). The effect of adsorbent
dosage, contact time, ionic strength, surfactant, and pH on adsorption was investigated.
Adsorption equilibrium data fitted well with Langmuir model while the Langmuir
adsorption capacity of CR on CAB reached up to 384 mg-g~'. Furthermore, CR
adsorption on CAB followed pseudo-second kinetic model while intra-particle diffusion
was not the only rate-limiting step as determined from intra-particle diffusion model
investigation. RB and CAB were characterized by XRD, FT-IR, and BET techniques.
A proposed mechanism for the adsorption of CR over CAB suggested the chemical
adsorption phenomenon is mainly controlled by chelation, hydrogen bonding, and fixing.

Keywords: citric acid modified bentonite, Congo Red, adsorption model, adsorption mechanism, XRD and FT-IR

INTRODUCTION

Dyes are widely used in textile, printing, feather, cosmetics, and plastics industries due to their
bright colored and washable nature and sunfast feature (Rosa et al., 2018). However, the effluents
discharged by these industries contain untreated dyes which can be toxic to human beings
and aquatic life and hence their removal from contaminated wastewater is essential. Various
methods such as adsorption over activated carbon (Wen et al., 2016), thermolysis, and coagulation
(Yen et al., 2017), membrane separation (Cazzorla et al., 2018; Ye et al., 2018), electrochemical
decolorization (Xu L. et al., 2018), photocatalytic degradation (Liu et al., 2019), and biological
treatment (Banihani et al., 2018) have been widely reported for the removal of organic pollutants.
Among these methods, adsorption over activated carbon is envisaged as highly effective technique.
However, the high cost of activated carbon restricts its widespread utilization. On the contrary,
low-cost adsorbents including acid treated red mud (Toor et al.,, 2015), sand (Li P. et al,, 2018),
raw pine and acid treated pine (Schorr et al., 2018), Ashoka leaf (Shivaprakash et al.,, 2018),
sulphuric acid treated Palm flower (Magdalena et al., 2018), hen feathers (Tesfaye et al., 2018),
and clay minerals (Shaban et al., 2018) have been investigated for the treatment of dyes containing
wastewater.
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Researchers are focusing on the applications of clay minerals
attributed to their low-cost, abundant outputs, non-toxicity,
stability, and ability of ion exchange. In this regard, several
clay minerals such as bentonite (Beheshti et al., 2018; Mat
et al., 2018), montmorillonite (Mahmoudian et al., 2018), zeolite
(Abdelrahman, 2018), and kaolin (Li Y. et al., 2018) have been
reported for the removal of dyes from wastewater. Among these,
bentonite had received greater attention as adsorbent due to
its high adsorption capacity and cost-effective nature. Mudrinic
et al. (2018) studied the removal of acid dyes over sulphuric
acid activated bentonite with high adsorption capacity. Baytar
et al. (2018) studied removal of methylene blue by acid-activated
bentonite and raw bentonite where the former was found more
efficient than the later. Ding et al. (2018) reported better efficiency
of hydrochloric acid treated bentonite than the nascent version
for the removal of Congo Red (CR). Araujo et al. (2018)
prepared and effectively applied chitosan and hexadecyl trimethyl
ammonium bromide modified bentonite (CTS-CTAB-Bent)
absorbent for the removal of weak acid scarlet. These reports
suggest that inorganic/organic acid treatment can increase the
adsorption capacity of bentonite toward various types of dyes.
However, the structure of bentonite could readily be destroyed
by strong inorganic acid such as sulphuric acid and hydrochloric
acid. Meanwhile, the current commonly used organic modifiers
for bentonite includes CTAB, polyacrylic acid, and multi amine-
containing gemini surfactants (Li W. Y. et al., 2018; Xu Y. et al,,
2018). However, the toxicity and cost of these modifiers and
complicated modification technology limit their applications in
bentonite modification. Therefore, it is essential to find a suitable,
mild, environmentally friendly acid to modify bentonite without
compromising on the dye removal efficiency.

