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Abstract
Hydrogel nanocomposites comprised of chitosan-grafted-hydrolyzed polyacryla-
mide as matrix and montmorillonite clay as nanofiller CTS-g-PAAm/MMT were 
synthesized in aqueous phase by using Triton X-100 surfactant as porogen agent 
with the aim to apply as adsorbents for the removal of Basic Red 46 (BR46) dye. 
The as-prepared ampholytic hydrogels, denoted as M/MMTx (x = 0, 2, 5, and 10 
wt.% of clay loading), were characterized by X-ray diffraction, scanning electron 
microscopy, thermogravimetric analysis, and Fourier transform infrared spectros-
copy. The nanohybrid hydrogels exhibited mostly exfoliated structure of the MMT 
layers and presented morphology that is more porous as compared to the virgin 
matrix. Also, the thermal stability was marginally affected by clay loading. Study 
on the swelling behavior showed remarkable water super-absorbing ability, salt-, and 
pH-sensitivity. The adsorption performances were evaluated by varying clay con-
tent, adsorbent dose, pH, initial dye concentration, contact time, and temperature. 
The results showed that the sorption rates were fast and more than 78% of adsorp-
tion capacities were achieved within nearly 30 min using 0.1 g L−1 sorbent dose in 
200 mg L−1 of dye solution. The nonlinear kinetics and isotherm adsorption models 
fitted on the experimental data correlated well with pseudo-second-order kinetics 
and Langmuir models. Also, the intra-particle diffusion mechanism is not rate-lim-
iting step and the adsorption was suggested to occur mainly via electrostatic inter-
actions and hydrogen bonding. The maximum Langmuir adsorption capacities (qm) 
of the matrix and the optimized nanocomposite M/MMT2 were found to be 1553 
and 1813 mg  g−1, respectively. Thermodynamic parameters revealed that sorption 
process was endothermic and spontaneous. Moreover, effective regeneration was 
obtained in four adsorption–desorption cycles and about 92% of the adsorbed dye 
was released from hydrogels. Results obtained from this study suggest that the pre-
pared hydrogel nanocomposites could be promising adsorbents for removing cati-
onic dyes from polluted water.
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Introduction

Environmental issues are among the main challenges of the twenty-first century. The 
continuous discharging of effluents from the industrial processes produced by indus-
tries, such as textiles, leather, cosmetics, paper, plastics and rubber, has led to the 
spread of toxic and carcinogenic compounds in the aquatic environment, influencing 
human health and ecological equilibrium.

Synthetic dyes are among important types of water pollutants considering their 
large-scale production, usage and toxic/mutagenic nature causing harmful effects on 
living organisms and serious water pollution concerns [1, 2].

Basic Red 46 (BR46) is a synthetic basic dye that is widely used in textile, paper 
and printing industries. Like other synthetic dyes, BR46 is also discharged into the 
surface waters, imparting red color, both during its manufacture and from dyeing 
industries [3]. Human exposure to BR46 dye may cause dermatitis, skin irritation, 
and provoke harmful health effects to the fauna.

Many treatment technologies have been employed to removing dyes from waste-
water, such as chemical precipitation, ion exchange, coagulation, membrane sepa-
ration, catalytic degradation, adsorption [4‒8]. Adsorption has been regarded as 
the most promising and considered more accessible as an economical and effective 
method for removing various types of pollutants owing to its admirable features 
such as low cost, easy-handling operation, insensitivity to toxic substances, and high 
efficiency and availability of various adsorbents [7, 8].

Despite its extensive use in water and wastewater treatment industries, activated 
carbon remains an expensive absorbent. The need for safe and economical methods 
for the elimination of pollutants from contaminated waters has compelled research 
interest toward eco-friendly and low-cost adsorbents as alternatives to commercially 
available activated carbon [9, 10].

Various adsorbents have been used for the removal of pollutants from contami-
nated waters, including clay, zeolites, agricultural, and industrial waste by-prod-
ucts [11‒14]. As well, natural polymers from biological or vegetable resources 
have been regarded as a good tool to minimize the environmental impact. Among 
them, polysaccharide-based materials such as cellulose and its derivatives, chi-
tosan, alginate, carrageenan have been extensively applied as adsorbents owing 
to distinctive advantages as availability, renewability, biodegradability cost-effec-
tiveness, and safety. Particularly, chemical modifications on the polysaccharides 
could be made via functionalization, grafting, etc., to improve their property pro-
file for a broad spectrum of end-uses. Moreover, polysaccharides have a capacity 
to associate by physical and chemical interactions with various molecules owing 
to the presence of functional groups, which is convenient to eliminate a wide 
ranging of toxic pollutants such as dyes and heavy metal ions through attractive 
interactions, chelating, and coagulating/flocculating [15‒17]. Hence, adsorption 
on polysaccharide derivatives can be a cost-efficient technique of choice in water 
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decontamination for extraction and separation of compounds, and a useful tool 
for protecting the environment.

