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Epichlorohydrin crosslinked chitosan/carbon-clay (CSCC) biohybrid adsorbent was prepared for the adsorption
of cationic methylene blue (MB) and anionic azo acid blue 29 (AB 29). The 40:60 wt% of chitosan (CS) and
carbon-clay (CC) was selected as the best biohybrid adsorbent (CS40CC60) for the adsorption of both dyes.
The adsorption of MB and AB 29 on CS40CC60 was carried out in a batch process to investigate the effects of initial
dye concentration (25-400 mg/L), initial pH (3—11), contact time and adsorption temperature (30, 40 and
50 °C). The kinetics results of dyes adsorption onto CS40CC60 fit well to the pseudo-second-order model. The iso-
therms analysis demonstrated that the Freundlich isotherm described the adsorption data, and the g;,qx (Mg/g)
were 95.31 for MB and 167.35 for AB29 at 50 °C. These findings reveal the potential and effectiveness of the newly
prepared biohybrid adsorbent for the adsorption of both dyes.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Pollution is an enormous challenge faced by societies today. The
rapid increase of industrialization, modernization, and the human pop-
ulation have caused large-scale pollution and severe global issues with
considerable impact on countries, economies, and the overall environ-
ment. Water pollution represent a biggest threat of life on the planet
and poses the next largest risk after air pollution [1]. It not only poses
risks to 2.1 million lives per year because of water-related illness and
mortality but also threatens the life of numerous flora and fauna species,
thereby causing the loss of biodiversity [2]. The influx of significant
quantities of industrial wastewater into freshwater without proper
treatment causes clean water contamination. Synthetic colored sub-
stances is the first dangerous well-known water pollutant that causes
major calamity and is a threat to water-dependent bodies [3].

Given the importance of color stuff removal from wastewater, treat-
ment before the eventual release of colored effluents from dye-utilizing
industries into the environment is a key task. Thus, effective methods to
control and manage dye-containing wastewater are prioritized. Biolog-
ical treatment, coagulation/flocculation, filtration, and photocatalytic
degradation are feasible dye removal methods [4]. However, these re-
mediation technologies are difficult to implement, ineffective at high
concentrations, and costly at US$10-450 per m® of treated water [5].
Adsorption is an effective, successful, and economical technique used
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to clean up contaminated water. Commercial activated carbons (CACs)
are versatile and unique adsorbents for colored wastewater purification
due to its excellent surface reactivity, high surface area, superior adsorp-
tion capacity and physicochemical stability [6]. CACs world demand is
increasing and expected to exceed more than US$ 10.50 billion by
2024 [7]. CACs are traditionally produced from coal as a non-
renewable carbon source. Besides, elevated energy is consumed for
CACs production, restricted its intensive use. Thus, there is a growing
focus on finding low-cost carbon from biomaterials to serve as an alter-
native source to CACs.

Chitosan is a polymer containing hydroxyl (-OH) and amino
(—NH,) functional groups [8,9]. The utilization of chitosan as a bio-
based adsorbent to remove artificial colors is limited by the formation
of colloid in water, solubility in acid, degradation by chemical actions
and low surface area [10]. Cross-linking technique can improve chitosan
stability in acidic environment and strengthens its mechanical proper-
ties for uptake [11-13].

Tons of spent bleaching sorbent generated per year in olive and veg-
etable oil refineries have been disposed into the surrounding territo-
rials. Spent bleaching sorbent contains approximately 37.45% SiO, and
8.01% Al,03, which represent an essential constituent of clay, as well
as 26.99% retained oil which can be carbonized into valuable commod-
ity carbon [14]. Thus, spent bleaching sorbent is a good precursor for
carbon-clay (CC) adsorbent [15].

Considering the low adsorption capacity of chitosan to basic dyes
[11] and spent bleaching sorbent to anionic dyes [15], this work aims
to synthesize epichlorohydrin crosslinked chitosan/carbon-clay
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(CSCC) biohybrid adsorbent for the adsorption of cationic and acid azo
dyes. The basic methylene blue (MB) and the anionic azo acid blue 29
(AB29) were used as model adsorbates to evaluate the adsorption effec-
tiveness of the CSCC.

