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methodology for optimization of
methylene blue adsorption onto carboxymethyl
cellulose-based hydrogel beads: adsorption
kinetics, isotherm, thermodynamics and reusability
studies†

Dalia Allouss,a Younes Essamlali,b Othmane Amadine, b Achraf Chakira

and Mohamed Zahouily *ab

Environment-friendly composite hydrogel beads based on carboxymethyl cellulose (CMC), alginate (Alg)

and graphene oxide (GO) were synthesized by an ionotropic gelation technique and studied as an

efficient adsorbent for methylene blue (MB). The chemical structure and surface morphology of the

prepared hydrogel beads were characterized by Fourier transform infrared spectroscopy (FTIR), scanning

electron microscopy (SEM), thermogravimetric analysis (TGA), differential thermal analysis (DTA) and

point of zero charge (pHpzc). A hybrid response surface methodology integrated Box–Behnken design

(RSM-BBD) was successfully developed to model, simulate, and optimize the biosorption process. The

synergistic effects between three critical independent variables including adsorbent dose (0.3–0.7 g), pH

of the MB solution (6.5–9.5) and initial MB concentration (15–45 mg L�1) on the MB adsorption capacity

(mg g�1) and removal efficiency (%) were statistically studied and optimized. The performance of the

RSM-BBD method was found to be very impressive and efficient. Results proved that the adsorption

process follows a polynomial quadratic model since high regression parameters were obtained (R2-value

¼ 99.8% and adjusted R2-value ¼ 99.3%). Analysis of variance (ANOVA) further confirms the validity of

the suggested model. The optimal conditions for 96.22 � 2.96% MB removal were predicted to be 0.6 g

of CMC-Alg/GO hydrogel beads, MB concentration of 15 mg L�1 and pH of 9.5 within 120 min. The

adsorption equilibrium is better described by the Freundlich isotherm, indicating that physisorption is the

rate controlling mechanism. The MB adsorption process was thermodynamically spontaneous and

endothermic. A reusability study revealed that the prepared adsorbent is readily reusable. The adsorbent

still maintains its ability to adsorb MB for up to four cycles. Results reported in this study demonstrated

that CMC-Alg/GO hydrogel beads are an effective, promising and recyclable adsorbent for the removal

of MB from aqueous solutions.
1. Introduction

The effluents charged with organic dyes are considered
a serious issue due to their negative impact on the aquatic
environment and other living species. Currently, many indus-
tries such as textile, paper, rubber, plastics, leather, cosmetic,
pharmaceutical, and food use natural or synthetic dyes in their
processes and apply them to their nal products, which results
in the generation of huge amounts of wastewater.1 The
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discharge of these highly toxic effluents into the aquatic envi-
ronment brings about serious issues by causing the reduction of
light penetration and photosynthesis. Furthermore, most
organic dyes contained in wastewater, particularly the synthetic
ones, could decompose into carcinogenic aromatic molecules,
which could cause serious health problems to both humans and
animals.2 Methylene blue (MB), one of the most thiazine dyes
widely used in the textile industry for cotton dying, is consid-
ered very toxic dye. Several studies highlighted the adverse
effects of MB such as eye injury, nausea, vomiting, etc.3

Consequently, wastewater treatment to remove dyes is one of
the biggest challenges that both industrial and academics are
facing today. Currently, several physical, chemical, and biolog-
ical methods such as biological treatment, coagulation/
occulation, membrane ltration, photo-catalysis and adsorp-
tion have been investigated for the removal of dyes from
This journal is © The Royal Society of Chemistry 2019
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aqueous solutions.4 The efficiency of each method predomi-
nantly depends on the type of dye to be removed, its composi-
tion and concentration. Among the above-mentioned
techniques, adsorption is recognized as the most suitable and
promising technique owing to its simplicity, effectiveness, easy
operation, and excellent adsorption ability to remove various
harmful compounds from contaminated effluents. The effi-
ciency of the adsorption process depend on different factors
including the nature of the adsorbent, the origin of the dyes,
and the type of the interactions that may occurred between the
adsorbent and the adsorbate.5 Over the last decades, various
natural and synthetic adsorbents have been developed for the
removal of dyes from aqueous solutions. However, most of
these adsorbents were not widely used at large scale because of
either economic or technological considerations. Thus, there is
impelling needs for the development of new low-cost and
effective adsorbents, such those derived from natural materials.
For instance, polysaccharide-based materials have been exten-
sively used and investigated as adsorbents in most of the
adsorption processes owing to their effectiveness, sustain-
ability, and adsorption ability.6 These biopolymers show an
interesting and attractive alternative as adsorbents for the
adsorption of organic dyes because of their abundant func-
tional groups, chemical stability, hydrophilicity and renew-
ability.7 Typical examples of biopolymers used for the removal
of methylene blue from aqueous solutions include carbox-
ymethyl cellulose,8 immobilized microcrystalline cellulose,9

chitosan/sepiolite composite,10 chitin,11 magnetic carbox-
ymethyl cellulose microspheres,12 polyacrylamide-sodium algi-
nate microspheres,13 starch,14 graphene oxide/calcium alginate
composites15 and activated biomass/alginate beads.16

To date, graphene oxide (GO), the oxidized form of
graphite,17 has been widely and intensively used as a promising
adsorbent for the removal of organic molecules from aqueous
solutions. Its unique physicochemical and morphological
properties such as large surface area, abundant oxygen-
containing functional groups18 enable it to be used as an
alternative adsorbent for dyes and heavy metals.15 However, the
use of GO in powder form is very limited because of its high
dispersibility in water, which restrict its recovery and reus-
ability. One of the most effective approaches to overcome this
issue was to immobilize GO nanosheets with other biopolymer
for the design of new hybrid GO-based materials. Li et al. re-
ported the effective use of calcium alginate/GO composites for
the removal of MB from aqueous solutions. They reported
a removal efficiency of about 92.7% at pH of 10.15 In addition,
Liu et al. have explored the adsorption capacity of carbox-
ymethyl cellulose, K-carrageen and activated montmorillonite
composite beads for the removal of MB. These authors found
that the removal efficiency of MB could reach 92% within
120 min.19