In this regard, sustainable hydrogels based on polysaccharides have engrossed 
much interest in different applications such as wastewater treatment, soil condi-
tions, and drug delivery [18‒20]. Compared with traditional adsorbents, hydro-
gels have gain particular concern in water purification owing to their ease of 
preparation, effectiveness, regeneration abilities, and reuse. In addition, the struc-
ture of hydrogel could be flexibly designed, and their properties could be adjusted 
by altering the type and number of functional groups according to usage require-
ment. Likewise, during the hydrogels synthesis, graft copolymerization of appro-
priate monomers onto polysaccharides backbone leads to improve their mechani-
cal and physicochemical properties and customizes them to respond to external 
stimuli such as temperature and pH and so meet the requirements of both easy-to-
handle and expectable adsorption performances in wastewater treatment [21‒23].

Montmorillonite (MMT), principal layered silicate component of bentonite, is 
nontoxic, low-cost and widely available in Algeria. MMT has received consider-
able attention as promising adsorbents for the removal of organic dyes and heavy 
metals owing to its several exceptional properties such as large specific surface 
area, high hydrophilicity, biocompatibility, low toxicity, high cationic exchange 
capacity [24, 25]. Despite this, the difficulty of separating MMT particles from 
wastewater after adsorption process limits their individual use. The approach of 
clay encapsulation into hydrogels networks has been widely adopted to allow 
their exceptional features to be combined, such as elasticity and permeability of 
hydrogels with the high capacity of clay to adsorb several substances and to over-
come their distinct drawbacks. In this way, interest on preparation of polysaccha-
ride/clay hydrogel nanohybrids adsorbents has grown exponentially to improve or 
provide new properties to the original material [26‒28].

Chitosan (CTS) is a polysaccharide derived from chitin made up with two 
different monomers N-acetylglucosamine and glucosamine linked through β-
(1 → 4)-glycosidic bonds. It has been widely used alone or combined (natural/
synthetic polymers blends, hybrid organic–inorganic composites) for several 
applications. In particular, the presence of functional amino and hydroxyl groups 
makes CTS a potential adsorbent for heavy metal and cationic/anionic dyes due to 
its chelating ability. In addition, grafting copolymerization of hydrophilic mono-
mers via these reactive groups has allowed improving the adsorptive CTS perfor-
mances [29‒32].

In earlier research work, we have reported on the synthesis and the properties 
studies of smart superabsorbent hydrogel nanocomposites made of natural/syn-
thetic polymers as matrix, namely chitosan-graft-poly(acrylamide), and MMT clay 
as nano-reinforcing [33]. The study was focused on the influence of clay loading 
into the matrix on morphology, thermal stability, and water absorbency. It was also 
reported that the partial hydrolysis of the amide groups of PAAm chains at high pH 
significantly improved their swelling properties in various media. All these proper-
ties make them attractive for environmental applications as eco-friendly adsorbents 
to trap heavy metals and dyes from contaminated water. In addition, these hydrogels 
have presented antibacterial activity against bacteria (Staphylococcus aureus and 
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Escherichia coli) that may be an alternative to conventional disinfection processes in 
wastewater treatment intended for reuse.

On the other hand, the porosity of hydrogels plays a prominent role in enhanc-
ing their aptitude for water uptake and pollutants sorption. An effective method 
frequently used for preparing porous hydrogels is by introducing surfactants pores 
generator and then extracted with a suitable solvents [34‒36]. Indeed, surfactants 
can self-assemble to form micelles in aqueous environment, which act as templating 
porogen in the gelling process.

Herein, we extend the previous study to synthesize and characterize hydrolyzed 
hydrogel nanocomposites chitosan-graft-poly(acrylamide)/MMT via free-radical 
aqueous polymerization by adding Triton X-100 surfactant as pore-forming tem-
plate. The water absorbency and swelling kinetic were investigated. Following this 
step, we explore their adsorptive ability for the removal of Basic Red 46 (BR46) dye 
as pollutant model. Several sorption-affecting factors, such as clay loading, solution 
pH, adsorbent dose, dye concentration, contact time, and temperature, were exam-
ined. Isotherms, kinetics, thermodynamic parameters, and modeling of adsorption 
process as well as reusability of adsorbents were studied. To our best knowledge, 
study of BR46 adsorption onto polysaccharide-based hydrogels nanomaterials has 
not yet been reported in literature.

Experimental

Materials

Chitosan (CTS) with 75% degree of deacetylation, medium average molecular 
weight, and viscosity 200–800 cps was purchased from Prochima Sigma-Aldrich 
(Tlemcen, Algeria). Acrylamide (AAm), potassium persulfate (KPS), N,N-meth-
ylene-bisacrylamide (MBA) of analytical grade and Triton X-100 (T) of labora-
tory grade were purchased from Sigma-Aldrich Chemical Co (St Louis, USA). All 
chemicals, sodium chloride (NaCl) and ethanol, were of analytical grade and used as 
received from Sigma-Aldrich Chemical Co (St Louis, USA). Doubly distilled water 
(DDW) was used in all the experiments. Montmorillonite (MMT) clay with size 
fraction (< 2  μm) was extracted from bentonite category of Maghnia Roussel that 
was kindly supplied by ENOF Chemical Research Company (Algiers, Algerian). 
The MMT was homoionized with sodium cations, and its cationic exchange capac-
ity (CEC) about 86.16 mequiv/100 g was previously determined by conductometrie 
[37]. The Basic Red 46 dye (BR46) was purchased from the Alfaditex textile manu-
facturing company (Algiers, Algerian).