2. Materials and methods
2.1. Materials

Spent bleaching sorbent (SBS) was obtained from a local refinery of
olive oil in Sfax, Tunisia. Chitosan (CS) was provided by a pharmaceuti-
cal company, Malaysia. Acetic acid (CoH40,, >99% purity), hydrochloric
acid (HCl, 37% purity), epichlorohydrin (C3HsClO, >99% purity), and so-
dium hydroxide (NaOH, >99% purity) were supplied by R&M Chemicals,
Malaysia and wused as received. Anionic azo acid blue 29
(CH14NgNay04S,, AB 29) and cationic methylene blue (C;gH;gCIN3S*x
H,0 (x = 2-3), MB) were purchased from Sigma-Aldrich and Merck,
respectively.

2.2. Preparation of carbon-clay: carbonization of spent bleaching sorbent

Carbonization of spent bleaching sorbent (SBS) to prepare a carbon-
clay (CC) material was described previously in detail [15]. An amount of
100 g of SBS was carbonized under a flow of 100 mL/min N, gas (99%)
at 500 °C for 1 h. The resulting CC was washed with 0.10 mol/L HCI solu-
tion and then with distilled water until the elution solution pH reaches 7.

2.3. Preparation of crosslinked chitosan/carbon-clay biohybrid adsorbent

The dissolution of 2 g of powdered chitosan (CS) in acetic acid aque-
ous solution (5% v/v, 150 mL) was carried out at ambient conditions and
the mixture was gently stirred till homogeneity. The prepared carbon-
clay material (CC) was added, and the mixture was stirred, beaded
through a syringe into 1 M NaOH aqueous solution under stirring, and
left overnight under continuous stirring. The produced wet CSCC
biohybrid beads were washed several times with distilled water to
eliminate any remaining NaOH till the elution solution reaches a
pH = 7. The produced CSCC beads were added to 100 mL of 1% epichlo-
rohydrin solution and stirred for 6 h at 50 °C. Thereafter, the produced
CSCC were rinsed again and subsequently freeze-dried for 48 h. For
comparison purpose, freeze-dried CSCC samples were prepared with
various wt%, viz., 0:100 wt% (CSOCC100), 20:80 wt% (CS20CC80),
40:60 wt% (CS40CC60), 50:50 wt% (CS50CC50), 60:40 wt%
(CS60CC40), 80:20 wt% (CS80CC20), 100:0 wt% (CS100CCO).

2.4. Characterization of adsorbents

Morphological and elemental analysis of the best-selected CSCC hy-
brid adsorbent was carried out by FE-SEM LEO SUPRA 35VP coupled
with EDX spectrometer.

The Brunauer-Emmett-Teller model surface area (Sggr) was mea-
sured using N, adsorption/desorption isotherm measured at —196 °C
using Micromeritics ASAP 2020 instrument. The external surface area
(Sext) surface area of micropore (Spicro) and the volume of micropore
(Vimicro) Were calculated via the t-plot technique. The surface area of
mesopore (Smeso), and the volume of mesopore (Vy,es0) Were deter-
mined by the method of Barrett-Joyner-Halenda (BJH). The V7 (volume
of total pore) was estimated to be the liquid volume of N, at high rela-
tive pressure (P/Py ~ 0.99). The distribution of pore size was measured
by the BJH model, and the Dp (mean pore diameter) was calculated
from Dp = 4V1/Sger. FTIR spectra of best CSCC before and after dyes ad-
sorption were obtained by a Perkin Elmer Spectrum GX Infrared Spec-
trometer from 4000 to 400 cm™! using the KBr disk method at
ambient temperature. The point of zero charges (pHy,) for the best
CSCC adsorbent was determined following the method described by
Benhouria et al. [16].