On the other hand, the adsorption process involves the
interaction of large number of operating variables in a non-
linear way. In this case, the conventional and classical
method for adsorption optimisation is no longer effective since
it requires large number of experimental runs and is also time
consuming. In addition, this method does not describe the
This journal is © The Royal Society of Chemistry 2019
interaction effects of all the operating factors involved in
adsorption process. To overcome these limitations, researchers
resort statistical experimental design such as response surface
methodology (RSM) for effective optimization of the adsorption
process. RSM is considered as a powerful mathematical and
statistical tool for designing experiments, establishing models
by studying the effect of several operating variables by varying
them simultaneously.20 The main objective of RSM is to get the
optimum working conditions in a short time with a limited
number of experiments.21 Among the various matrix designs,
Box–Behnken design (BBD) recommended a three-level incom-
plete factorial designs. The total experiments is diminished in
a quadratic model tting and it is excelling to adopt second-
order polynomial model to precisely express linear interac-
tions and quadratic effects.22 For instance, M. Cobas et al. re-
ported the effectiveness of the RSM-BBD as a statistical
technique to improve and optimize the adsorption process of
leather dyes effluents by F. Vesiculosus. Three different factors
were considered in the optimisation process namely salt effect,
pH and bio-sorbent dosage.22

To the best of our knowledge, no study has dealt with precise
RSM-BBD based optimization for the study of the removal of MB
from aqueous solution over CMC-Alg/GO hydrogel beads. In
this work, we report on the use of RSM to design the experi-
mental runs, to develop more accurate model and to optimize
different process variables. The adsorption process was opti-
mized by varying three process variables namely adsorbent
dosage, solution pH and initial MB concentration. Besides,
study of adsorption isotherms, kinetics, thermodynamics, and
adsorbent regeneration were also carried out to highlight the
adsorption mechanism.

2. Experimental section
2.1. Materials and apparatus

Sodium alginate (Na-Alg) and carboxymethyl cellulose (CMC)
were purchased from Sigma Aldrich and were used as
purchased. Aluminium chloride (AlCl3, 6H2O, 99.3%) was
supplied by VWR international PROLABO. Methylene blue
(MB), Hydrochloric acid (HCl) and sodium hydroxide (NaOH)
were provided from Sigma Aldrich and were used as received.
Graphite powder (99.99%) with an average particle size # 20
mm was supplied from VWR International. Graphene oxide
(GO) was prepared by graphite powder following a modied
Hammers method as reported in our earlier work.17 Distilled
water (DW) was employed throughout the experiments. The
determination of the point of zero charge was carried out to
investigate the surface charge of wet CMC-Alg/GO gel beads by
the method depicted elsewhere.23 Typically, about 300 mg of
wet prepared beads were added to 50 mL of 0.1 M NaNO3. The
pH values of each solution were adjusted from 2 to 11, using
either 0.01 M HCl or 0.01 M NaOH. The solutions were
maintained under gentle stirring for 24 h and then the nal
pH values were measured. The pHpzc was dened as the point
of intersection of the plot of DpH (DpH ¼ pHf � pHi) vs. pHi

and the X-axis. The FTIR spectra of the raw materials and dry
CMC-Alg/GO beads before and aer MB adsorption were
RSC Adv., 2019, 9, 37858–37869 | 37859
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recorded on a SHIMADZU (IRAffinity-1S) spectrometer using
ATR technique which was done between 500 and 4000 cm�1.
The surface morphologies of the prepared adsorbent were
determined using scanning electron microscope (SEM) anal-
ysis (Tecnai G2 microscope at 120 kV). Samples were dried at
60 �C until constant weight before being analyzed. Thermo-
gravimetric analysis (TGA) and Differential Thermal Analysis
(DTA) were conducted under air in a TA Instrument Q500
apparatus at a heating rate of 10 �C min�1 between 25 and
600 �C.
2.2. Preparation of CMC-Alg/GO hydrogel beads

A well-dened amount of carboxymethyl cellulose (CMC) was
dissolved in 100 mL of distilled water (1% w/v) under strong
magnetic stirring for 1 h at room temperature. Then, 1 g of
sodium alginate was added into the CMC solution under
magnetic stirring to produce a CMC-Alg homogeneous
transparent mixed solution. GO powder (20 mg) was sepa-
rately dispersed into 20 mL distilled water and sonicated
using digital ultrasonic bath (POWER SONIC420, 40 kHz) for
1 h. The aqueous GO solution was then slowly added to the
CMC-Alg solution under vigorous magnetic stirring until
complete homogenization to make the CMC-Alg/GO solution
(Fig. 1a). This solution was then gradually dripped through
a 0.8 mm needle into a magnetically stirred aqueous coag-
ulation bath of AlCl3, 6H2O (1.0 M, 150 mL) at room
temperature (25 �C). The obtained gel beads were then le in
the coagulation bath for 24 h without any stirring for
complete cross-linking reaction between free carboxylic
groups of CMC and Al3+ ions. Finally, the CMC-Alg/GO gel
beads were repeatedly washed with distilled water. The ob-
tained hydrogel beads (Fig. 1b) are spherical with an average
size of 2.4 � 0.2 mm (Fig. 1c). It should be noted that the
CMC-Alg/GO beads were kept on a wet form for further
utilization.
Fig. 1 Digital images of (a) CMC-Alg/GO solution (b) wet CMC-Alg/
GO hydrogel beads and (c) size distribution (average of 60 beads).

Table 1 Experimental range and levels in the BBD

Factors

Levels

Low (�1)

X1: adsorbent dose (g) 0.3
X2: pH 6.5
X3: initial MB concentration (mg L�1) 15

37860 | RSC Adv., 2019, 9, 37858–37869
2.3. Process variables

In adsorption processes, the traditional one factor at time
optimization for achieving maximum dye removal requires
several experiences and it is time consuming. Recently,
response surface methodology (RSM) has been demonstrated as
benecial technique to reduce both time and costs of experi-
mentation.20 This methodology is herein adopted for the opti-
mization of process parameters for MB removal from aqueous
solutions. In this research paper, a three-level factorial Box–
Behnken design was applied with 15 batch adsorption experi-
ments to optimize the removal efficiency (%) and adsorption
capacity (mg g�1) of MB using CMC-Alg/GO hydrogel beads as
adsorbent. The three independent variables including adsor-
bent dose (g), pH of MB solution and initial MB concentration
(mg L�1) were selected to investigate their linear effects,
quadratic effects and double interactions between them. These
parameters were chosen based on literature reports for dye
adsorption as well as on the results of preliminary studies
performed in the laboratory. The other parameters namely the
contact time and temperature were xed at 120 min and 25 �C,
respectively. In this study, the ANOVA and 2D–3D surface plots
were calculated using Nemrodw soware. The levels of variables
to be optimized considered for the adsorption of MB onto CMC-
Alg/GO beads are presented in Table 1.
2.4. Batch adsorption experiments