Preparation of the hydrogel adsorbents

A series of hydrolyzed hydrogel nanocomposites were produced through aque-
ous radical graft copolymerization and crosslinking of AAm monomer onto CTS 
backbone in presence of MMT clay at various contents (2, 5, and 10 wt% with 
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respect to AAm) using potassium persulfate as initiator and N,N’-methylene-
bisacrylamide as crosslinker by following the earlier reported procedure with 
minor changes [33]. First, required amount (1 g) of CTS was dissolved in 30 mL 
1% (v/v) acetic acid solution in three-neck flask; then, certain amount (0.4 wt. 
%) of Triton X-100 was added into the chitosan solution and stirred vigorously 
for 30 min to form the foamed chitosan. After being purged with nitrogen, the 
flask was placed in bath at 60 °C for 10 min, and then KPS (2 wt.%) was added 
to the mixture under stirring for 15 min to generate radicals. Separately, the clay 
was dispersed in the solution and ultrasonicated for 30 min and added to solu-
tion of AAm (5 g) and MBA (1 wt%). After stirring for 15 min and sonication 
for 10 min, the suspension was introduced into the funnel kept under nitrogen 
flux and then added to the reactional flask for 2 h. Afterward, the resulting gel 
was washed thoroughly with DDW, followed by solution mixture of ethanol/
water (8:1, v/v) for several times to remove the surfactant. Subsequently, the 
hydrogel was cut into small pieces and subjected to hydrolysis treatment in 1 N 
NaOH solution at 95 °C during 2 h and the pH of the gel solution was adjusted 
to 6.0 by adding 1.0 M of acetic acid solution. The product was washed exces-
sively with DDW and then dehydrated in excess of ethanol for 24 h. Next, it was 
dried in oven at 60 °C, ground to particles size of 40–60 mesh, and stored for 
later use.

The MMT-free hydrogel matrix CTS-graft-PAAm was also prepared using 
the above procedure, as reference. The free MMT matrix hydrogel and its nano-
composites are denoted as M/MMTx, where x = 0, 2, 5, 10 wt% of clay content.

Characterization

X-ray diffraction (XRD) patterns of pristine MMT and hydrolyzed hydro-
gels were collected on a Bruker D8 advance diffractometer (Bruker, Germany) 
by employing CuKα radiation (40  kV, λ = 1.5406 A0) in 2θ range 1–30° with 
0.01°/s scan rate.

The surface morphology of the hydrogels was observed by a scanning elec-
tron microscopy (SEM), JSM-6360LV Scanning Electron Microscope (JEOL, 
USA) using an acceleration voltage of 10 kV. The samples were sputter-coated 
with a thin layer of gold prior analysis.

Thermal stability of hydrogels was investigated by Thermogravimetric analy-
sis (TGA) on Q500 analyzer, (TA instruments, USA). Samples (2–2.5 mg) were 
heated in alumina crucible from 30 to 600 °C at 10 °C/min under nitrogen flow 
(50 ml/min).

Fourier transform infrared spectroscopy (FTIR) spectra of samples prepared 
using KBr pellets were recorded on a Vector 33 FTIR spectrometer (Bruker, Ger-
many) in 4000–400 cm−1 range at a resolution of 2 cm−1. FTIR and SEM (FEI & 
Nova NanoSEM450) operating at an accelerating voltage of 15 kV were used for 
free- and dye-loaded hydrogels in order to identify the structural and morpho-
logical changes after dye adsorption onto free- and dye-loaded hydrogels.
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Swelling measurements

Swelling behavior of the hydrolyzed hydrogels was studied at room temperature in 
DD water, saline solution (0.9 wt. %), and pH solutions. Triplicate tests were carried 
out, and average values were reported in this study. The procedure is as follows: a pre-
weighted hydrogel sample (0.05 g) was soaked in the selected medium (400 mL) and 
allowed to reach equilibrium. After that, the swollen sample was filtrated through an 
80-mesh stainless steel screen, drained for 30  min, and then weighed. The swelling 
capacity at equilibrium (Seq) (g/g) was evaluated by using Eq. (1). Kinetics of swelling 
was also studied by pouring the pre-weighted samples (0.05 g) in excessive DD water 
and taken out at desired time intervals. The swollen samples were weighted after wip-
ing off the excessive water by gently tapping the surfaces with wet filter. This procedure 
was repeated until there was no further weight increase. The swelling capacity at any 
time (St) was calculated according to Eq. (1), in where (Seq) is expressed as (St) [33].

pH-sensitivity of these hydrogels was also examined. The pH solutions ranging from 
2 to 11 were made from stock 1 N HCl and 1 N NaOH and adjusted using a pH-meter 
(DELTA-320).

where Wd and Ws are the sample’s weights in the dry and the swollen states, 
respectively.

Adsorption experiments

Batch adsorption experiments of BR46 dye onto the grafted matrix and its nano-
composites were carried out at controlled temperature in pH media under stirring at 
200 rpm using an orbital shaker. Typically, a required amount (m) of each adsorbent 
was mixed with a volume (V) of dye aqueous solution at initial concentration (C0), and 
then the mixture was shaken until reaching equilibrium. The concentration of the resid-
ual dye in solution was evaluated by analyzing the filtered supernatant using UV–Vis 
spectrophotometer (Specord 200, Analytic Jena, Germany) at 530 nm and using previ-
ously made calibration curves from stock dye solutions of 1000 mg L−1. All tests were 
conducted in triplicate, and mean values were considered for the fitting process.

