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Abstract: Montmorillonite/carboxymethylcellulose (MMT/CMC)-composite hydrogel beads
with different MMT/CMC mass ratios were prepared by coacervation using iron (III) chloride
as crosslinking agent. The effects of MMT/CMC mass ratio, pH of cationic dye solution,
initial dye concentration and diameter of beads on the adsorption capacity of MMT/CMC-
composite beads compared with CMC beads were examined. The inclusion of MMT increases
the adsorption capacity of CMC beads in a dose-dependent manner, reaching an adsorption
capacity of 13 mg dye/g beads when the beads contain the MMT/CMC mass ratio of 0.4:1 and
the cationic dye solution pH is between 7-9. In addition, a smaller diameter of the beads gives
a better dye adsorption capacity. Finally, the adsorption process can be described by the
Langmuir isotherm model. The MMT/CMC-composite beads can potentially be used as an
ecofriendly or green adsorbent to remove cationic dyes from industrial wastewater.
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INTRODUCTION

Water pollution has become a major global problem following the rapid industrial
development including industries that use dyes to colour their products, such as textile, paper and
plastic industries. In the world market, over 7 x 10°> metric tons of dyestuffs are produced annually
[1] and most of these are hazardous and toxic, causing allergic and carcinogenic effects to humans
[2]. Therefore, dye removal from industrial wastewater before discharge to the environment is very
important for environmental management systems [3].
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Nowadays, several technologies have been applied for dye removal, such as membrane
filtration [4,5], oxidation [6], flocculation [5], ion-exchange [7] and adsorption [1,8,9]. Among these
technologies, adsorption is considered as a powerful technique for dye removal. For example,
activated carbon is conventionally used for removal of dyes and organic pollutants from industrial
wastewater due to its microporous structure, large surface area and high adsorption capacity [1].
However, it 1s quite expensive and has a high regeneration cost [10]. In addition, its amount and
uptake capacity are reduced by 10-15% after regeneration by the refractory technique [11].
Therefore, there is a search for alternative low-cost materials that are effective and biodegradable,
such as agricultural wastes [1], hydrogel beads [12] and montmorillonite (MMT) [13,14].

In the case of agricultural wastes such as corn peel, rice husk, orange peel, banana peel, oil
palm trunk fibre and durian peel [1], they mainly contain cellulose, which is quite compact and
inactive [15]. To make cellulose more hydrophilic and amorphous, which are requirements for
adsorbents [16], their structures need to be modified, e.g. by carboxymethylation [15] to produce
carboxymethylcellulose (CMC).

As a water-soluble cellulose derivative, CMC is widely used as an adsorbent for dye
removal from wastewaters [15,17]. To improve its adsorption ability, CMC should be in the form of
three-dimensional networks or hydrogels [18], which are hydrophilic network structures, and should
contain several functional groups that can adsorb the dyes or metal ions from the wastewater [19-
22]. However, most conventional hydrogels are derived from synthetic polymers that are not
biodegradable and have a high production cost and low stability [23]. To overcome these
restrictions, naturally occurring polymers, which are mainly polysaccharides, have been used for the
preparation of hydrogels, where their adsorption capacity is enhanced by addition of clay-minerals
[8,9].

The clay mineral MMT is considered an excellent adsorbent of proteins and heavy metals
because of its chemical nature, pore structure, high cationic exchange efficiency and chemical
stability [24,25]. In addition, MMT is non-toxic and inexpensive, but its adsorption ability is limited
by its poor water permeability. To overcome this limitation, MMT has been blended with other
materials to make composites with high water permeability, and these composites have been used as
adsorbents for wastewater treatment [26-28]. However, the use of MMT/CMC-composite hydrogel
beads as adsorbent for cationic dye removal has not been studied. Therefore, this study was
undertaken to examine the adsorption capacity of MMT/CMC-composite hydrogel beads for
Maxilon Red GRL cationic dye by varying the MMT/CMC mass ratio, pH of dye solution, initial
dye concentration and diameter of the composite hydrogel beads. To describe the adsorption
character, adsorption isotherm models were investigated.