2.5. Batch adsorption experiments

All the adsorption runs were done in a batch process using a
thermostated shaker (Model Protech, Malaysia) at 150 rpm. Firstly, to
determine the best biohybrid adsorbent, 0.10 g of each sample
(€CS100CCO, €S80CC20, CS60CC40, CS50CC50, CS40CC60, €CS20CC80,
and CSOCC100) was added to 100 mL of 100 mg/L MB and AB29 and
were stirred at 30 °C. Secondly, the effect of best hybrid dosage (W)
was evaluated between 0.10 and 0.30 g. Moreover, initial pH effect
(3.0 to 11.0), adjusted with 0.10 mol/L of HCl or NaOH, was performed
using initial dye concention (Cp) of 100 mg/L at 30 °C. Kinetic studies
were conducted at different contact times (0 to 26 h) using 200 mL
dye solution volume (V) and C, of 25, 50, 100, 200, 300, and 400 mg/L
at 30 °C. Finally, equilibrium studies were similar to the kinetics proce-
dure except that the samples were taken at equilibrium at different
temperatures of 30, 40 and 50 °C. After each experiment, the remaining
concentration was spectrophotometrically determined at 602 nm for AB
29 and 665 nm for MB (Shimadzu UV-1601). The adsorbed amount of
dyes g, (mg/g) at time t (min), and equilibrium, g. (mg/g), are
expressed, respectively, by Egs. (1) and (2).

4 = g (=G0 1)
4=y (€—C) @)

3. Results and discussion
3.1. Optimization of CSCC biohybrid adsorbent

The MB and AB 29 removal (%) were calculated using different pre-
pared adsorbents (CS100CCO, CS80CC20, CS60CC40, CS50CC50,
CS40CC60, CS20CC80 and CSOCC100) in order to find the best adsorbent
(Fig. 1). It was noticed when the wt% CC increase, the % removal of AB 29
decrease while that of MB increase. The biohybrid adsorbent with
40:60 wt% of CS and CC (CS40CC60) showed high dyes removal and
therefore was chosen as the best biohybrid adsorbent.

3.2. Characterization of CS, CC, and CSCC
Magnified micrographs at 3000x of CS, CC, and CS40CC60 are shown
in Fig. 2. Chitosan (CS) shows a stacked microsheet like a rough non-

porous rock structure (Fig. 2a). From Fig. 2b, it is shown that the
carbon-clay (CC) surface displays porous texture due to the
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Fig. 1. AB 29 and MB removal % by CSCC biohybrids with different wt% at C, = 0.10 g/L, m/
V=1g/Landt=26h.
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carbonization of SBS and the brunt of retained oil, resulting in the loss of
volatile compounds and the release of CO and CO, [15]. After
crosslinking, it is seen that the CC interlayer spaces (Fig. 2b) are reduced
compared to CS40CC60 (Fig. 2¢). The same aspect was noticed by com-
paring the textural parameters of CC and CS40CC60 (Table 1) where
Sser, Vi, and Dy, of CC decreased after crosslinking, respectively, from
168.45 to 18.41 m?/g, 0.2875 to 0.0238 cm>/g, and 6.02 to 4.41 nm.
This could be ascribed to the fact that chitosan was partially and/or
fully blocked the carbon-clay pores through the interaction of -NH,
groups in CS and CC layers particles. The result was similar to the re-
ported in the literature where the surface porosity decreases when chi-
tosan assembled on AuNPs/Clay and AgNPs/Clay [17] and chitosan
coating on calcium alginate [18] and zeolite [19], and chitosan grafting
to palygorskite [20].

EDX analysis results of CS, CC and CS40CC60 are listed in Table 2. The
major elements in carbon-clay (CC) were C, O, Mg, Al Si, K, Ca, and Fe
and originating from its virgin composition of bleaching earth and acti-
vated carbon used as adsorbents in the olive oil refining process. EDX
spectra of the CS40CCC60 in Table 2 confirms that the CC and CS are
fully integrated.

FTIR spectra obtained for CS40CC60 adsorbent before and after dyes
adsorption is given in Fig. 3. In the spectra of all three samples, bands
around  3294.24-3288.43 cm™!, 2874.03-2873.05 cm™},
1593.61-1592.63 cm™!, 1378.22-1374.33 cm™!,
1016.03-1015.58 cm ™! are identical to the functional groups of CS
[10,11] and CC [15].These bands are assigned, respectively, to vibrations

WO=51mm EHT= 3008V
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Fig. 2. Images of SEM at 3000x magnification of (a) CS, (b) CC, and (c) CS40CC60.

of OH and NH stretching, C=H stretching, aromatic C—H stretching,
conjugated C=C stretching or N—H deformation, C—O or Si—O
stretching. FTIR spectra comparison of AB 29 and MB dye adsorbed
CS40CC60 to the fresh CS40CC60 revealed the slightly decrease in
peaks intensity and absorbance and shift of some others, confirming
the possible involvement of such functional groups on the surface of
the CS40CC60 during the adsorption process.