The adsorption capacity at equilibrium (qe, mg g−1) and the related removal effi-
ciency R (%) were calculated using Eqs. (2) and (3), respectively [35, 36].

(1)Seq (g∕g) =
Ws − Wd

Wd

(2)qe =
C0 − Ce

m
× V

(3)R (%) =
C0 − Ce

C0

× 100
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where C0 and Ce (mg L−1) are dye concentrations at initial and equilibrium times, 
respectively. V (L) is the volume of dye solution, and m is the weight of adsorbent 
(g).

The MMT content effect on adsorption performances of the grafted hydrogels 
was studied for fixed C0 of 200 mg L−1 and 0.1 g L−1 of sorbent at pH 7 for 3 h of 
contact time.

The effect of solutions pH ranging from 4 to 10 was studied in dye solution of C0 
200 mg L−1 using 0.1 g L−1 of adsorbent dose at 25 °C for 3 h. The pH values were 
adjusted using 0.1 N NaOH or 0.1 N HCl and were assessed by pH-meter DELTA-
320 (accuracy ± 0.1).

The effect of varying hydrogels mass from 0.025 to 0.2 g L−1 on dye adsorption 
was carried out in dye solution of C0 = 50 mg L−1 at pH 7 for 3 h of contact time.

The temperature effect was investigated in the range of 25–45 °C using 0.1 g L−1 
of adsorbent dose in dye solution of C0 equal to 200 mg L−1 for 3 h in neutral pH.

All the adsorption experiments were performed in triplicate with the mean taken.
Adsorption kinetic studies were performed at 25  °C ± 0.2 by adding 0.1  g L−1 

of adsorbent dose in dye solution of C0 = 200 mg L−1. The different adsorbent-dye 
solutions were shaken and then withdrawn at desired intervals until reaching equi-
librium states. The amount of adsorbed dye at any time (qt) was calculated accord-
ing to Eq. (1), where (qe, Ce) are expressed as (qt, Ct).

Isotherm adsorption experiments were conducted by varying the dye initial con-
centration C0 in the range of 50–800 mg L−1 and by adding 0.1 g L−1 of adsorbent 
dose in neutral pH for 3 h. The values of qe and R (%) were determined using Eq. (1) 
and (2), respectively.

Regeneration and reusability experiments

The reuse of adsorbents is required to make adsorption process economical and suit-
able at commercial scale. Therefore, the reusability of MMT-free hydrogel and its 
typical nanocomposite were explored for four adsorption/desorption cycles confer-
ring to our previously works [35, 36]. Adsorption tests were conducted in dye solu-
tion of 200 mg L−1 using 0.1 g L−1 of samples at 25 °C for 3 h. For desorption study, 
the dye-loaded samples were rinsed from the adsorption medium and immersed in 
NaCl solution 0.5 M of water/ethanol mixture (50/50 v/v), used as desorbing sol-
vent, at 25 °C under gentle shaking (50 rpm) for 3 h. After washing with DDW, the 
regenerated samples were reused for succeeding cycles. The percentage of dye des-
orbed from adsorbents was determined using Eqs. (4) and (5) [16, 36].

(4)Desorption (%) =
qdes

qads
× 100

(5)qdes =
Cdes V

m
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where qdes, Cdes, V, and m represent the amount of the desorbed dye, dye concen-
tration in desorbing solution, volume of solution, and hydrogel sample weight, 
respectively.

Results and discussion

Structure and morphological characterization of the hydrogel nanocomposites

Figure 1 illustrates the formation of the hydrolyzed hydrogel nanocomposites. As we 
reported earlier, the persulfate ions (S2O8

2−) decompose thermally to anionic sulfate 
radicals (SO4•–), which generate active radicals sites onto CTS chains [33]. After-
ward, these CTS–O• macro-radicals intercalate into MMT layers to increase their 
inter-layers spacing and then initiate grafting and copolymerization of the adsorbed 
AAm molecules into inter-foliar and on layer surfaces. Then, the chains crosslinking 
in the presence of different amounts of encapsulated MMT particles led to the for-
mation of grafted network nanocomposites.

As shown in Fig. 1, during the subsequent hydrolysis with NaOH solution, the 
amide sides groups of PAAm chains converted partially to carboxylate ions (COO−) 
with degree of hydrolysis of about 60% and the release of ammonia. The formed 
anionic PAAm, which is a copolymer of acrylamide and acrylic acid sodium salt 
(COO−Na+), could improve the functional performance of the obtained materials. 
Simultaneously, some crosslinking reactions of CTS chains during alkaline hydroly-
sis have also been highlighted.

Fig. 1   Schematic illustration of the synthesis and hydrolysis of the hydrogel nanocomposites and the 
photographs of the obtained hydrogels
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Thus, the hydrolysis treatment generates grafted network as matrix comprised of 
several functional groups, namely amide (COONH2), amine (NH2), hydroxyl (OH), 
and carboxylate (COO−) anions, resulting in hydrogel with ampholytic properties 
and adsorptive ability.