As a simple and non-toxic organic acid, citric acid (CA)
is very cheap and abundant because it can be obtained from
natural biomass. In addition, ~-OH and -COOH groups in CA
are not only effective linking groups for loading CA on RB but
also good chelating groups for organic dyes and heavy metals
removal. In recent years, some CA-modified adsorbents have
been reported for the adsorption of dyes and heavy metals
(Wang et al.,, 2017, 2018; Yan et al., 2018). According to the
earlier work in our group, CA can not only modify bentonite
environmentally-friendly via a moderate and rapid route but also
avoid secondary pollution (Zhou et al., 2015). Thus, CA was
selected to modify raw bentonite (RB) to obtain CA modified
bentonite (CAB) in this study, which was in turn used for the
adsorptive removal of CR. The effect of various factors such as
adsorbents dosage, contact time, ionic strength, surfactant, and
pH was systematically studied. The adsorption data of CAB and
RB were evaluated by kinetic models and isotherm models. To
get deeper insight into the adsorption mechanism, RB, and CAB
were analyzed by X-rays diffraction (XRD), Brunauer, Emmett,
and Teller (BET) surface area analysis and Fourier transform
infra-red (FT-IR) spectroscopy.

MATERIALS AND METHODS

Materials
RB was obtained from Shanghai Chemical Co., Ltd, China. CR
([1-napthalene sulfonic acid, 3, 3’-(4, 4’-biphenylenebis (azo))

bis (4-amino-) disodium salt]) was a type of indicator having
chemical formula of C33H2,NgNayO4S,, and molecular weight
of 696.7 g-mol ™!, while its structure is given in Figure 1. Cationic
CTAB, anionic surfactant sodium dodecyl benzene sulfonate
(SDBS), and CA were obtained from Sinopharm Chemical
Reagent Co., Ltd, China. All the chemicals were of analytical
grade and used without further purification.

Preparation of CAB

CAB was prepared by the following procedure: 5g of RB was
dispersed in 50 mL deionized water in a three-necked flask. 2.78 g
CA was dissolved in 50 mL deionized water at room temperature
in a separating funnel and the solution was dropwise added into
RB dispersion. The mixture was agitated on a magnetic stirrer at
323K for 3h, filtered, and washed several times with deionized
water and dried at 323K for 24h. The adsorbent was ground
and sieved through 200 mesh size and kept in a dryer till further
analysis/use.

Characterizations of RB and CAB Before

and After CR Adsorption

RB, CAB, and CR loaded CAB (CR-CAB) were characterized
by XRD (D/MAX 2500V X-ray diffractometer) with Cu Ka
radiation in a 26 range of 4-60° with a scan speed of 5°/min.
The specific surface area and average pore size of RB, ACB, and
CR-CAB were determined by a Quantachrome NOVA 1200e
volumetric nitrogen adsorption apparatus. The functional groups
of samples were studied using FT-IR spectrophotometer (Nicolet
FT-IR 6700) in a 4,000-500 cm~! region.

CR Adsorption Studies
Batch adsorption experiments for CR onto RB and CAB were
performed. One Hundred milliliter CR solution (200 mg-L~!)
with different amounts of adsorbents (0.2-2.0 g-L~!) were taken
in conical flasks (250 mL) and agitated using a shaking water
bath at 150 rpm at 303K for fixed time duration. The effect
of ionic strength and surfactant on CR adsorption was studied
under various concentrations of NaCl, CaCl,, CTAB, and SDBS.
The pHs of CR solutions within a range 4-11 were adjusted
using 0.1 M NaOH and 0.1 M HCI solutions by a STARTER 3C
pH-meter. The kinetic studies of CR adsorption were performed
by agitating 100 mL CR solution (100-1,200 mg-L~!) in 250 mL
conical flask at 303K for 12h until reaching equilibrium. The
supernatant of CR was tested for change in concentration at
different time intervals. The adsorbent was separated from
solution by filtration and filtrate was subjected to centrifugation
at 5,000 rpm for 10 min. The supernatants were analyzed by a
UV-visible spectrophotometer (UV-2550, Shimadzu) at 498 nm.
CR removal efficiency, the amount of CR adsorbed per unit
mass of adsorbent and per unit time were calculated using
Equations (1-3), respectively.

Co—C,

n= 2% % 100% 1)
Co
Co—C,

de = Om = (2)
v
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FIGURE 1 | Structure of CR.
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where 7 is the removal efficiency of the adsorbent, ge, and g are
the adsorption capacity (mg-g~!), at equilibrium time and at any
given time, respectively. Cy, Ce, and C; are the concentrations
(mg-L™1), of the dye at initial time, at equilibrium time, and at
any given time, respectively. m is the mass (g) of adsorbent and V'
is the volume (mL) of dye solution.