3.3. Effect of CS60CC40 dosage

The effect of CS60CC40 adsorbent dosage on dyes removal was stud-
ied (figure not shown), and the % removal of MB and AB29 at 0.10, 0.20
and 0.30 g were 52.52% and 98.48%, 76.78% and 99.10%, and 77.24% and
99.50%, respectively. When the dose increased from 1 g/Lto 2 g/L, a rap-
idly increase in both dyes' removal percentage was noticed. This may be
due to the larger surface area, and the availability of more active binding
sites for adsorbent [21]. However, a further increase in the CS60CC40
dosage >2 g/L did not change the dye removal %. This may be because
of surface saturation leading to the unavailability of sites. Thus, 2 g/L
of CS60CC40 was considered as the optimum dosage.

3.4. Effect of initial concentration and pH of dye solution
The dyes concentration change (C;) at various initial dyes concentra-

tions (25-400 mg/L) at 30 °C are shown in Fig. 4a and b. The results in-
dicate that the contact time of uptakes of AB 29 and MB were 30 and
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Table 1
Surface area and pore characteristics of CS40CC60.
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Adsorbents ~ BET surface area ~ Micropore surface area  External surface area ~ Micropore volume  Mesopore volume  Total pore volume  Average pore width
SBET (mz/g) Smicm (mz/g) Sex[ (mz/g) Vmicro (Cm3/g) Vmeso (Cm3/g) VT (Cm3/g) DP (IllTl)
CC[15] 168.45 1.73 166.76 0.0006 0.2869 0.2875 6.02
CS40CC60 18.41 0.078 18.33 0.0002 0.0236 0.0238 441
Table 2

EDX of (a) CS, (b) CC, and (c) CS40CC60.

Element weight (%) C 0 N Al Si Mg K Ca Fe
cs 4693 47.01 6.07 - - - - - -
cc 8133 14.08 - 0.87 291 0.18 0.10 0.05 048

CS40CC60 5572 2820 4.96 254 857 - - - -

-: not detected.

60 min for the low concentrations and of 630 and 120 min for the high
concentrations, respectively. The adsorption removal of AB 29 is greater
than MB, and this is due to the electrostatic affinity between the
CS40CC60 surfaces and the negatively charged AB 29 dye; the presence
of amino-functional groups (-NH,) could dissociate and become posi-
tively charged sites.

The increase of MB and AB 29 residual concentration with the in-
crease of Cy indicates the high dependence of dye uptake on the initial
adsorbate concentration. An increase in residual dye concentration

was closely correlated with the mass driving force effect which permit
the movement of dyes from the liquid-phase boundary to the adsorbent
interface. Thus, this effect can be explained by the intraparticle diffusion
mechanism after the saturation of the surface [22,23].

The initial solution pH effect on the adsorption of MB and AB 29 onto
CS40CC60 at 30 °C is shown in Fig. 4c. It was seen that the AB 29 adsorp-
tion was low at > pH 8 but high at pH 3-8. However, different behavior
was noticed for MB. Dye adsorption influenced by pH solution could be
explained by zero-point charge (pHp,c). The pHy,. of CS40CC60° was
5.61. CS pHp,. exhibits a basic behavior ~9.0 according to the literature
[24]. A possible explanation for the decrease of pHy,. could be attributed
to the acidic nature of carbon-clay (CC) due to its high affinity to MB
(93.36%) compared to the AB29 (2.58%) as shown in Fig. 1, and this
acidic behavior tends to decrease through chitosan blending. These
findings agree with the pHy,. measured by Gecol et al. [25] (increase
in the pHpzc from 2.8 to 5.8 of a kaolinite clay coated with chitosan)
and Unuabonah et al. [26] (increase from 5.81 to 7.44 of a zinc-hybrid
clay modified with chitosan). This shows that the integrating of the CC