It is interesting to mention that the presence of the unconverted –CONH2 groups 
could act as chelating sites for binding metal ions and cationic dyes as well as via 
ion–dipole interactions by the carbonyl C=O groups and by hydrogen bonding. 
Then, the chitosan-grafted-hydrolyzed PAAm hydrogel, which present ability to 
associate with molecules via physical and chemical interactions, is promising mate-
rial to be applied as versatile adsorbent in the removal of both cationic and anionic 
dyes from the simulated wastewater.

XRD analysis is commonly conducted to ascertain the intercalated or exfoliated 
structure of nanocomposites. XRD diffractograms of pristine MMT, hydrolyzed 
hydrogel nanocomposites, and their virgin matrix (M/MMTx, x = 0, 2, 5, 10) are 
presented in Fig. 2a. The MMT clay exhibits the typical diffraction peak in the low-
angle region at 2θ = 6.76° (d001 = 1.30 nm) that disappears when MMT is incorpo-
rated in all nanohybrids, suggesting that MMT platelets are mostly exfoliated into 
nanocomposites structure. This result is in agreement with previous studies reported 
on hydrogel nanocomposites based on chitosan-g-poly(acrylic acid) and MMT [38] 
or organo-rectorite [39]. Indeed, it is well known that chitosan is polycationic in 
acidic media. This polyelectrolyte behavior happens as the amino groups (− NH2) on 
the surface of chitosan protonate to cationic amine groups (− NH3

+). As can be seen 
from Fig. 1, in acidic solutions, the CTS chains rich in − NH3

+ groups display an 
extended structure that may facilitate their intercalation into layers of MMT through 
cation-exchange process [40]. Accordingly, the protonated CTS could first inter-
calate into interlayers spaces of MMT layers via electrostatic interactions between 
the − NH3

+ groups and the negatively charges of clay layer surfaces by exchanging 
Na+ cations. Subsequently, the CTS-intercalated MMT undergoes in situ graft copo-
lymerization with AAm to form the nano-hybrid. During polymerization reaction, 
both growth and crosslinking of the confined PAAm chains expend MMT inter-lay-
ers space and provoke the exfoliation of layers, which is evidence by no detection of 
the typical diffraction peak of the stacked MMT layers in the XRD profiles of the 
nanocomposites.

It is also noted that exfoliated structure has also been highlighted for the unhydro-
lyzed hydrogel nanocomposites counterparts [33], indicating that hydrolysis treat-
ment and the use of Triton X-100 surfactant did not influence the dispersion level of 
the clay platelets within nano-hybrid networks.

SEM micrographs of the elaborated hydrogels are shown in Fig.  2b. The 
grafted matrix displays loose and coarse surface with some pores and gaps. For 
nanocomposites, particularly for 2 and 5 wt.% of MMT contents, an increase in 
surface roughness and many apparent microspores are observed, but their diame-
ters are uneven. Also, no separation of organic/inorganic phases is noticed, indi-
cating the homogeneity of the hydrogels as real composites, in agreement with 
XRD findings. This affinity may be promoted by hydrogen interactions between 
the matrix groups and the clay hydroxyls [33]. On the other hand, the surfaces 
of these hydrogels appear more porous as compared to those of the counterparts 
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previously prepared in absence of the Triton X-100 [33]. This morphological 
change can be assigned to the effect of the added surfactant. Indeed, prior to 
crosslinking, the self-assembly of the surfactant molecules generates spherical 
micelles in chitosan solution that acts as template for pores forming and endows 
the network additional spaces, which are convenient for the penetration of water 
molecules and then contribute to improve the swelling properties. Hence, the 
addition of MMT at low loading (less than 5 wt.%) and surfactant have great 
influence on the surfaces porosity of the hydrogel nanocomposites.

Fig. 2   a XRD patterns of MMT, hydrolyzed matrix hydrogel and its nanocomposites; b SEM micro-
graphs of the elaborated hydrogels in the presence of surfactant: (1) matrix M/MMT0, (2) M/MMT2, (3) 
M/MMT5, (4) M/MMT10; c TGA and d(TG) thermograms of the hydrogels
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Thermal stability study

The thermal stability of the hydrogels was assessed by TGA. Figure 2c shows TGA 
and d (TG) thermograms of free MMT matrix and its nanocomposites. The grafted 
matrix displays three thermal decomposition stages. The minor initial weight loss up 
to 160 °C less than 2 wt% is due to adsorbed and bound water moisture. The second 
weight loss about 22 wt% in the range of 160–326 °C may be attributed to the elimi-
nation of NH2 of carboxamide groups in PAAm as ammonia, MBA crosslinker, and 
hydroxyl groups of CTS as H2O molecules. The third stage, which starts at about 
328  °C and extends to 500  °C, with about 54% weight loss shows a temperature 
of maximum degradation Tmax at 392 °C. This main substantial mass loss is due to 
complex chain scissions of PAAm and of CTS compound through the dehydration 
of saccharide rings and breaking of C–O–C glycosidic bonds and thus the destruc-
tion of the grafted network structure [41, 42]. The hydrogel nano-hybrids curves 
display similar degradation behavior to the MMT-free hydrogel; however, a slight 
enhance in thermal stability is noticed. The influence of the incorporated MMT is 
evidenced in the main degradation by shifting of both temperatures of onset and 
maximal degradation Tonset and Tmax of matrix up to, respectively, 335  °C and 
400 °C with increasing MMT content to 10 wt.%. Furthermore, the weight losses up 
to 585 °C observed for MMT-loaded hydrogels are lower than free matrix, and also 
the residue values increase from 22.9% for matrix to 24.14%, 30.67%, and 35.06% 
by adding 2, 5, and 10 wt.% of MMT, respectively. This result suggests that MMT 
acts as retarding agent of degradation process owing to its higher thermal stability 
than the polymeric chains as well as to the ‘tortuous path’ effect of clay layers that 
delay the permeation of oxygen and the escape of volatile degradation products [33].