Adsorption Isotherm Studies

Adsorption isotherm models such as Langmuir (Sha et al., 2018)
and Freundlich (Xavier et al, 2018) are commonly used for
the fitting of experimental data. Parameters of each model can
explain the adsorption mechanisms between the adsorbate and
adsorbent. The linear forms of Langmuir and Freundlich models
are presented in Equations (4, 5), respectively:

Ce 1 Ce
— = + (4)
qe qmaxKL Jmax
1
Ing. = InKg+ —InC, (5)
n

where gpay is the theoretical estimation of maximum adsorption
capacity, K1, (L-mg~!) is the Langmuir isotherm constant related
to the energy of adsorbate/adsorbent interaction. K¢ (mg-g~})
and n are the Freundlich constants related to adsorption capacity
and adsorption intensity, respectively.

The kinetic models are equations which reflect the
relationship of adsorption time and adsorption capacity.
Thus, kinetic data from CR adsorption on RB and CAB was
evaluated by pseudo-first kinetic model (Bernstein et al., 2018),
pseudo-second kinetic model (Bernstein et al, 2018), and
intra-particle diffusion model (Olivoalanis et al., 2018) using
their linear forms shown by Equations (7-9), respectively.

log(ge — q1) = logqe — ﬁt (6)
t 1 1
— =+t 7)
qt k2qg e
qr = kigt'? +1 (8)

where k; (min~!) and k, (g-mg~!-min~!) are the rate constants
of pseudo-first kinetic model and pseudo-second kinetic model,

respectively, at time ¢ (min). kig (mg-g_1~min_1/2) and T
(mg-g~1) are the intra-particle model constants.

RESULTS AND DISCUSSION

Effect of Various Experimental Conditions

on CR Adsorption

Effect of Adsorbent Dosage on CR Adsorption

The effect of various dosages of RB and CAB on the removal
of CR was tested and the results are compiled in Figure 2.
The removal of CR increased sharply with increasing dosage
of CAB from 0.2 to 1 g-L™! and then reached to equilibrium.
While for RB, the removal of CR increased gradually over
the dosage range, which indicated direct relation between
amount of adsorbent and active sites (Fosso et al, 2016).
The active adsorption sites increased with increasing adsorbent
dosage, which ultimately led to grater CR adsorption. CR
removal by RB and CAB increased from 13 to 74% and
30 to 92%, respectively, by increasing adsorbent dosage from
0.2 to 2.0 g-L=!. However, CR adsorption capacity decreased
with increasing adsorbent dosage, which could be attributed
to aggregation of adsorption sites with each other resulting in
decreasing total surface area available to CR and increase in
diffusion path length (Bernstein et al., 2018). In Figure 2, the
optimum dosage of CAB was 1 g-L~! was chosen for onward
experiments.

Effect of Contact Time on CR Adsorption

The results for the effect of contact time on CR adsorption
by CAB and RB are plotted in Figure 3, which suggests that
the removal efficiency of CR on both adsorbents increased
with increasing contact time from 0 to 90min and attained
equilibrium afterwards. Figure 3 further suggests that CR
removal on RB was only 20% within 5 min which slowly reached
to 54% after 450 min. Compared with RB, CAB showed better
adsorption capacity for CR i.e., CR removal efficiency by CAB in
first 5 min was 45%, which was enhanced to 87% after 120 min. By
comparing the CR removal efficiency (87%) by CAB with some
literature reports, one can conclude that the newly designed CAB
had faster reaction kinetics and hence can be deemed greatly
cost effective on industrial level applications (Toor et al., 2015;
Tarmizi et al., 2017).
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FIGURE 3 | Effect of contact time on CR adsorption on RB and CAB. FIGURE 4 | Effect of inorganic salt (A) and surfactants (B) on CR adsorption
on RB and CAB.

Effect of lonic Strength and Surfactant on CR
Adsorption

The effect of NaCl and CaCl, concentration (0-0.5 mol-L™!)
on CR adsorption were studied and the results are compiled
in Figure4A. An increase in CR removal was observed by
increasing slat concentration of NaCl and CaCl, from 0 to 0.05 M
and became constant onward. The increase in CR removal with
increasing salts’ concentration could be credited to decrease in
the electrostatic repulsion between CR anions, thus accelerating
CR aggregation (Lin et al., 2018). In addition, compared with
NaCl, higher enhancement in CR removal was observed by the
presence of CaCl,, which could be due to the presence of more
positive charge on Ca?" than Na*, hence bitterly neutralizing
negative charges in aqueous solution. Furthermore, Ca-dye
precipitation could occur in CR solution with the existence of
Ca’*t (Hadjltaief et al., 2018), while the aggregation of CR and
Ca-CR precipitation could also be counted toward better CR
removal.