MATERIALS AND METHODS
Materials

Sodium-MMT with a zeta potential of -39.3 mV and a cationic exchange capacity of 71
mequiv/100 g was purchased from Southern Clay (USA) while the cationic dye (Maxilon Red GRL
200%) was supplied by Ciba Specialty Chemicals (Thailand). Anhydrous iron (III) chloride
(sublimed) was supplied by Carlo Erba Reagents (France). CMC (molecular weight 580,000 g/mol;
degree of substitution 0.8) was prepared from bleached cellulose fibre by etherification with
monochloroacetic acid, as described by Rojsitthisak et al. [29] with modification. Briefly, bleached
cellulose fibre from corn peel collected from Chulalongkorn University canteen was prepared by
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soaking the dried peel in 3% (w/v) NaOH solution (liquid/material ratio = 20:1 (v:w)) at 90°C for 2
hr, followed by treatment with 0.7% (w/v) hydrogen peroxide solution (liquid/material ratio = 15:1
(viw)) under alkaline condition at 90°C for 90 min. The bleached cellulose fibre (5 g) was then
suspended in 95% (v/v) ethanol : 45% (w/v) NaOH (10:1 (v/v)) (110 mL) at 60°C for 60 min.
before addition of monochloroacetic acid (5 g) to the suspension, left at room temperature for 6 hr
and then incubated at 70°C for 60 min. The obtained CMC was neutralised with glacial acetic acid,
purified by Soxhlet extraction using ethanol and dried at 80°C. The degree of substitution of CMC
was analysed based on ASTM D 1439-03 and its molecular weight was determined by gel
permeation chromatography using pullulan as a polymer standard.

A 4% (w/v) CMC stock solution was prepared by dissolving 4 g of CMC in 100 mL of
deionised water with vigorous stirring for 1 hr. Iron (IIT) chloride (5.5% (w/v)) and cationic dye (60
mg/L) solutions were prepared in deionised water.

Preparation of MMT/CMC-Composite Hydrogel Beads

The MMT/CMC suspensions with different mass ratios (0.0:1, 0.1:1, 0.2:1 and 0.4:1) were
prepared by adding sodium-MMT to the 4% (w/v) CMC stock solution at 0, 0.4, 0.8 and 1.6% (w/v)
respectively under vigorous dispersion for 1 hr. The MMT/CMC suspension (100 mL) was then
added dropwise to 5.5% (w/v) iron (III) chloride solution (500 mL) using a peristaltic pump at 25,
26, 27 and 29 mL/hr for the MMT/CMC ratios of 0.0:1, 0.1:1, 0.2:1 and 0.4:1 respectively. After
slowly stirring for 1 hr, the solidified MMT/CMC-composite hydrogel beads were harvested by
filtration and washed with deionised water several times until free from chloride and then dried at
60°C for 24 hr.

Adsorption Experiments

All batch adsorption experiments were performed on a shaker (150 rpm) at room temperature.
The effect of contact time on the adsorption was performed using 0.2 g MMT/CMC-composite
hydrogel beads, formed from the different MMT/CMC mass ratios, and 50 mL of cationic dye
solution (60 mg/L) in a 125-mL conical flask. The dye solution was collected at intervals over 11
days and the residual dye concentration was measured using a UV-vis spectrophotometer (model
Specord S 100, Analytik Jena AG, Germany) at 287 nm. The amount of adsorbed dye at time ¢ was
calculated from Eq. 1:

i = (Co- CHVIW, (1)

where Q; is amount of adsorbed dye per amount of beads at time ¢ (mg/g), Co is initial concentration
of cationic dye in solution (mg/L), C; is concentration of cationic dye in solution at time ¢ (mg/L), W
is weight of dried composite hydrogel beads (g) and V' is volume of dye solution (L).

To study effects of pH, initial concentration of cationic dye solution and diameter of beads,
the experiment was performed as described above except that the contact time was fixed at the
deduced equilibrium point. The equilibrium adsorption capacity (Q.) of the composite hydrogel
beads was calculated from Eq. 2:

Qe = (Co- Ce)VIW, (2)

where Cy and C. are initial concentration and equilibrium concentration of cationic dye in solution
(mg/L) respectively, V is volume of dye solution (L) and W is weight of dried composite hydrogel
beads (g).
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Characterisation of MMT/CMC Hydrogel Beads and Their Precursors