Batch adsorption experiments were conducted in glass beakers
containing 25 mL of MB solution of known concentration
(15 mg L�1) to which appropriate weight of wet CMC-Alg/GO
bioadsorbent was added. The beakers were stirred at
a constant speed of 150 rpm in an orbital shaker for different
time intervals ranging from 10 to 260 min. Operating parame-
ters such as contact time, initial MB concentration, and
temperature were studied and optimized for maximum MB
removal based on RSM-BBD methodology. Upon experiment
completion, the residual concentration of MB was measured
using a UV-Vis spectrophotometer (JENWAY 6715) at a wave-
length of 664 nm which corresponds to the maximum absor-
bance of MB dye using a calibration curve. Thermodynamic
study was carried out by varying adsorption temperature from
25 to 55 �C at xed adsorbent dose and MB concentration. The
adsorption experiments were carried out in triplicate and
average values were used for data analysis. The MB removal
efficiency (%) and adsorption capacity (qt, mg g�1) were deter-
mined by using the following equations:4
Center (0) High (+1)

0.5 0.7
8 9.5
30 45

This journal is © The Royal Society of Chemistry 2019
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Removal ð%Þ ¼ C0 � Ct

C0

� 100 (1)

qt ¼ ðC0 � CtÞV
W

(2)

where C0 is the initial dye concentration (mg L�1), Ce is the dye
concentration at equilibrium (mg L�1), Ct is the dye concen-
tration at time t (mg L�1), and V is the volume of the dye solu-
tion (L) and W is the weight of dry beads (g).

2.5. Desorption and regeneration study

The recovery and reusability of a solid adsorbent is one of the
most important features in practical applications for dye
removal from wastewater.24 Batch mode was used for four cycles
of MB adsorption/desorption study. 0.6 g of wet hydrogel beads
was stirred in 50 mL of aqueous MB solution (15 mg L�1) for
120 min. Aer equilibrium, the desorption of the as-prepared
adsorbent was carried out by introducing 0.6 g of the satu-
rated CMC-Alg/GO into 50 mL of HCl at 0.5 M as a desorbing
agent. Themixture was stirred in a rotary shaker for 60min. The
recycled adsorbent was then ltered, washed thoroughly with
distilled water, and nally stored in distilled water until being
used. The change of colour aer MB adsorption and desorption
was exposed in Fig. S1 (ESI).†

3. Results and discussions
3.1. Characterization of CMC-Alg/GO beads

The thermal stability of CMC-Alg/GO beads was investigated by
TGA/DTA and the corresponding curves are given in Fig. 2. TGA
curve of CMC-Alg/GO beads showed three distinct weight losses
corresponding to three DTA peaks. The rst weight loss of about
10.41% occurred at temperature below 150 �C wasmainly due to
the evaporation of physisorbed water and the retained mois-
ture. This weight loss leads to the appearance of an endo-
thermic DTA peak at approximately 83 �C. The second weight
loss beginning at approximately 155 �C and ending at about
440 �C was mainly due to the thermal decomposition of oxygen-
containing functional groups of GO and the depolymerization25
Fig. 2 TGA and DTA curves of dry CMC-Alg/GO beads.

This journal is © The Royal Society of Chemistry 2019
of the CMC-Alg blend. This process is followed with an endo-
thermic DTA peak withmaximum at 210 �C. The last weight loss
occurring between 450 to 550 �C was assigned to the rupture of
biopolymers chains and cleavage of the C–C bonds. At this
stage, complete decomposition of the carbonaceous into
carbonate as a by-product. This last process was followed with
exothermic peaks with maximum at 518 �C and with the weight
loss of about 46.84%. The exothermic DTA peak at 518 �C was
related to the energy released from burning organic compounds
resulting from the thermal degradation of CMC-Alg/GO.

FTIR was used to study the chemical structure of the CMC-
Alg/GO beads and the corresponding spectra are shown in
Fig. 3. The absorption band of sodium alginate (Alg) powder
appearing at 2934 cm�1 was assigned to C–H stretching and
those observed at 1612 and 1412 cm�1 were assigned to the
symmetric and asymmetric COO� stretching vibrations of the
free carboxylate groups (Fig. 3a). There are two further strong
bands at 3332 cm�1 and 1040 due to O–H and C–O–C stretching
vibrations of alcohol and ethers, respectively (Fig. 3a). For car-
boxymethyl cellulose (CMC) powder, vibrations from CMC
homopolymeric are clearly evident. The absorption bands
observed at 3305, 2895, 1598 and 1412 cm�1 can be attributed to
O–H stretching (hydroxyl), C–H stretching, asymmetric and
symmetric stretching of carboxylic groups (Fig. 3b). Further-
more, the distinct FTIR absorption bands observed at 1322 and
1040 cm�1 can be assigned to C–O stretching and C–O–C
stretching of the saccharide structure in anhydroglucose unit.26

For the Al3+ cross-linked CMC/SA beads, the stretching vibration
of the OH group (3305 cm�1) and COO� group (1040 cm�1) in
CMC were shied to 3492 and 1072 cm�1, respectively. More-
over, the asymmetric and symmetric stretching vibrations of
carboxylic groups observed at 1598 and 1412 cm�1 were also
shied to 1630 and 1425 cm�1, respectively. These changes were
related to the hydrogen bonding-type interaction between CMC
and Alg and to the cross-linking reaction between Al3+ and
carboxylic groups of CMC, which was further evidenced by the
presence of a small peak at 1745 and 1740 cm�1 for CMC-Alg gel
beads.12 Aer loading the CMC/Alg matrix with 1 wt% GO, the
Fig. 3 ATR-FTIR spectra of (a) SA powder, (b) CMC powder, (c) CMC-
Alg beads and (d) CMC-Alg/GO beads.