Surfactants are widely used in the treatment of dyes,
thus the effect of cationic surfactant (CTAB) and anionic
surfactant (SDBS) in a concentration range of 0.1 and 2.5mM,
were investigated on CR adsorption. The results compiled in
Figure 4B suggest that in the presence of 0.5mM CTAB, a
CR removal of up to 99% was achieved on RB and CAB.
However, further increase in CTAB concentration led to decrease
in CR removal. This could be accredited to the fact that at
low CTAB concentration, surfactant monomers firstly adsorbed
to adsorbent surface, creating additional positive charges which
electrostatically increased CR adsorption (Sham and Notley,
2018). Decrease in CR removal efficiency above critical micelle
concentration (CMC) of CTAB was due to micelle formation and
dye solubilization (Gorsd et al., 2018; Sham and Notley, 2018).
The micelles were formed at high CTAB concentration which
solubilized CR molecules, hence preventing CR adsorption.
However, researchers (Yao et al., 2012; Gorsd et al., 2018) have
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reported far lower residual concentration of CTAB than its CMC
when the dye removal efficiency started to decline, which could
be attributed to the pore-blocking on the adsorbent surface.
Figure 4B shows that at a low concentration of SDBS, CR
removal decreased slightly, and then ascended gradually on both
CAB and RB. Anionic surfactants have been reported to have
different influence on different anionic dyes and hence their
chemical structures play an important role on dye adsorption
(Lee et al., 2018; Zhou et al., 2018).

Effect of pH on CR Adsorption

Figure 5 shows that pH exhibited different effect on CR
removal by CAB and RB. CR removal by RB decreased
from 76 to 49% with increasing pH, which could be due
to the dissociation of sulfonate groups of CR (D-SO3Na)
in aqueous medium producing anionic dye ions (Jia et al.,
2018). At low pH, the negative surface of RB was efficiently
neutralized by HT ions thereby reducing hindrance for the
spreading of CR. In addition, electrostatic attraction between
RB and the anionic dye ions promote CR adsorption in acidic
condition. As pH increased, the number of negatively charged
sites on RB increased enhancing the electrostatic repulsion
hence hindering CR adsorption. Moreover, the competitions
for adsorption active sites occurred between OH™ and anionic
dye ions with increasing pH. CR removal by CAB increased
with increasing pH from 4 to 6 followed by a decline with
further increase in pH. The highest CR removal by RB and
CAB was above 83%, which was achieved at neutral and
weak acidic pH. The plots of absorbance vs. wavelength for
CR adsorption on CAB at various pH (4-11) (Figure6)
suggested that the maximum adsorption wavelength of CR
(498 nm) barely altered with pH. Hence, CR remained stable
within pH 4-11 range and thus CAB removed CR mainly by
adsorption.

100
80 |
X
g eof
B
2
S 4ot
~
) —A— No adsorbent
20 —&— CAB
—&—RB
0 w_._
3 4 5 6 7 8 9 10 11 12
pH
FIGURE 5 | Effect of pH on CR adsorption on RB and CAB.

Adsorption Isotherms

The Langmuir adsorption isotherm is applied for calculating
monolayer adsorption with the basic assumption that sorption
takes place at specific homogeneous sites within the adsorbent
(Xavier et al., 2018). The maximum adsorption capacity (gm)
represents the saturated monolayer adsorption at equilibrium.
The Freundlich equation is an empirical equation for describing
adsorbate on the heterogeneous surface of the adsorbent.
The affinity between the adsorbate and the adsorbent could
be indicated by heterogeneous factor, 1/n. The isotherm
parameters are presented in Table 1. The saturated adsorption
capacities at 303K for CAB and RB were 384 and 250 mg-g~,
respectively. The Freundlich parameter, 0 < 1/n < 1, indicated
favorable of CR adsorption on CAB and RB. The correlation
coefficient R? of Langmuir was 0.99, much higher than that
of Freundlich isotherm, indicating better fit of experimental
data with the Langmuir model. The preparation conditions
and CR adsorption performance of various adsorbents were
compared with the present work in Table2 (Zhang et al.,
2013; Srivastava and Sillanpdd, 2016; Huang et al., 2017; Said
et al., 2017; Shaba et al., 2017; Shaban et al., 2018). Compared
with the traditional methods of clay adsorbents synthesis,
present work can considerably shorten the reaction time.
Moreover, CAB was prepared under a more moderate pH
range using a non-toxic, abundant low-molecular organic
acid (CA), which can reduce the adsorbent cost, and avoid
secondary pollution. Therefore, this synthesis method of