Swelling properties

For environmental application of hydrogels as adsorbents of metal ions and dyes 
pollutants of wastewater, it is important to study their dynamic swelling, which is 
greatly influenced by their structure porosity and hydrophilic functional groups.

Figure 3a, b illustrates the swelling kinetic in DDW for all hydrogels and their 
absorbency values in water and saline 0.9 wt.% NaCl solution. Overall, the absorp-
tion capacities sharply increase within the earlier 10 min and then began to level off 
until reaching the equilibrium state.

This increase in water absorbency is owed to the presence of hydrophilic groups 
of anionic PAAm (–CONH2, –COO−) and CTS (–NH2, –OH) compounds of the 
grafted matrix. In addition, the mutual electrostatic repulsions between the carboxy-
late ions, known for their high hydrophilicity, induce PAAm chains expansion and 
hence an increase in water absorbency.

Even though the hydrogel nanohybrids exhibit similar swelling tendency as com-
pared to virgin matrix, it is noticed higher initial swelling rates and the correspond-
ing equilibrium swelling ratios increase with increasing MMT content until 5 wt. 
%, beyond which a decrease in absorbency is observed. Previous studies [38, 42, 
43] have reported comparable effect of inorganic additives like MMT, attapulgite, 
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and muscovite clays on swelling performance of chitosan-g-poly(acrylic acid) based 
hydrogel nanocomposites. This enhance in affinity for water uptake with an increase 
of MMT from 0 to 5 wt % can be explained by the fact that –OH groups on the 
surface of MMT layers could react with the functional groups of matrix through 
hydrogen bondings and provide extra crosslinking points, which could improve the 
network structure, and thus enhance water absorbency. Also, more mobile cations 
of MMT (principally Na+) are present in the matrix that contributes to increase 
osmotic pressure difference between the network and the external solution, and thus 
enhances hydrophilicity of corresponding nanocomposite for a greater absorption.

Further increasing MMT content to 10 wt% results in a decrease of swelling 
ability. Indeed, the presence of lot of –OH groups on the surface of MMT gener-
ates more chemical and physical cross-linkages into network that decreases poly-
mer chains elasticity and prevents effective anion–anion electrostatic repulsions of 
PAAm chains, leading to lower water absorbency.

Fig. 3   a Swelling kinetic of 
hydrolyzed matrix hydrogel and 
its nanocomposites in DD water, 
b absorbency values in DD 
water and 0.9% saline solution 
and c swelling behavior in vari-
ous pH media
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It is noteworthy that the swelling capacities of these hydrogels synthesized by 
using Triton X-100 are greater than the counterparts ones obtained earlier in absence 
of surfactant [33]. For instance, the absorbency of nanocomposite containing 5 wt.% 
of MMT increases from 450 to 508 g g−1 by introducing pore-forming agent Triton 
X-100. Similarly, Wei [34] has reported on the study of starch-g-poly(acrylic acid) 
superabsorbents that the content of Triton X-100 has greatly improved their water 
absorbency and swelling rate. The author has found that the porous sample prepared 
with surfactant (0.4%) needed only 5 min to reach 80% of its equilibrium as com-
pared to the nonporous one (90 min) [34]. Also, as previously pointed out [35, 36], 
the use of sodium n-dodecyl sulfate (SDS) surfactant during the gelation of CMC-
based hydrogels has promoted faster subsequent water uptake than those prepared in 
absence of SDS.

Besides, all hydrogels display swelling tendency in saline solution similar to 
that in DDW but with lower absorbency values. This swelling loss is ascribed to 
the charge screening effect generated by Na+ cations in the swelling medium, which 
shields the COO− anions and reduces the anion–anion electrostatic repulsions. As a 
result, the osmotic pressure between the network and the external solution decreases, 
and the absorbed water is driven out of network.

The swelling pH-sensitivity of nanocomposites and virgin matrix is also exam-
ined (Fig. 3c) displays. As the pH of medium increases, the water uptake of both 
hydrogels increases with a same trend where two maxima are detected at around 
pH 4 and 8. Indeed, in acidic media pH ≤ 4, the swelling capacity is promoted by 
the dominant charges NH3

+ since the carboxylate COO− ions become protonated to 
COOH groups. Conversely, in media of 6 < pH < 10, the prevalent ionized forms of 
COO− ions develop mutual electrostatic repulsions that augment osmotic pressure 
inside network, thereby giving rise to upper swelling capacity.