RSC Adv., 2019, 9, 37858–37869 | 37861
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bands at 2920 and 3492 cm�1 in CMC/Alg were shied to 2927
and 3453 cm�1, respectively, while the other bands remained
almost unchanged (Fig. 3d). Such shiing conrms that GO acts
as a physical cross-linking agent to yield hydrogen bonding type
interactions, which can in turn promote miscibility and
compatibility between CMC and SA chains.27

The FTIR spectra of CMC-Alg/GO before and aer MB
adsorption are shown in Fig. S2 (ESI).† Aer MB adsorption, two
new and small absorption bands appears at about 1246 and
736 cm�1, which were assigned to C–N stretching and aromatic
C–H of out plane bending of MB, respectively.12 The presence of
blue shiing from 3453 to 3736 cm�1 suggested performed the
involvement of hydrogen bonding between MB and CMC-Alg/
GO beads. This displacement could probably also be due to
the interaction between cationic MB and the negatively charged
surface of CMC-Alg/GO beads. In addition, in as much as
presence of the blue shiing from 1630 to 1742 cm�1 suggested
that involvement the participation of carboxylic groups of SA are
also involved in during the adsorption process.

As a part of a morphological analysis, surface morphology of
the dried CMC-Alg/GO adsorbent was investigated by SEM
analysis (Fig. 4). Surface morphology analysis revealed that the
CMC-Alg/GO sample exhibited a condensed heterogeneous
microstructure with clear surface roughness (Fig. 4a and b). The
surface is very dense and compact without any visible porosity.
This could be due the dramatic shrinking and contraction of the
CMC-Alg/GO beads during the evaporative drying which result
in the formation of a compact structure with virtually no porous
structure (Fig. 4b). Furthermore, cross-sectional SEM images
(Fig. 4c and d) revealed that the sample is very rough with plenty
of wrinkles and folds. Similar results were obtained by Zhang
et al. when using magnetic bentonite/carboxymethyl chitosan/
sodium alginate hydrogel beads for Cu(II) ions removal from
aqueous solution.25

It is well known that the ionization state of adsorbate and the
surface charge of the adsorbent are pH dependent. For this
reasons, investigation of the point of zero charge (pHpzc) value is
great importance as it gives information on pH ranges where
the surface charge of the adsorbent is positively or negatively
Fig. 4 SEM images of (a) dry CMC-Alg/GO bead, (b) surface of CMC-
Alg/GO bead and (c and d) cross-section of CMC-Alg/GO bead.

37862 | RSC Adv., 2019, 9, 37858–37869
charged.28 The pHpzc of the CMC-Alg/GO beads was determined
and was found to be 3.5 as shown in Fig. S3 (ESI).† This indi-
cates that for pH > pHpzc ¼ 3.5, the surface charge of the CMC-
Alg/GO adsorbent is negatively charged, there by suitable for
cationic dye removal. In this case, the uptake of MB may be
ascribed to the attraction electrostatic forces between the
negatively charged surface (deprotonation of hydroxyl and
carboxyl groups) and the positively charged dye. However, at pH
value below the pHpzc (pH < 3.5), the adsorbent surface charge
becomes positively charged in the studied pH range and thus
not suitable for MB removal through electrostatic interactions.
3.2. Response surface methodology modelling using Box–
Behnken design (BBD)

In this part of work, Box–Behnken design (BBD) coupled with
response surface methodology (RSM) were applied to nd out
the optimum conditions for the removal of MB onto CMC-Alg/
GO hydrogel beads. The complete experimental design matrix
for three investigated variables together with the actual and
predicted responses (Y1 for the removal efficiency and Y2 for the
adsorption capacity) are given in Table 2.

In response surface methodology (RSM), the most widely
used empirical model that describes the relationship between
the design variables and the response can be represented by the
following second-order polynomial equation:

Ŷ ¼ b0 +
P

biXi +
P

biiXi
2 +

P
bijXiXj + 3 (3)

where Ŷ is the predicted response, b0, bi, bii, bij are regression
coefficients for the intercept, linear, quadratic and interactions
among input factors, respectively. Xi, Xi

2, Xj are levels of inde-
pendent factors in coded units and 3 is the error of the model.

The nal Box–Behnken design obtained for percentage
removal of MB with signicant terms was quadratic. The
Runs X1 X2 X3 Y1 Ŷ1 Y2 Ŷ2

1 �1.00 �1.00 0.00 51.300 51.200 44.80 46.462
2 1.00 �1.00 0.00 65.300 65.200 24.50 26.163
3 �1.00 1.00 0.00 72.700 72.800 63.40 61.737
4 1.00 1.00 0.00 77.000 77.100 28.90 27.238
5 �1.00 0.00 �1.00 44.300 44.300 10.60 10.600
6 1.00 0.00 �1.00 50.500 50.500 6.50 6.500
7 �1.00 0.00 1.00 45.500 — 88.40 —
8 1.00 0.00 1.00 60.600 — 38.60 —
9 0.00 �1.00 �1.00 57.900 58.000 15.20 13.537
10 0.00 1.00 �1.00 94.800 94.700 24.90 26.562
11 0.00 �1.00 1.00 70.500 70.600 53.10 51.438
12 0.00 1.00 1.00 67.500 67.400 53.10 54.763
13 0.00 0.00 0.00 70.000 71.600 36.90 39.300
14 0.00 0.00 0.00 72.400 71.600 40.50 39.300
15 0.00 0.00 0.00 72.400 71.600 40.50 39.300

a X1: adsorbent dose (g), X2: pH, X3: initial concentration (mg L�1), Y1:
removal efficiency (%) and Y2: adsorption capacity (mg g�1).

This journal is © The Royal Society of Chemistry 2019
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mathematical quadratic polynomial model that correlates the
response to the three chosen variables involved in the current
adsorption process suggested by the soware can be written as:

Ŷ 1 ¼ 71.6 + 4.575X1 + 8.375X2 � 3.675X3 � 16.987X1
2 +

11.962X2
2 � 10.88X3

2 � 2.425X1X2 � 9.975X (4)

The above-mentioned equation (eqn (4)) discloses how the
quadratic or interactive model terms affected MB removal from
aqueous solution using CMC/Alg-GO as an adsorbent. The
adequacy of the established mathematical model in predicting
the MB removal efficiency (%) was checked by calculating the
statistical parameters like the coefficient of determination (R2)
and the analysis of variance (ANOVA). The ANOVA results of MB
removal using CMC/Alg-GO hydrogel beads are given in Table 3.