0.8
—pH3
0.6
£
&
504 2
=
8
<
02 F
1 1 1 1 1 1
300 400 500 600 700 800
Wavelength (nm)
FIGURE 6 | The UV-vis absorbance spectra of CR within experimental pH
range.

TABLE 1 | Parameters of isotherm models for CR adsorption on RB and CAB
(Gmax: mg-g~", kL: Lmg ™", ki mg-g~ 7).

Adsorbent Langmuir model Freundlich model

Im K x 102 R2 Kg 1/n R2
RB 250 0.71 0.996 19.9 0.362 0.981
CAB 384 255 0.999 59.6 0.294 0.901
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CAB was competitive with reported ones. It also noted that
CAB removal efficiency was comparable to other adsorbents
for CR removal from aqueous solution at lower adsorbent
dosage and short equilibrium time. The Langmuir adsorption
capacity of CAB for CR was 1.6-19.2 times higher than that
of reported literature (malachite@bentonite and bentonite
with organometallic [Fe3sO(OOCgHs5)6(H,0)3(NO3).nH,0],
respectively) (Srivastava and Sillanpad, 2016; Said et al., 2017).
Keeping in mind the enhanced adsorption performance with

simple preparation technology and cost effectiveness, CAB
could be deemed a promising adsorbent for dyes removal from
wastewater.

Adsorption Kinetics

Pseudo-first-order, pseudo-second-order, and intra-particle
diffusion models were applied to analyze the kinetics of CR
adsorption. The parameters of kinetic models were calculated
from the best fitting plots listed in Table 3, which suggest that

TABLE 2 | Comparison of preparation conditions and adsorption performance of various adsorbents for CR removal.

Adsorbent Preparation conditions Adsorption conditions Langmuir capacities References
(mg-g~")
Alkaline Ca- bentonite Modifier: CaO Dosage: 2.0 gL~ 149 Zhang et al., 2013
Temperature: 60°C CR: 100 mg-L~!
Reaction time: 3h Time: 2h
pH: 10 pH: 7
Insertion of bentonite with Dosage: 0.6 g-L*1 20 Said et al., 2017
organometallic Modifier: CR: 150 mg-L~"
[Fe30(00CgH5)s(Ho0)3(NO3).nH,0]  [FegO(00CsH5)s(H20)3(NO3).nH201  Time: 1h
pH: 7
Room temperature
Reaction time: 24 h
pH: 10
Np protection
CTAB/bentonite Modifier: CTAB Dosage: 2.0 g-L*1 157 Huang et al., 2017
Temperature: 60°C CR: 300 mg-L’1
Reaction time: 7 h Time: 1.5h
pH: 7 pH: 8
Malachite@clay NO modifier Dosage: 2.0 gL~ 238 Srivastava and Sillanpaa,
Room temperature Reaction time: 2h CR: 300 mg-L—1 2016
pH: 7 Time: 3h
pH: 7
Bentonite/Zeolite-NaP NO modifier Dosage: 0.2 g-L*1 46 Shaban et al., 2018
Temperature: 150°C CR: 10 mg-L~!
Reaction time: 6 h Time: 4h
pH: 12 pH: 5
Inorganic- and organic-modified Modifier: Dosage: 0.7 g~L‘1 149 Shaba et al., 2017
kaolinite CTAB/CH3COONa/NagPO4/NapSO,  CR: 100 mg-L~!
Time: 2h
Temperature: 50°C pH: 7
Reaction time: 24 h
Non-buffered pH
RB NO modifier Dosage: 1.0 g~L—1 250 Present study
Temperature: 60°C CR: 200 mg-L~!
Reaction time: 3h Time: 1.5h
pH: 7 pH: 7
CAB Modifier: citric acid Dosage: 1.0 g~L‘1 384 Present study
Temperature: 60°C CR: 200 mg-L~!
Reaction time: 3h Time 1.5h
pH: 7 pH: 6

TABLE 3 | Parameters of kinetic models for CR adsorption on RB and CAB.