Study of BR46 dye adsorption onto hydrogel nanocomposites

Effect of MMT content

Figure  4a displays the evolution of equilibrium adsorption capacity (qe) and 
the removal efficiency R (%) as function of MMT loading into hydrogels. Upon 
increasing MMT content, the values of qe and R (%) are gradually increased from 
931 mg g−1 and 84.27% for native hydrogel to reach an optimum of 1026.2 mg g−1 
and 87.45% for M/MMT2 nanohybrid. It is also noticed that the effectiveness of 
dye removal R (%) from solution onto adsorbent is marginally affected by only 
3%, while the related adsorptive capacity qe is improved by about 95 mg g-1. In 
agreement with SEM deductions, this result could be attributed mainly to a more 
porous morphology observed for MMT-incorporated hydrogel, which results 
in greater specific surface area of adsorbent, which can be defined as the por-
tion of the total surface area that is available for adsorption. This fact promotes 
the entrapped dye molecules onto the surface to diffuse inside network and their 
retention by inner active sites. Accordingly, the amount of adsorbed dye (mg) per 
unit mass of adsorbent is perceptibly augmented. Likewise, the greater affinity of 
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hydrogel nanocomposites for BR46 dye as compared to virgin hydrogel is due to 
convenience of more active binding sites availability of the added MMT, which 
possesses outstanding adsorptive ability for various pollutants. Indeed, the BR46 
dye molecules may be adsorbed onto nanohybrids through electrostatic interac-
tions between its cationic-N + group and negatively charged surface of MMT lay-
ers as well as by hydrogen bonding that occurs between the nitrogen-containing 
groups of dye and the OH groups of MMT. However, beyond the clay content of 
2 wt. %, the adsorption values (qe and R (%) diminish slightly but remain higher 
than those of native matrix. This fact may be interpreted by two reasons: (i) MMT 
particles occupy increasingly interstitial spaces and pores within network, result-
ing in reduced available spaces, (ii) at higher MMT content, extra crosslinking 
points are generated into the network via hydrogen bonding between OH groups 
of clay and those of matrix compounds (CTS and hydrolyzed PAAm). As a result, 
the elasticity of network decreases and leads to less penetration of water/dye 
molecules.

Fig. 4   Effects of a MMT 
content, b solution pH on 
adsorption of dye onto hydrogel 
matrix and its nanocomposites 
(inset: removal efficiency R (%) 
and structure of Basic Red 46 
dye (C0 = 200 mg L−1, adsorbent 
dose = 0.1 g L−1, pH 7, 25 °C, 
3 h)
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Analogous adsorptive behavior for cationic dyes was confirmed onto hydro-
gel nanocomposites k-carrageenan/poly(vinyl alcohol)/MMT [43], carboxymethyl 
cellulose/k-carrageenan/activated MMT [44], chitosan-g-poly(acrylic acid)/MMT 
[45], chitosan-g-poly(acrylic acid)/attapulgite [46], and chitosan-g-poly(acrylic 
acid)/vermiculite [47]. Herein, the hydrogel nanocomposite M/MMT2 is selected as 
typical adsorbent to further understand the adsorption process.

Effect of solution pH

The initial pH of dye solution is an important controlling factor in adsorption pro-
cess since it may affect the adsorbent surface charge and so the affinity for dye pol-
lutant. Figure 4b shows the influence of pH on the evolution of adsorption capac-
ity at equilibrium qe (mg g−1) of the grafted hydrogel M/MMT0 and its M/MMTx 
nanohybrids over the pH range of 4–10. Overall, hydrogels show almost the same 
trend for the adsorption change in various pH solutions, regardless of clay loading, 
indicating that the added MMT has no influence on pH dependence of adsorption. 
As it can be seen, the qe values increase sharply with rising pH from 4 to 6 and, 
thereafter, gradually with further increase in pH until 10. Indeed, in acidic pH media 
(pH < 6), this behavior is belonging to the protonation of the amino –NH2 groups 
of CTS, resulting in repulsive electrostatic interactions with the positive charges 
of dye molecules. Additionally, at lower pH solution, hydrogen ions compete with 
dye cation, and most of the carboxylate ions of adsorbent exist in carboxylic form 
of –COOH, which reduce the adsorbed amounts for RB46 dye molecules [48–50]. 
Beyond pH 6 and in alkaline media the ionized COO − groups are generated and 
thus enhance the electrostatic attraction affinity toward the cationic dye.

As expected, the uppermost adsorption values (qe, R%) are attained onto M/
MMT2, whatever the initial pH of dye solution. These values are arranged in 
increasing order for dye sorption onto nanohybrids and matrix as M/MMT2 > M/
MMT5 > M/MMT10 > M/MMT0. Accordingly, for example at pH4, the values of 
(qe, R %) decrease as (830, 79.6%) > (804, 77.9%) > (781.5, 74.7%) > 743.6, 72.3%) 
for MMT content x of 2, 5, 10 wt.% and onto virgin matrix, respectively. How-
ever, in basic medium at pH8 these values become upper and arranged as (1056, 
87.2%) > (1030, 86.3%) > (993, 84.5%) > (937, 84.5%). Similar behavior has been 
observed in adsorption studies of MB dye onto chitosan-g-poly(acrylic acid)/clay 
[45–47]. All other adsorption factors were studied in neutral dye solution.