According to the data in Table 3, it can be clearly seen that
the predicted R2 value (0.998) and adjusted R2 (0.993) values
are closely related to each other and thus are in ideal agree-
ment for the quadratic model. This suggests that the quadratic
polynomial model provides an excellent explanation for the
relationship between the process variables and the response.
The R2 value of 0.993 implies that 99.3% of the total variation
on MB adsorption data can be described by the proposed
mathematical model and that only 0.7% of the total variation
cannot be described by it. Based on ANOVA results (Table 3),
the model F-value of 187.53 and p-value of 0.0622% imply that
the model is statistically signicant. Which means that the
proposed mathematical model tted well to the experimental
data based on an insignicant lack-of-t29 (Table 3). In addi-
tion, the signicance of each of the linear terms (X1, X2 and
X3), the interaction terms (X1X2, X1X3 and X2X3), and the
quadratic terms (X1

2 and X2
2) on the response were evaluated

by p-values. The terms having a p-value less than 5% are said to
be signicant. Here the adsorbent dosage (X1), pH value (X2),
initial dye concentration (X3) and their quadratic terms (X1

2,
X2

2 and X3
2) to which was added two interaction terms (X1X2
Table 3 Analysis of variance (ANOVA) for MB removal efficiency (%) ont

Source Sum of squares Df Mean squ

Regression 2099.47 9 233.275
Residuals 3.92 3 1.31
Lack of t 0.08 1 0.08
Pure error 3.84 2 1.92

Terms Coefficient SE coeffi

Constant 71.600 0.659
X1 4.575 0.571
X2 8.375 0.404
X3 �3.675 0.571
X21 �16.987 0.719
X22 11.962 0.719
X23 �10.887 0.719
X1X2 �2.425 0.571
X1X3 1.475 0.989
X2X3 �9.975 0.571

This journal is © The Royal Society of Chemistry 2019
and X2X3) have p-value less than 5% and hence selected as
exceedingly signicant model terms.

The sign before the selected individual, quadratic or double
interactions terms (shown in eqn (4)) was used to determine
whether each model terms affect positively or negatively on the
MB adsorption process. Based on data in Table 3, most signif-
icant factors positively affecting the MB adsorption on CMC-
Alg/GO hydrogel beads are the linear terms X1 (adsorbent
dosage) and X2 (pH value) in the tested range. In the other hand,
the negative coefficient values of the linear term (X3), the
quadratic terms (X1

2 and X3
2) and the interaction terms (X1X2

and X2X3) signify that these factors negatively affect the
response (i.e., adsorption percentage decreases).

The outcomes of ANOVA involves that the lack of t (F-value
of 0.0417) is not signicant relative to the pure error. There is
85.7% chance that a ‘‘lack of t F-value’’ could happen due to
noise (Table 3). This means that the phenomenon has been very
well explained by our model with a 95% condence level.

The plot between experimental (actual) and predicted values
of MB removal is shown in Fig. S4 (ESI).† From this gure, it is
clearly seen that the average differences between the predicted
and experimental values are less than 0.1, which indicates that
most of the data variation was explained by the regression
model. In view of these outcomes, we can reasonably conclude
that the proposed mathematical model was appropriate and
effective for the analysis and the optimization of MB adsorption
by CMC-Alg/GO beads.

The graphical representations of the regression equation
were shown by the 2D-contour and 3D-response surface plots in
Fig. 5 in the case of MB removal and Fig. S5 (ESI†) for the
adsorption capacity (mg g�1).

From these graphical representations, we can clearly deduce
on the signicance of binary interactions between different
selected variables (pH, initial MB concentration, and adsorbent
dosage). Fig. 5 shows that the X1X2 interaction over optimized
condition at a xed initial MB concentration of 15 mg L�1 is the
o CMC/Alg-GO adsorbent beads

are F-Value P-Value (%) Comments

187.53 0.0622 SD ¼ 1.14%
— — CV ¼ 1.6%
0.0417 85.7 R2 ¼ 0.998
— — R2adj ¼ 0.993

cient t-Value P-Value (%)

108.490 0.01
8.000 0.407
20.720 0.0246
�6.430 0.763
�23.620 0.0166
16.630 0.0473
�15.140 0.0626
�4.240 2.40
1.490 23.3
�17.450 0.0410

RSC Adv., 2019, 9, 37858–37869 | 37863
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Fig. 5 2D–3D surface plots of the effect (a) the adsorbent dose and
pH, (b) the initial concentration and pH and (c) the adsorbent dose and
initial concentration on MB removal efficiency (%) by CMC-Alg/GO
hydrogel beads.

Fig. 6 (a) Effect of contact time on the MB removal (%) and adsorption
capacity (mg g�1), (b) pseudo-first order, (c) pseudo-second order
kinetic and (d) intra-particle diffusion kinetic models.
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most signicant interaction term in predicting maximal value
for MB removal. According to these plots, the predicted value of
optimumMB removal was found to be (96.22 � 2.96)% with the
use 0.6 g of CMC-Alg/GO hydrogel beads, MB concentration of
15 mg L�1 and pH of 9.5 during 120 min of agitation time. With
the increasing of initial pH solution, the percentage of MB
removal achieved maximal value. The adopted approach was
very effective and the results obtained indicated that RSM-BBD
method provided high percentage of MB removal values based
on several scenarios given by the soware.
Table 4 Kinetic model parameters for MB adsorption on the CMC-
Alg/Go hydrogel beads

Models Parameters CMC-Alg/GO beads

Pseudo-rst order kinetic qe,exp (mg g�1) 16.36 � 1.25
K1 (min�1) 0.00214 � 0.00006
R2 0.99445
qe,calc (mg g�1) 36.65 � 0.01
RMSE 0.01753

Pseudo-second order kinetic qe,exp (mg g�1) 16.36 � 1.25
K2 (g mg�1 min�1) 0.004 � 0.085
R2 0.99941
qe,cal (mg g�1) 17.4307 � 0.0005
RMSE 0.15238
3.3. Adsorption kinetics