Adsorbent Je,exp Pseudo-first-order model Pseudo-second-order model Intra-particle diffusion model
Ge,cal kq x 1073 R2 Ge,cal ko x 1074 R2 kiz 1 R2

RB 107 64.4 9.60 0.901 108 4.64 0.997 1.90 68.1 0.995

CAB 175 14.9 1.2 0.484 178 15.4 1.000 9.90 95.0 0.991
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the R? of pseudo-second-order kinetic model were higher than
the other two models. The calculated g. values were consistent
with the experimental ones, which concluded the better fit of
CR adsorption data on RB and CAB to pseudo-second kinetic
model.

Normally, the intra-particle diffusion model could be divided
into three parts. The first part showed the diffusion of adsorbate
to external surface of the adsorbent or boundary layer diffusion.
The second part describes the gradual adsorption stage where
the intra-particle diffusion rate is considered as the rate-limiting
factor, while the last part is the equilibrium stage (Bernstein et al.,
2018; Olivoalanis et al., 2018). The fitting plots of g; vs. 195 are
shown in Figure 7. The fitting plots for CR adsorption by CAB
could be divided into three parts, hence, three steps involved in
the adsorption process, i.e., CR molecules diffused rapidly on
the surface of CAB, then penetrated into the interior surface of
CAB and reached adsorption equilibrium at last. The adsorption
process could be divided into two steps on RB i.e., one for the
boundary layer diffusion and the other for the intra-particle
diffusion. The plots do not pass through the origin indicating that
intra-particle diffusion was involved in the adsorption process,
though it was not the only rate-limiting step.

Characterizations of Nascent and CR

Loaded Adsorbents

X-ray Diffraction and Pore Structures

Table 4 presents the parameters of basal spacing and pore
structures of various samples. Compared with the RB, the specific
area of CAB decreased which could be attributed to CA activation
resulting in decrease in micro-pores and increase in the number
of meso-pores. The pore diameter of CAB was larger than that
of RB, which corresponded with the higher reaction rate shown
in Table 3 (Tohdee et al., 2018). The decrease in BET surface
area of CR-CAB may be caused by two mechanisms: (1) CR ions
may screen CAB surface, which was inaccessible by the nitrogen
molecules; (2) CR molecules may have blocked some smaller

180 |
150 F
—— 120+
‘o0
£ 90t
S
60
° m CAB
30 ® RB
0 1 1 1 1
0 5 10 15 20 25
t1/2 (minl/z)
FIGURE 7 | Intra-particle diffusion model of CR adsorption on RB and CAB.

pores and inhibit the passage of nitrogen molecules into these
pores (Mahmoudian et al., 2018). Table 4 also showed the value
of basal spacing of RB, CAB, and CR-CAB. The 26 of RB at 5.7
was the characteristic basal spacing (dgg;) of 1.55 nm for calcium
bentonite (Zhang et al., 2011). After CA modification, the basal
spacing of CAB changed compared with RB. The dgo; spacing
of CR-CAB increased only 0.03 nm which implied CR molecule
did not penetrate into CAB interlayer space, i.e., CR adsorption
by CAB was mainly controlled by surface adsorption since the
molecule dimensions of CR are 3.00 nm wide, 0.73 nm deep, and
0.25 nm thick (Mi et al., 2017).

FT-IR

FT-IR spectra of CAB and RB before and after CR adsorption
are shown in Figure 8. For RB and CAB, the bands at 1,036 and
524 cm™! were due to Si-O-Si and Si-O-Al (where Al comes
from an octahedral cation) stretching peaks, respectively (Brito
et al., 2018). The bands at 3,613 and 3,419 cm~! corresponding
to —~OH stretching vibration of adsorbed water and hydrogen
bonding between water molecules and Si-O surface, respectively
(Zhang et al., 2014). The new adsorption band in CAB at
1,732 cm ™! was assigned to C=0 symmetrical stretching, which
obviously related to carboxyl groups of CA (Sonia et al., 2018).
The main binding modes of CA on bentonite are as follows: (1)
Esterification reaction between bentonite and CA. Abundant -
OH groups on the surface of RB can react with CA by forming
an ester linkage and thus introduce carboxyl groups in CAB

TABLE 4 | Basal spacing, BET surface area, total pore volume, and pore diameter
of RB, CAB, and CR-CAB.