The MMT, CMC powder, CMC hydrogel beads and MMT/CMC-composite hydrogel beads
were characterised by Fourier transform infrared (FTIR) spectrophotometry (model Spectrum 400,
Perkin Elmer, Spectrum One, USA) using KBr disc. The measurement was performed using a
transmittance mode from 4,000 to 400 cm ! with 16 scans per sample at a resolution of 4 cm™. The
crystallinity of the samples was determined by wide-angle X-ray diffraction (XRD; model PW3710,
Philips, Netherlands). The analysis was performed at 40 kV and 30 mA using Cu K, radiation (1.54
A) and scanning speed of 0.2° (20)/step at room temperature. The anhydrous morphology of the
composite hydrogel beads was visualised by scanning electron microscopy (SEM; model Quanta
250, FEI, Netherlands). Thermal properties of the composite beads were determined by
thermogravimetric analysis (TGA; model TGA/SDTAS851¢, Mettler Toledo, Switzerland) under
nitrogen gas flow from 30°C to 800°C at a heating rate of 10°C/min. Differential scanning
calorimetry analysis (DSC; model DSC 204F1 Phoenix®, Germany) was performed under nitrogen
gas flow from 25°C to 300°C at a heating rate of 5°C/min. The swelling of the beads was calculated
from weight difference of beads before and after dye adsorption as percentage of initial weight of
the dried beads.

Statistical Analysis

All experiments were performed in triplicate and the data are presented as mean + standard
deviation (SD). Statistical analysis was performed by one-way ANOV A using Microsoft Excel and
accepting statistical significance at p < 0.05 level.

RESULTS AND DISCUSSION
Characteristics of MMT/CMC-Composite Hydrogel Beads
Characterisation by FTIR analysis

Representative FTIR spectra of the MMT powder, MMT/CMC-composite hydrogel beads,
CMC hydrogel beads and CMC powder are shown in Figure 1, where the circle indicates the
functional groups of Si-O and Al-O of MMT powder in the MMT/CMC-composite hydrogel beads
(with MMT/CMC mass ratio of 0.4:1 as representative example). The characteristic peaks of CMC
at 1600 cm™! (asymmetric stretching of COO-) and 1420 cm™ (symmetric stretching of COO-) are
observed in the MMT/CMC-composite hydrogel beads. In addition, the MMT/CMC-composite and
CMC hydrogel beads both show an extra peak at 1750 cm™!, which is absent in the CMC powder.
This peak indicates the electrostatic interaction between the C=0O of CMC and iron (III). Swamy
and Yun [30] found a small peak at 1751 cm™ in sodium alginate-sodium CMC hydrogel beads,
which may have been caused by the electrostatic interaction between the carboxylic groups of
alginate and CMC with iron (III). These results provide evidence of crosslinking between the
polymer composite and iron (I1I).
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Figure 1. Representative FTIR spectra of (a) MMT powder, (b) MMT/CMC-composite hydrogel
beads (MMT/CMC = 0.4:1 (w/w)), (¢) CMC hydrogel beads and (d) CMC powder

XRD analysis

Representative XRD diffractograms of the MMT powder, MMT/CMC-composite hydrogel
beads (with MMT/CMC mass ratio of 0.4:1 as representative example) and CMC hydrogel beads
are presented in Figure 2. The sharp characteristic diffraction peak of MMT in the 001 plane at
6.01°20 is observed, whereas this peak is not present in the diffractogram of the MMT/CMC-
composite hydrogel beads or the CMC hydrogel beads. This suggests that the CMC molecules had
penetrated into the layers of MMT and an exfoliated structure had formed [26]. In addition, the
peaks located at wave numbers between 400-600 cm™ in the FTIR spectrum of the MMT/CMC-
composite hydrogel beads (Figure 1) confirm that MMT was incorporated into the MMT/CMC-
composite hydrogel beads. Therefore, the XRD diffractogram of the MMT/CMC-composite
hydrogel beads represents an exfoliated MMT in the MMT/CMC-composite hydrogel beads.
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Figure 2. Representative XRD of (a) MMT powder, (b) MMT/CMC-composite hydrogel beads
(MMT/CMC = 0.4:1 (w/w)) and (c) CMC hydrogel beads

Thermal property

The TGA thermogram of the MMT/CMC-composite hydrogel beads, compared with those of
the MMT powder and CMC hydrogel beads, is shown in Figure 3A. At 25°C to 200°C, the
percentage weight loss of the CMC hydrogel beads is higher than that of the MMT/CMC-
composite hydrogel beads, which indicates a better thermal stability of the MMT/CMC-composite
hydrogel beads than that of the CMC hydrogel beads. At 800°C the percentage weight residue of
the MMT/CMC-composite hydrogel beads (45.3%) is larger than that of the CMC hydrogel beads
(27.6%) by about 17.7%, which is taken to indicate the amount of MMT in the MMT/CMC-
composite.