— CS40CCo60
—— MB-loaded CS40CC60

AB 29-loaded CS40CC60
1 1

4000 3400 2800 2200 1600 1000 400
Wavenumber (cm™)
Fig. 3. FTIR spectra of CS40CC60 before and after dye molecules adsorption.
—2—25 mg/L —e—50 mg/L b 60
—o—100 mg/L —— 150 mg/L (©
—0—200 mg/L. —=—300 mg/L
——400 mg/L
40
i
Sy
20
——MB
—O0—AB29
v 0 A . . .
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Time (min) Time (min) 2 4 6 pH 8 10 12

Fig. 4. (a) MB and (b) AB 29 residual concentration versus time at 30 °C. (c) Effect of initial pH on dyes adsorption onto CS40CC60.
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with CS affects the pH,,. of the CS40CC60. At pH < 5.61, protonation of
amine (-NH,) groups into ammonium (-NH3") groups is undertaken
on the surface of CS40CC60 resulting in high anionic dyes adsorption
due to the coulomb force attraction between NH3 groups of CS and neg-
atively charged AB 29 molecules. However, when the solution pH in-
crease >5.61, deprotonation occurs of NH3™ groups and back into NH;
groups and therefore lesser adsorption of AB 29 resulting in the repul-
sion between anionic AB 29 and the surface of CS40CC60 [10,27]. In
the case of MB at lower pH, less adsorption uptake is obtained as a result
of the competition of MB molecules with protons to bind to OH™ and
NH, groups on the CS40CC60 surface. Nevertheless, in basic medium,
a rapid interaction of MB to negative CS40CC60 surface results in high
adsorption [11,28].

3.5. Kinetic and isotherm modeling

Kinetics and equilibrium adsorption results for both dyes are pre-
sented in Fig. 5(a-b) and (c-d), respectively, and analyzed using the
nonlinear model forms of Lagergren's pseudo-first-order [29]
(Eq. (3)), pseudo-second-order [30] (Eq. (4)), Langmuir isotherm [31]
(Eq. (5)) and Freundlich isotherm [32] (Eq. (6)).

6 =g, (1-7") 3)
_ gkt

U= T gkt @
_ qmaxKLCe

=11 KiC ®)

----- Pseudo-first-order Pseudo-second-order

................ Elovich A 25 mg/L
o 50 mg/L o 100 mg/L
¢ 150 mg/L o 200 mg/L

90. 300 mg/L o 400 mg/L

0 400 800 1200 1600
Time (min)
100 =
() o
80 —
S0 e
2 40
< o 40°C
a 50°C
20 ———-Langmuir
Freundlich
0 o} 1 1 1 1
0 40 80 120 160 200 240
C. (mg/L)

9. =Kr " (6)

Accuracy of the modeled regression (g ) compared to the experi-
mental (geexp) kinetic and equilibrium data were considered with re-
spect to the R? (Eq. (7)), and RMSE; root-mean-square error (Eq. (8)).

2
RZ - 23:1 (qe. exp.n_QE.cul.n) ; (7)
22:1 (Qe. expn e exp.n)
1 2 2
RMSE = n—1 - <Qe_ exp_n_qe.cal.n) (8)

The calculated values of ks (1/min), ks (g/(mg.min)), K; (L/mg), and
Kr ((mg/g) (L/mg)'"™), gmax (Mg/g), n, together with R? and RMSE are
listed in Tables 3 and 4.

From Table 3, comparing the experimental values of ge exp to the ge el
calculated from Eq. (4) resulted in relatively low RMSE (0.17 to 5.68)
and high R? = 1 compared to the Lagergren's model. The obtained rate
constants krand ks decreased with increasing Co. This showed that the
adsorption system was concentration-dependent and supported the
earlier finding (Section 3.4) that dyes with lower Cy attained equilib-
rium faster. The krand k of AB 29 > MB indicating that the CS40CC60
surface has a greater affinity for AB 29. These obtained results agreed
with the previous works conducted on adsorption of AB 29 and MB
where the pseudo-second-order model described well the kinetics
data [10,15,33-35].