To study the effect of contact time on the efficiency of the
adsorption process, batch adsorption experiments were con-
ducted at a xed adsorbent dose of 0.6 g and initial MB
concentration of 15 mg L�1 while varying contact time from 10
to 260 min. Samples were collected from the ask at pre-
determined time intervals for analyzing the residual MB
concentration in the solution. Fig. 6a showed the effect of
contact time on the adsorption of MB onto CMC-Alg/GO
hydrogel beads. According to this gure, it is clear that the
removal of MB increased rapidly during the rst 60 min fol-
lowed by a slower MB uptake until 90 min because the
adsorption sites got occupied. The equilibrium was achieved
almost within 90 min. The maximum removal efficiency of MB
by CMC-Alg/GO (91%) over a period of 90 min is quite similar to
that of Ball-milled biochar encapsulated in calcium alginate
beads (CA-BMB) over a period of 16 h.30
37864 | RSC Adv., 2019, 9, 37858–37869
The pseudo-1st-order, pseudo-2nd-order, and intraparticle
diffusion models were separately applied to t our experimental
data in an attempt to explain the adsorption kinetic of MB onto
CMC-Alg/GO hydrogel beads. The linear equation of pseudo-1st-
order kinetic model is represented in eqn (5):30

ln(qe � qt) ¼ ln qe � k1t (5)

where k1 is the equilibrium rate constant of pseudo-1st-order
model (min�1), qe and qt refer to the amounts of dye adsorbed
on adsorbent (mg g�1) at equilibrium and at time t, respectively.

The linear plot of ln(qe � qt) versus t is shown in Fig. 6b and
Table 4 lists the values of the rate constant k1, the predicted qe
value and the correlation coefficient R2. Usually the best t can
be selected based on the value of the correlation coefficient (R2)
and predicted qe value. In our case, data in Table 4 shows
regression coefficient more than 0.99 but the calculated qe value
did not deviate reasonably from the experimental value. Such
results suggest that our experimental data did not t well the
pseudo-1st-order model and thus the adsorption process of MB
on CMC-Alg/GO beads did not obey the pseudo-1st-order model.
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra06450h


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 6

/1
8/

20
26

 1
2:

05
:1

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Therefore, the 2nd-order kinetic model was applied to t our
experimental data using the following eqn (6).30

t

qt
¼ 1

K2qe2
þ t

qe
(6)

where qe and qt refer to the adsorption capacity (mg g�1) at
equilibrium and at time (t), respectively, K2 is the equilibrium
rate constant of pseudo-2nd-order model (g mg�1 min�1).

The linear plot shown in Fig. 6c was used to estimate the
adsorption kinetics parameters of the pseudo-2nd-order model
and the obtained results are given in Table 4.

Based on data in Table 4, it is clearly observed that the
correlation coefficient R2 for the pseudo second order kinetic
model obtained for a concentration of 15 mg L�1 is higher than
the R2 for pseudo-rst-order kinetic model. Furthermore, the
predicted qe value (qe,calc ¼ 17.43 mg g�1) deviated reasonably
from the experimental value (qe,exp ¼ 16.36 � 1.25 mg g�1) for
the pseudo-second-order model compared to that obtained for
the pseudo-rst-order model (Table 4). Thus, the experimental
kinetic data for the adsorption of MB can be more likely
described by the pseudo-second-order model in which the effi-
ciency of the adsorption of MB strongly depends on the number
of available active sites of the CMC-Alg/GO adsorbent.31

Furthermore, the intraparticle diffusionmodel was also used
to identify if the mechanism of intraparticle diffusion is the rate
limiting step in the overall adsorption of MB onto CMC-Alg/GO,
as expressed in eqn (7).32

qt ¼ kit
1/2 + Ci (7)

where ki is the intraparticle diffusion rate constant (g mg�1

min�1/2) and Ci is a constant related to the extent of the
boundary layer effect. It provides information about the thick-
ness of the boundary layer and the resistance to the external
mass transfer.

In our study, the contribution of the intra-particle diffusion
was explored by plotting qt versus t

1/2. Fig. 6d shows the intra-
particle diffusion model for MB adsorption onto CMC-Alg/GO
hydrogel beads. Based on the visual assessment of the plots
in Fig. 6d, it is clearly observed that the value of qt was linearly
correlated with values of t1/2 in three gradual adsorption stages.
This suggests that the adsorption process of MB dye by CMC-
Alg/GO hydrogel beads occurred in three distinct stages repre-
sented by three distinct linear plots (plots in Fig. 6d). The rate
constant Ki for different stage is directly evaluated from the
slope of the regression line (Table 5). The rst linear section
corresponds to the diffusion of the MBmolecules from the bulk
Table 5 Intra-particle diffusion kinetic parameters for the removal of
MB onto CMC-Alg/GO beads

Parameters Step (1) Step (2) Step (3)

K1 (mg g�1 min�1/2) 1.81 � 0.05 0.53 � 0.14 0.084 � 0.007
C1 (mg g�1) 0.26 � 0.30 10.32 � 1.43 15.05 � 0.10
R2 0.999 0.965 0.964
RMSE 0.167 0.102 0.040

This journal is © The Royal Society of Chemistry 2019
solution to the outer surface of the CMC-Alg/GO hydrogel beads,
while the second stage represents the intra-particle diffusion in
which the MBmolecules diffuse through the adsorbent pores to
the internal surface of the beads. The third one is the equilib-
rium stage. The perfect linearity of the plots given in Fig. 6d and
the higher values R2 demonstrated that intra-particle diffusion
played a signicant role in the adsorption of MB by CMC-Alg/
GO hydrogel beads. This suggests that the rate limiting step is
the intraparticle diffusion process.

3.4. Adsorption isotherms

To study the effect of initial MB concentration on the efficiency
of the adsorption process and to better understand the
adsorption patterns, adsorption experiments were carried out
by varying the initial concentration of MB from 0.5 to 15mg L�1.
In such experiment, the adsorbent dose and the contact time
were maintained at 0.35 g L�1 (i.e. 0.6 g of adsorbent) and
120 min, respectively. The effect of MB concentration on the
removal efficiency (%) and adsorption capacity (mg g�1) at the
above operating conditions is depicted in Fig. 7a.