The thermal behaviour of the MMT/CMC-composite hydrogel beads (with an MMT/CMC
mass ratio of 0.4:1 as representative example) and CMC hydrogel beads, as evaluated by DSC
analysis, i1s shown in Figure 3B. The endothermic peak of the CMC hydrogel beads starts at
182.2°C and shows a maximum peak at 192.2°C, which indicates the pyrolysis of CMC. On the
other hand, the pyrolysis of CMC in MMT/CMC-composite hydrogel beads is shifted up to 189.2°C
and there are two nodes of maximum peaks. This indicates that an interaction between MMT and
CMC occurs and the crystal structure of CMC in MMT/CMC-composite hydrogel beads is changed.
Consequently, more energy is required for the decomposition of CMC molecules in the
MMT/CMC-composite hydrogel beads.

SEM analysis

The morphology of the CMC hydrogel beads and MMT/CMC-composite hydrogel beads
with different MMT/CMC mass ratios, as visualised by SEM, is shown in Figure 4. The surface
roughness of the CMC hydrogel beads occurs when the CMC chains contract rapidly with cohesion
force during the drying process (Figure 4(a)). However, the surface of the CMC hydrogel beads is
quite smooth compared to that of the MMT/CMC-composite hydrogel beads (Figure 4(b)-(d)). This
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Figure 3. Representative TGA (A) and DSC (B) thermograms of (a) MMT powder,
(b) MMT/CMC-composite hydrogel beads (MMT/CMC = 0.4:1 (w/w)) and (c) CMC hydrogel
beads

can be explained by the fact that the contraction of the CMC chains during drying might have been
interrupted by movement of the MMT particles, resulting in an increases roughness of the beads
[31]. In addition, this surface roughness increases with increasing levels of MMT in the
MMT/CMC-composite hydrogel beads. This suggests that the MMT/CMC-composite hydrogel
beads have a higher surface area than the CMC beads and consequently a higher contact area, a
potentially desirable property for dye adsorption.
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Figure 4. Representative SEM images of the MMT/CMC-composite hydrogel beads at
MMT/CMC mass ratios of (a) 0.0:1 (CMC beads), (b) 0.1:1, (c) 0.2:1 and (d) 0.4:1 (magnification:
x 5,000)

Effect of Adsorbent-Adsorbate Contact Time

Figure 5 shows the amounts of the cationic dye that are adsorbed onto the CMC hydrogel
beads and MMT/CMC-composite hydrogel beads at different contact times. Increasing the contact
time results in an increased amount of cationic dye adsorbed on both the CMC hydrogel beads and
MMT/CMC-composite hydrogel beads, but with different equilibrium times and maximum
adsorption capacities between them. For example, the CMC hydrogel beads reached equilibrium at
4 days with a maximum adsorption capacity of 3.3 mg/g beads, whereas the MMT/CMC-composite
hydrogel beads with MMT/CMC mass ratios of 0.1:1, 0.2:1 and 0.4:1 reach equilibrium at 7, 9 and
11 days respectively, with maximum adsorption capacities of 7.3, 8.5 and 13 mg/g beads
respectively. A larger amount of MMT in the MMT/CMC-composite could result in a higher
negative charge density on the surface of the MMT/CMC hydrogel beads, so they can adsorb more
cationic dye on their surface. Wang and Wang [26] also reported similar results and suggested that
the cationic dye might be adsorbed on the negative charges of MMT present on the surface of the
composite beads via electrostatic attraction. To make sure that all types of MMT/CMC-composite
hydrogel beads in this study have reached equilibrium for cationic dye adsorption, a contact time of
11 days is selected for further study.

In addition, the swelling of the hydrogel beads after equilibrium (day 11) also depends on
the amount of MMT in the MMT/CMC-composite, as shown in Table 1. The swelling of the
composite hydrogel beads with MMT/CMC mass ratios of 0.1:1, 0.2:1 and 0.4:1 is significantly
higher than that of the CMC beads (MMT/CMC ratio = 0.0:1) by about 11%, 16% and 24%
respectively. The increased MMT proportion might result in a higher negative charge density that
interacts with water. Furthermore, the rougher surface and higher surface area of the composite
hydrogel beads (Figure 4) likely enhances their ability to adsorb the dye.
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Figure 5. Effect of contact time on cationic dye adsorption capacity of MMT/CMC-composite
hydrogel beads with different MMT/CMC mass ratios (initial dye concentration = 60 mg/L, without
adjusted pH). Data are shown as mean + SD of 3 independent trials.