----- Pseudo-first-order Pseudo-second-order

""""""""" Elovich A 25mg/LL
e 50mgL O 100 mg/L
¢ 150 mg/L o 200 mg/L
160. 300 mg/L < 400 mg/L
120
&
& s0
S
40
0
0 400 Tilggo(min) 1200 1600
u}
o 30°C
o 40°C
A 50°C
40 ;
——— Langmuir
0 ) ) . — Freundlich
0 23 46 69 92 115

C. (mg/L)

Fig. 5. (a) MB and (b) AB 29 adsorption kinetics at 30 °C. (c) MB and (d) AB 29 adsorption isotherms at 30, 40, and 50 °C.
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Table 3

Pseudo-first- and second-order kinetic parameters for methylene blue and acid blue 29 adsorption onto CS40CC60 at 30 °C.

Pseudo-first-order

CD qe,exp Ge,cal kf RZ RMSE CU QE,exp Ge,cal ks RZ RMSE
AB29 (mg/g) (mg/g) (1/min) MB (mg/g) (mg/g) (1/min)
(mg/L) (mg/L)
25 12.63 12.35 0.037 0.95 1.88 25 11.73 11.35 0.025 0.94 0.72
50 25.59 25.15 0.029 0.99 0.46 50 23.30 2291 0.019 0.90 0.66
100 49.21 48.63 0.027 0.99 0.65 100 33.83 3347 0.015 0.99 0.76
150 73.60 68.81 0.022 0.93 4,52 150 46.29 46.06 0.018 0.99 0.82
200 93.55 85.89 0.015 0.90 7.31 200 56.75 61.22 0.013 0.97 1.21
300 113.57 107.15 0.012 091 8.98 300 69.58 69.80 0.016 0.99 0.51
400 142.20 137.88 0.010 0.94 9.14 400 78.75 77.98 0.018 0.99 247
Pseudo-second-order
CD qe,exp Ge,cal kf R2 RMSE CD qe,exp Ge,cal ks R2 RMSE
AB 29 (mg/g) (mg/g) (%) MB (mg/g) (mg/g) (¢)
(l‘l’lg/L) g. .min , (mg/L) mg. ,min ,
25 12.63 12.62 0.0056 0.99 0.17 25 11.73 11.96 0.0039 0.99 0.33
50 25.59 26.29 0.0026 0.99 0.54 50 23.30 2433 0.0013 0.99 0.41
100 49.21 50.09 0.0010 0.98 1.56 100 33.83 35.89 0.0007 0.99 0.88
150 73.60 73.36 0.0005 0.99 1.77 150 46.29 4891 0.0006 0.99 1.38
200 93.55 93.19 0.0002 0.98 3.60 200 56.75 66.40 0.0003 0.97 3.06
300 113.57 116.49 0.0002 0.97 4.90 300 69.58 74.51 0.0004 0.99 342
400 142.20 150.99 0.0001 0.98 5.68 400 78.75 82.85 0.0004 0.99 1.88
Table 4

Langmuir and Freundlich model parameters and determination correlation coefficients for methylene blue and acid blue 29 adsorption on CS40CC60 at 30, 40 and 50 °C.

Dyes Adsorption temperature (°C) Langmuir isotherm Freundlich isotherm
Qmax Kp R? RMSE Kr n R? RMSE
(mg/g) (L/mg) (mg/g).(L/mg)""
30 132.04 0.27 0.78 23.71 59.58 5.71 0.96 10.68
AB 29 40 169.30 0.31 0.87 22.20 67.71 4.62 0.98 9.78
50 167.35 7.06 0.95 1532 105.06 6.10 0.94 16.65
30 86.08 0.02 0.97 4.81 8.16 241 0.99 2.08
MB 40 88.27 0.03 091 8.88 9.24 245 0.98 4.64
50 95.31 0.03 0.84 13.00 10.10 247 0.95 7.29

Plots of the experimental adsorption equilibrium data of MB and AB
29 on CS40CC60 together with the Langmuir and Freundlich models’ fit
at 30, 40 and 50 °C are illustrated in Fig. 5(c) and (d). The q. increased
gradually with increasing C, thereby indicating an affinity for adsorp-
tion. Favorable adsorption and positive affinity in binding MB and AB
29 with the CS40CC60 surface at all the studied temperatures are also
shown from the exponent n values in the Freundlich model (Table 4).