Adsorbent D-spacing BET surface Total pore Pore
(nm) area volume diameter

(m2.g~1) (em3.g~") (nm)

RB 1.55 40.1 0.07 8.06

CAB 1.54 16.4 0.06 1.7

CR-CAB 1.57 11.5 0.05 15.5

/
3613 3419

4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm_l)

FIGURE 8 | FT-IR spectra of RB, CAB, and CR-CAB.
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(Figure 9) (El-Sheikh et al., 2018; Liu et al., 2018). (2) Cation
exchange reaction between hydrogen ions from CA and the
exchange cations (such as Na, Ca, and Mg) in RB interlayer via
the following reaction.

CA"™ —nH™" + M"™*—Bentonite — M"" + CA—Bentonite  (9)

where M and #n are the exchangeable cation in RB
interlayer and the corresponding valence of the cation,
respectively. By the cation exchange reaction, CA can
bond with RB easily (Bulut et al, 2008; Gong et al,
2018).

The band diminished after CR adsorption and new bands
at 1,426 and 1,370 cm™!, which corresponded to symmetric
vibration and asymmetric vibration of -COO~, respectively
(Rossi et al., 2018). -COOH of CA ionized to give H' and -
COO™, and CR ions were protonated by H* ions when CR
molecules reached the edge of CAB. Therefore, there existed
an electrostatic interaction between the protonated CR ions
and negatively charged groups of CAB. The band at 3,446

cm™! corresponded to -N-H- stretching vibration and 1,610

cm™! was assigned to -N=N- stretching in the structure of
CR, which diminished after CAB adsorption, while the peaks
at 1,176 and 1,048 cm™! assigned to S=O stretching (Sonia
et al, 2018) also diminished. Hence, chances of hydrogen
bonding or esterification may exist between the functional
electronegative groups on CR such as -NH;, -N=N-, -SO3, -

OH, and -COOH groups of CAB. Therefore, CR adsorption by

CAB was a chemical adsorption process and the main active
adsorption sites were -NH;, -N=N-, -SO3, -OH, and -COOH
groups.

Adsorption Mechanism of CR on ACB

The main adsorption mechanism of CAB for CR removal
included chelation, hydrogen bonding, and fixation. (1) Good
chelating ability toward CR. The -COOH groups of citric
acid were not only used as linking groups for coating CA
on RB, but also provided active adsorption sites for CR via
chelation (Figure 10) (Yin et al., 2018). The chelation between
—-COOH on CAB and -NH, on CR has also been confirmed
by the FT-IR results analysis. (2) Hydrogen bonding. Abundant
-OH groups on CAB can bind with more electronegative
groups including -NH;, -N=N- or -SO3; on CR and thus
form hydrogen bonds (Feng et al, 2017). It is also crucial
for CR adsorption on CAB. (3) Fixation is also a principal
mechanism for dyes removal by the clay materials. CAB has a
number of micropores and mesopores, so CR may diffuse and
be fixed into the pore spaces of CAB structure (Zhao et al.,
2018). Adsorption kinetics fitting results especially intraparticle
diffusion model has confirmed that CR adsorption on CAB
involves pore-filling by diffusing. In addition, BET surface
area of CAB before and after CR adsorption also indicated
that a certain amount of CR was fixed on CAB by physical
adsorption.

FIGURE 9 | Esterification reaction of bentonite and critic acid.

0. OH oA
i I ) m
Bentonite—OH + HO OH BeM(ONlts—@ OH o
OH

FIGURE 10 | Chelation between CAB and CR.

o o OHO NH, NH,
Bentonite —Q an OH SO;Na SO3;Na
+ chelation
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o/ o OOy
Bentonite —Q OH SO3;Na O
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CONCLUSIONS

In this study, CAB was prepared by modifying RB with
CA and its adsorption performance for CR was investigated.
Experimental results showed that adsorption capacity of CR
on CAB was higher (384 mg-g~!) with much faster kinetics
than that on RB. In addition, adsorption of CR on RB
and CAB was seriously influenced by pH, concentration of
NaCl, CaCl,, and CTAB. The isotherm studies revealed that
Langmuir model could better describe CR adsorption, while
kinetic data best fitted with pseudo-second order model.
CR adsorption on CAB was a chemical process including
chelation, hydrogen bonding, and fixation, which controlled
by the active adsorption sites (-OH and -COOH) of CAB
surface. This study credited to the ease and facile synthesis
approach for CAB with high adsorption efficiency for CR, can
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