Table 1. Swelling of MMT/CMC-composite hydrogel beads
containing different MMT/CMC mass ratios after equilibrium
(no pH adjustment)

MMT/CMC mass ratio Swelling (%)
0.0:1 22.7+0.3
0.1:1 252+0.7
0.2:1 26.3+0.5
0.4:1 28.1+£1.5

Note: Data are shown as mean + SD of 3 independent trials.

Effect of pH of Dye Solution

The initial pH of the dye solution is one of the crucial parameters that affect the adsorption of
charged (ionic) dyes. The adsorption capacity of all the hydrogel beads after equilibrium (11 days)
is minimal at pH 3.0 and gradually increases with increasing pH up to pH 7.0, and then remains
almost constant to pH 9 (Figure 6). This phenomenon can be explained by the fact that H' ions in
acidic conditions (pH < 7) compete with the positively charged cationic dye to adsorb onto the
hydrogel beads, resulting in a lower cationic dye adsorption on the anionic surface of the hydrogel
beads [1]. On the other hand, increasing the pH (3-9) leads to the surface of the hydrogel beads,
especially those of the MMT/CMC-composite, becoming ionised with a higher anionic surface
charge density to electrostatically interact more with the cationic dye.

Comparison of the CMC hydrogel beads (MMT/CMC ratio = 0.0:1) with MMT/CMC
hydrogel beads reveals that the dye adsorption capacity of the beads increases with increasing
proportion of MMT at all pH values between pH 3-9, although this is less marked between beads
with MMT/CMC ratios of 0.1:1 and 0.2:1. For example, at pH 7 the adsorption capacity of the
hydrogel beads with MMT/CMC ratio of 0.4:1 is 12.0 mg/g, whereas for those with MMT/CMC
ratios 0f 0.0:1, 0.1:1 and 0.2:1, the adsorption values are 4.98, 7.44 and 7.73 mg/g respectively.
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The pH of the dye solution does not significantly affect the swelling behaviour of the beads
over the tested range (pH 3-9, data not shown). However, the percentage of swelling increases with
increasing MMT proportions, where the average swelling of MMT/CMC beads with a MMT/CMC
mass ratio of 0:0, 0.1:1, 0.2:1 and 0.4:1 (calculated from pH 3-9) is 19.6%, 20.7%, 20.6% and
23.0% respectively. Thus, the pH of dye solution was set at pH 7 and the composite hydrogel with a
MMT/CMC ratio of 0.4:1 was chosen for further studies in comparison with the CMC hydrogel.
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Figure 6. Effect of dye solution pH on dye adsorption capacity of MMT/CMC-composite hydrogel beads
with different MMT/CMC mass ratios (initial dye concentration = 60 mg/L, contact time = 11 days). Data
are shown as mean = SD of 3 independent trials.

Effect of Bead Diameter

The effect of different bead diameters on their adsorption capacity for the cationic dye is
summarised in Table 2. The dye adsorption capacity of both the CMC and MMT/CMC-composite
hydrogel beads increase with decreasing bead diameter. For beads with equal weight, those with a
smaller diameter have a larger surface area for dye absorption, thus resulting in a higher adsorption
capacity. In addition, at each bead diameter, the MMT/CMC beads have a markedly better
adsorption capacity than the CMC beads. For example, at the bead diameter of 1 mm, the dye
adsorption capacity of the MMT/CMC beads is 2.4-fold higher than that of the CMC beads. This
difference increases with increasing bead size to 5.6-fold higher at 2.0-mm diameter.

Table 2. Effect of hydrogel bead diameter on its adsorption capacity

Adsorption capacity (mg/g)

Bead diameter (mm) MMT/CMC = 0.0:1 MMT/CMC = 0.4:1
1.0 4.98 +£0.53 12.04 +£0.10
1.5 2.32+0.03 10.30 £0.23
2.0 1.95+0.29 10.87 £0.25

Note: Data are shown as mean + SD of 3 independent trials.
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Effect of Initial Dye Concentration

Increasing the initial dye concentration leads to an increased adsorption capacity in both the
CMC and MMT/CMC beads (Figure 7). The maximal amounts of cationic dye adsorbed are 9.05
and 13.44 mg/g respectively. Bulut and Aydin [32] and Begum and Mahbub [33] explain that the
driving force for mass transfer is high at high initial dye concentration and consequently a high
adsorption capacity is observed. The MMT/CMC beads (MMT/CMC mass ratio of 0.4:1) have the
largest dye adsorption capacity so they are chosen for the evaluation of adsorption isotherm.
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Figure 7. Effect of initial dye concentration on adsorption capacity of MMT/CMC-composite hydrogel
beads compared with CMC hydrogel beads (pH of dye solution = 7, contact time = 11 days). Data are shown
as mean = SD of 3 independent trials.