According to the Fig. 7a, it is clearly observed that the
adsorption capacity increases from 1.5 to 35 mg g�1 with
increasing MB concentration from 0.5 to 15 mg L�1 while the
percentage of MB removal evidently decreased with increasing
initial dye concentration. A higher MB concentration leads to
higher driving force for mass transfer from the bulk solution to
the adsorbent surface, resulting in a faster sorbent uptake and
higher adsorption capacity. Additionally, as the MB concentra-
tion increases, adsorption sites got occupied which results in
the decrease in the removal efficiency as shown in Fig. 7a.

Different models, namely, Langmuir, Freundlich and Dubi-
nin–Radushkevich (D–R) isotherms were used to t our exper-
imental data for proper description of nature of the interaction
between the MB and CMC-Alg/GO adsorbent at equilibrium.
These models help also to understand the mechanism of
adsorption and provide some insight into the distribution of
available adsorption sites across the adsorbent surface.33
Fig. 7 (a) Effect of initial MB concentration on the removal efficiency
and adsorption capacity; linear fitting plots of (b) Langmuir (c)
Freundlich and (d) Dubinin–Radushkevich isotherms.

RSC Adv., 2019, 9, 37858–37869 | 37865
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Table 6 Isotherm parameters for MB adsorption on the CMC-Alg/GO
hydrogel beads

Models Parameters CMC-Alg/GO beads

Langmuir isotherm qmax (mg g�1) 45.045 � 0.019
KL (L mg�1) 0.665
RL 0.09 to 0.75
R2 0.756
RMSE 0.0199

Freundlich isotherm KF 7.505
1/n 0.587
R2 0.975
RMSE 0.28622

Dubinin–Radushkevich qmax (mg g�1) 18.315 � 0.273
b (mol2 kJ�2) 0.0224
Ea (kJ mol�1) 4.724
R2 0.867
RMSE 0.638
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Eqn (8), (9) and (10) describe the linear form of the Lang-
muir, Freundlich, and Dubinin–Radushkevich isotherms,
respectively:

Ce

qe
¼ 1

qmKL

þ Ce

qm
(8)

lnðqeÞ ¼ lnðKFÞ þ 1

n
ln Ce (9)

ln(qe) ¼ ln(qm) � b32, where 3 ¼ RT ln(1 + 1/Ce) (10)

where qe is the adsorption capacity at equilibrium (mg g�1), Ce

is the MB concentration at equilibrium (mg L�1), KL is the
Langmuir adsorption constant (L mg�1), qm is the maximum
adsorption capacity (mg g�1), KF is Freundlich adsorption
constant, n is the heterogeneity factor and b is a constant
related to the adsorption free energy (mol2 kJ�2).

The linear tting of the Langmuir and Freundlich models to
the equilibrium data is displayed in Fig. 7b and c, respectively.
Table 6 summarizes the Langmuir and Freundlich experimental
constants. Based on the visual assessment of the plots in Fig. 7b
and c and according to the high correlation coefficient (R2), we
can reasonably conclude that the isotherm data were better
described by the Freundlich model when using CMC-Alg/GO as
an adsorbent. This conrms that the adsorption of MB onto
CMC-Alg/GO hydrogel beads involves a multilayer adsorption
process on heterogeneous surface. Additionally, the value of 1/
n, referring to the adsorption intensity of dye onto the adsor-
bent, was below 1 suggesting that the MB is favorably adsorbed
by CMC-Alg/GO.34

To determine whether the adsorption is a chemical or
physical process, Dubinin–Radushkevich (D–R) isothermmodel
has been applied to t our experimental adsorption data. D–R
isotherm constants namely the adsorption free energy and the
maximum adsorption quantity calculated from this model
according to eqn (10) are listed in Table 6. Based on the value
D–R isotherm constant (b) the mean free energy of adsorption
(Ea) was calculated using the following eqn (11):
37866 | RSC Adv., 2019, 9, 37858–37869
Ea ¼ 1

O2b
(11)

According to the literature, a value of free energy (Ea)
comprises between 8 and 16 kJ mol�1 indicates that the rate
limiting step is chemisorption, while a value less than
8 kJ mol�1 was appropriate for physisorption mechanism.35 In
our study, the value of Ea was found to be less than 8 kJ mol�1

(Table 6), suggesting that the MB adsorption on CMC-Alg/GO
beads may be due to physical binding. This leads to the
conclusion that the MB binding to the CMC-Alg/GO beads is
primarily based on physical processes rather than chemical
processes.
3.5. Thermodynamic study

Thermodynamic study is of utmost importance for proper
prediction of adsorption mechanism. The effect of temperature
on the MB removal by CMC-Alg/GO hydrogel beads was
explored over the range of 25–55 �C under optimized condi-
tions. The thermodynamic parameters of MB adsorption onto
CMC-Alg/GO beads including Gibbs free energy (DG�), enthalpy
(DH�) and entropy (DS�), were graphically determined according
to the thermodynamic laws through the Gibbs free energy and
Van't Hoff equations shown below:24

DG� ¼ �RT ln K (12)

DG� ¼ DH � TDS� (13)

ln K ¼ DS�

R
� DH�

RT
(14)

where K is the equilibrium constant, R is the gas constant (8.314
J mol�1 K�1) and T is the absolute temperature (K).

Regarding the effect of the temperature on the adsorption
process (Fig. 8a), it is clearly observed that the adsorption
capacity (mg g�1) increased with increasing temperature. This
indicates that the adsorption process is controlled by an
endothermic process.

The plot of ln K versus 1/T is presented in Fig. 8b and the
values of various thermodynamic parameters are listed in Table
7. According to data in this table, the DG� exhibits negative
values at a given temperature: �23.94 (298 K), �26.20 (308 K),
�28.41 (318 K) and �30.72 (328 K), indicating that the
adsorption process of MB onto CMC-Alg/GO beads required
a low adsorption-energy, and that the MB uptake occurred
favorably and spontaneously. From an energetic point of view,
the favorability of an adsorption process is well established as
the DG� becomes more negative.24 In another word, more DG� is
negative more the adsorption process occurred favorably. The
positive value of DH� (43.5 kJ mol�1) indicates that the
adsorption process is endothermic in nature. Additionally, the
positive value of DS� (0.226 kJ mol�1 K�1), proved a good affinity
between the MB molecules and the CMC-Alg/GO adsorbent
surface, and that a higher disorder tendency at the solid–solu-
tion interface occurred during the adsorption process.16 With
the above background in mind, we suggest that both
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 (a) Effect of the temperature on the adsorption capacity of MB
by CMC-Alg/GO hydrogel beads and (b) Van't Hoff plot.