The significance of n is as follows: n < 1 (chemical process); n = 1 (lin-
ear); n > 1 (a physical process) [36]. As temperature increased from
30 °C to 50 °C, the n values varied from 5.71 to 6.10 for AB 29 and
from 2.41 to 2.47 for MB indicating the favorable and physical adsorp-
tion of the dyes on the CS40CC60. Furthermore, for AB 29, the ¢max, K1,
and Ky were 132.04 mg/g, 0.27 L/mg, and 59.58 (mg/g).(L/mg)'/™, re-
spectively, at 30 °C. However, they increased to 167.35 mg/g, 7.06 L/

Table 5
Comparison of the maximum monolayer adsorption capacities (mg/g) of different adsorbents for the removal of methylene blue and acid blue 29 adsorption.
Adsorbents Dye Monolayer adsorption capacity References
Gmax (Mg/g)

. . . . Methylene blue 86.08 .
Epichlorohydrin crosslinked chitosan/carbon-clay (CS40CC60) Acid blue 29 13204 This work
Active MgO-SiO, hybrid material Acid blue 29 44.90 [40]

Methylene blue 126.10

. . . Methylene blue 149.11
Activated olive pomace boiler ash Acid blue 29 3848 [34]

. . Methylene blue 178.64
Activated carbon-clay composite Acid blue 29 10483 [15]
Cross-linked chitosan/activated oil palm ash zeolite Methylene blue 151.51 [10]

Acid blue 29 212.76
Chitosan flakes activated carbon Methylene blue 121.45 [42]
Magnetic chitosan/clay beads Methylene blue 82.00 [39]
Chitin/clay microspheres Methylene blue 152.20 [43]
Magnetic nanocomposite of chitosan/SiO,/carbon nanotubes Reactive blue 19 97.08 [38]
Chitosan/silica/zinc oxide nanocomposite Methylene blue 293.30 [41]
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Fig. 6. Reuse cycles of CS40CC60 for dyes adsorption.

mg, and 105.06 (mg/g).(L/mg) /" at 50 °C. These observations were con-
sistent with the results obtained for MB. Thus, adsorbate molecules dif-
fusion rate is promoted by increasing the temperature through the
external boundary layer and within the pores. Based on the R? and
RMSE in Table 4, the Freundlich isotherm model fit the results well com-
pared to Langmuir isotherm. Also, the observed endothermic adsorp-
tion was attributed to a heterogeneous surface structure [37].

3.6. Performance and reusability of CS40CC60

The equilibrium adsorption capacities of CS40CC60 for MB and AB 29
were compared to other adsorbents reported in the literature and listed
in Table 5. It is clear that CS40CC60 has reasonably good adsorption per-
formance for both dyes compared to the reported [10,15,34,38-43]. Fur-
thermore, the reusability of the CS40CC60 was explored by using
ethanol solution as shown in Fig. 6. After CS40CC60 being used for six
times, a slight decrease in MB removal (from 96.70% to 90.53%) and
AB 29 removal (86.67% to 83.53%) were observed. These results prove
that CS40CC60 has excellent reusability. Thus, CS40CC60 can be consid-
ered an economical and efficient adsorbent for dye-containing
wastewater.

4. Conclusion

Epichlorohydrin crosslinked chitosan/carbon-clay (CS40CC60)
biohybrid adsorbent was successfully prepared from chitosan (CS) and
carbon-clay (CC) derived from the carbonization of spent bleaching sor-
bent for the removal of MB and AB 29 from aqueous solution. The
CS40CC60 adsorption capacity was 86.08 mg/g for MB and 132.04 mg/
g for AB 29 at 30 °C. The kinetic and isotherm data for the adsorption
of both dyes onto CS40CC60 fit well to the pseudo-second-order
model and the Freundlich isotherm. The CS40CC60 was successfully
reused for six cycles with slight decrease for both dyes removals. The
adsorption results revealed that the prepared CS40CC60 is an effective
biohybrid adsorbent for MB and AB 29.
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