Adsorption Isotherm

An adsorption isotherm describes the relationship between the amount of an adsorbate
adsorbed on the surface of an adsorbent and the concentration of the dissolved adsorbate in solution
at equilibrium. Furthermore, the adsorption isotherm is used for describing the interaction between
adsorbate and adsorbent, and also for optimising the use of adsorbent. Among different isotherm
models, the Langmuir and the Freundlich isotherms are frequently used to model the adsorption of
dyes on polymer surfaces [34-37] so these two models are tested in this study.

The basic assumptions of the Langmuir isotherm model are that adsorption occurs at specific
homogeneous sites on the adsorbent and that once the adsorbate occupies a site, no further
adsorption can take place at that site [38]. The linear form of the Langmuir equation is expressed in
Eq. 3:

1/Qe = 1/Omax + 1/(bOmaxCe), 3)

where Q. is the adsorption capacity of the adsorbent at equilibrium, C, is the dye concentration at
equilibrium time, b is the Langmuir constant and Qpar is the maximum monolayer adsorption
capacity. Moreover, a dimensionless constant, commonly known as the separation factor (R:)
defined by Weber and Chakravorti [39], can be represented by Eq. 4,

Ri = 1/(1+bCy), (4)
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Based on the R; value, the adsorption process can be categorised as unfavourable (R, > 1), linear
(Rr = 1), favourable (0 < Rz < 1) or irreversible (R; = 0).

On the other hand, the Freundlich isotherm assumes that the adsorbent has an unlimited
capacity to adsorb the adsorbate. It suitably describes adsorption onto heterogeneous surfaces and
multi-layer adsorption [40]. The linear form of the Freundlich equation, as given by Weber and
Chakravorti [39], is shown in Eq. 5:

InO.=InKr+n'InC., (5)

where Kr is the Freundlich constant related to the adsorption capacity of the adsorbent and # is an
empirical constant which gives valuable information about the isotherm’s shape. Based on the n’
values, the adsorption process may be classified as irreversible (n~! = 0), favourable (0 <n ! < 1) or
unfavourable (n~! > 1).

Based on our experimental results, the linear isotherm coefficients for these models are
summarised in Table 3. The values of the dimensionless constant (R;) obtained from the Langmuir
model for CMC hydrogel beads and MMT/CMC-composite hydrogel beads are both markedly less
than 1, indicating favourable adsorption of the cationic dye onto both samples. For the Freundlich
model, the values of the empirical constant (n’) are both likewise below 1, indicating favourable
adsorption of the cationic dye onto the two types of hydrogel beads. However, the correlation
coefficients (R?) for the Langmuir model are slightly higher than those for the Freundlich model for
both the CMC and MMT/CMC beads (Table 3). This implies that the adsorption of the cationic dye
onto both types of hydrogel beads follows a Langmuir-type adsorption mechanism with monolayer
adsorption occurring at the binding sites on the surface of the beads.

Table 3. Langmuir and Freundlich isotherm coefficients for cationic dye adsorption onto
CMC hydrogel beads and MMT/CMC-composite hydrogel beads

Adsorbent Slope  Intercept R; n! R’
Langmuir isotherm model

CMC hydrogel beads 0.233 17.825 0.034 n/a 0.987
MTT/CMC-composite hydrogel beads 4.393 13.532 0.012 n/a 0.994
Freundlich isotherm model

CMC hydrogel beads 0.794 -0.484 n/a 0.794 0.984
MTT/CMC-composite hydrogel beads 0.2455  0.722 n/a 0.721 0.956
CONCLUSIONS

Composite MMT/CMC-hydrogel beads have the potential for being used as biodegradable
adsorbent for the removal of a cationic dye from wastewater with neutral to alkaline pH (7-9). The
maximum adsorption capacity of the beads is 13 mg/g when they contain MMT/CMC at a mass
ratio of 0.4:1. The adsorption process can be described by the Langmuir isotherm model.
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