Fig. 9 Removal efficiency of MB onto wet CMC-Alg/GO beads in
fourth cycles.
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physisorption and chemisorption mechanisms are both
involved in the adsorption of MB onto CMC-Alg/GO hydrogel
beads with a predominance of the physisorption at some extent.

3.6. Desorption and reuse

In view of the industrial application, regeneration and reus-
ability are key factors for the adsorption process. The adsorbent
should exhibit a good reusability without signicant loss in its
affinity towards pollutants. In the present study, about 83% of
MB dye has been desorbed as well as the reusability of the CMC-
Alg/GO bead was investigated in fourth consecutive adsorption–
desorption cycles, as shown in Fig. 9 Results obtained revealed
that the as-prepared CMC-Alg/GO hydrogel beads is readily
recyclable/reusable without signicant drop in its uptake ability
since the removal efficiency was maintained higher (76.07%)
even aer fourth successive batches adsorption–desorption
cycles. Similar trend was also observed by T. Huang et al.36 when
Table 7 Thermodynamic parameters for adsorption of MB on the CMC

T (K) qe (mg g�1) DG (kJ mol�1) DH (kJ m

298 30.888 �23.94 43.5
308 33.928 �26.20
318 35.730 �28.41
328 35.692 �30.72

This journal is © The Royal Society of Chemistry 2019
usingmagnetic graphene oxide modied zeolite for the effective
removal of MB from aqueous solution. These authors reported
a drop in the removal efficiency of MB from 89.59 to 76.86%
aer ve consecutive cycles.
3.7. Adsorption mechanism

The adsorption mechanism of a contaminant on an adsorbent
is depending on various factors, counting the adsorbent prop-
erties, the adsorbate nature, and the probable adsorbate/
adsorbent interactions.16 Based on the above experimental
studies as well as FTIR analysis (Fig. S2, ESI†) before and aer
MB adsorption on the CMC-Alg/GO hydrogel beads, a scheme
was suggested to illustrate the MB adsorption mechanism
(Scheme 1).

As we previously discussed and based on FTIR results
(Fig. S2, ESI†) we can reasonably conclude that the functional
groups present in CMC-Alg/GO hydrogel beads are involved in
the adsorption of MBmolecules via both hydrogen bonding and
electrostatic interaction. Additionally, as MB molecules contain
C]C double bonds and benzene rings with p electrons, it is
favorably that MB molecule interact with GO through p–p

stacking. With the above background in mind, we can reason-
ably conclude that both electrostatic interactions, p–p stacking
and hydrogen bonding are presumably involved in the adsorp-
tion mechanism. Similar ndings were also reported in
previous works.16
-Alg/GO beads

ol�1) DS (kJ mol�1 K�1) R2 RMSE

0.226 0.949 0.280
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Scheme 1 Suggested mechanism of MB adsorption onto CMC-Alg/GO hydrogel beads.

Table 8 The removal (%) and the adsorption capacity of MB using
various adsorbents

Adsorbents
qm
(mg g�1) Removal (%) Ref.

Alginate/almond peanut biocomposite 22.8 90 38
Magnetic graphene-carbon nanotubes
composite

65.79 — 24

Polyamide-vermiculite
nanocomposites

76.42 99 31

Guar gum-g-(acrylic acid-co-acrylamide-
co-3-acrylamido propanoic acid)

32.1 — 28

CMC-Alg/GO hydrogel beads 78.5 96.2 Present
work

CMC/kC/AMMT (1 : 1 : 0.4 ratio) 12.25 92 19
Chitosan/sepiolite composite 40.986 — 10
Salecan-g-PAI 107.1 — 37
H2SO4 crosslinked magnetic chitosan
nanocomposite beads

20.408 — 3

CA-MWCNT-COOH 100.7 75.5 33
CAB biobeads 23 — 2
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3.8. Comparison with other adsorbents

According to the literature, several adsorbents have been
investigated for MB removal from aqueous solution.8,29 The
competitiveness of our adsorbent was examined against the
other reported adsorbents as illustrated in Table 8. As shown in
Table 8, the proposed adsorbent showed competitive adsorp-
tion ability and affinity towards MB with respect to the other
adsorbents. Furthermore, the developed adsorbent is a novel,
competitive, effective, practical and inexpensive.37 Hence, the
prepared CMC/Alg-GO beads are highly recommended as effi-
cient adsorbent due to their easy preparation, easy recovery and
37868 | RSC Adv., 2019, 9, 37858–37869
reusability which is favourable for treatment of effluents con-
taining dyes, such as textile industry effluents.
4. Conclusions

In this study, novel eco-friendly CMC-Alg/GO hydrogels beads
were synthesized by an easily method and evaluated as
a green adsorbent for the efficient removal of MB. The effi-
ciency of the prepared hydrogel was signicantly inuenced
by solution pH, initial MB concentration, contact time and
temperature. The response surface methodology involving
Box–Behnken design was effectively used to investigate the
inuence of three selected independent variables and to
determine the optimal adsorption conditions. Based on RSM-
BBD optimization, percentage removal of the MB molecule
decreased with increase in initial dye concentration while it
increased with increase in bioadsorbent dose and pH. The
developed quadratic model represents adequately the
response surface based on the adjusted determination coef-
cient (RAdj

2 ¼ 0.993). The optimized values, at which the
maximum removal rate (96.22 � 2.96) was reached, are got at
pH¼ 9.5, initial MB concentration (15 mg L�1) and adsorbent
dosage (0.6 g). The adsorption experimental data was well
described by the Freundlich model (R2 ¼ 0.975). Kinetics data
suggested that the MB adsorption process on CMC-Alg/GO is
predominant by the pseudo-second order adsorption mech-
anism (R2 ¼ 0.999). Thermodynamic study showed that the
adsorption process was spontaneous and endothermic in
nature. Additionally, the desorption and reusability studies
of the CMC-Alg/GO adsorbent under optimal condition
showed that the adsorbent was easily recyclable up to four
cycles with a slight decrease in its uptake ability. Conse-
quently, the prepared hydrogels can be applied as stable, eco-
This journal is © The Royal Society of Chemistry 2019
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friendly, efficient and reusable adsorbents for wastewater
treatment.
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