Effect of adsorbent dose and influence of temperature

Figure  5a displays the effect of adsorbent dose on adsorption capacity and 
removal efficiency for BR46 dye. Regardless of MMT content, it is clear that all 
hydrogels M/MMTx exhibit comparable adsorptive behavior, where the adsorp-
tion capacity decreases consistently by increasing adsorbent mass from 0.025 
to 0.2 g L–1. Concurrently, R (%) values increase speedily with increasing dose 
up to 0.1 g L−1, beyond which no significant changes are obtained. For instance, 
the adsorption values of qe and (R%) onto M/MMT2 nanocomposite, which 
exhibits the uppermost adsorption data, diminish from 1644  mg  g–1 (82.2%) to 
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450.65 mg g–1 (90.13%) by increasing adsorbent amount from 0.025 to 0.1 g L–1. 
These findings support that adsorbent shows maximum adsorption capacity at 
lower adsorbent doses. Indeed, as the mass of adsorbent increases, the active sites 
on the adsorbent become increasingly overlapped. This behavior leads to lower 
surface area, and so the quantity of adsorbed dye per gram adsorbent decreases. 
Beyond a dose of 0.15 g L−1, the active sites for dye binding become not available 
due to aggregation formation of the adsorbent particles, and so the adsorption did 
not change. These observations agreed with earlier studies on removal of cationic 
dyes using carboxymethyl cellulose- [36, 37, 51] and alginate-based composites 
hydrogels [52, 53].

The influence of temperature on BR46 dye adsorption onto matrix and its 
nanocomposites was studied at 298, 308, and 318  K. As shown in Fig.  5b, all 
adsorbents exhibit a slight increase in their sorption capacity by raising the tem-
perature, suggesting an endothermic process nature. Hence, all subsequent exper-
iments were conducted at 25 °C.

Fig. 5   Effects of a adsorbent 
dose (inset: removal efficiencies 
R (%)) and b temperature on dye 
adsorption capacities onto the 
grafted hydrogel matrix and its 
nanocomposites (experimental 
conditions: pH 7, 3 h of contact 
time ((a): C0 = 50 mg L−1, 
25 °C), ((b): C0 = 200 mg L−1, 
sorbent dose = 0.1 g L−1)
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Effect of contact time

Considering the adsorption rate as a crucial parameter for practical applications, the 
influence of contact time effect on adsorption was examined using the elaborated 
hydrogels and the obtained results are shown in Fig.  6a. Initially, the adsorption 
capacity increases rapidly up to 30  min, where almost 78% of dye molecules get 
adsorbed. Afterward, it slows down until 60 min, beyond which there is no signifi-
cant increase. Initially, the adsorption capacity increases sharply owing to the abun-
dant availability of active sites on adsorbents surfaces. Later, upon gradual occu-
pancy of these sites, adsorption becomes sluggish with the passage of time until 
reaching steady state, indicating equilibrium.

It can be also observed that the amount of the dye adsorbed on nanocomposite 
hydrogels is greater than that adsorbed on M/MMT0 matrix. For instance, the val-
ues of qe and R(%) values reach 1026 mg g−1 and 87.45% for M/MMT2 after time 
contact of 160 min, while those of MMT-free hydrogel were found to be 931 mg g−1 
and 84.27%, respectively. Photographs in Fig. 6b showing dye solutions before and 
after adsorption together with the tested samples confirm the adsorptive perfor-
mance of hydrogels. Hence, the time required to achieve the equilibrium sorption of 
the dye being about 60 min for all hydrogels.

Effect of initial dye concentration

The effect of initial concentration C0 of dye solutions on equilibrium adsorption 
capacity (qe) and removal R (%) was assessed, and the results are presented in Fig. 7. 
As it can be seen, the qe values increase sharply as C0 increases from 50 to 800 mg 

Fig. 6   a Effect of contact time on BR46 dye adsorption using hydrogel matrix and its nanocomposites 
(inset: removal efficiency for BR46 dye) (C0 of 200 mg L−1, adsorbent dose of 0.1 g L−1, pH7, at 25 °C); 
b photographs of dye solutions and hydrogels samples before and after adsorption tests (C0 = 200  mg 
L−1, 0.1 g L−1 of adsorbent, 1 h)
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L−1 followed by slight rise until reaching maximum sorption around 300 mg L−1 for 
all sorbents. Oppositely, the efficiency of removal decreases with increasing C0. This 
behavior can be correlated with the reason of driving forces caused by pressure gra-
dient, which is originated from concentration rising. Indeed, at low concentration, 
the ratio of dye to the huge number of available binding sites is low, which favor 
adsorptive removal of BR46 dye molecules. Thereafter, for C0 more than 300 mg 
L−1, the majority of active sites are saturated and thus their ability to retain more dye 
molecules decreases, so irrelevant adsorption is discerned. Additionally, dye mol-
ecules undergo aggregation in upper C0, which delay their diffusion into adsorbent 
particles.

Likewise, polysaccharide-based composites adsorbents, comprising carboxy-
methyl cellulose, alginate, chitosan, κ-carrageenan, agar, etc., exhibited maximum 
sequestration of dyes at higher initial dye concentration [36, 37, 43–45, 51–53].

As expected, the presence of the entrapped MMT particles into the hydrogel 
matrix favors dye molecules absorbing. Indeed the porous structure of the hydrogel 
nanocomposites improves the contact opportunities between these adsorbents and 
dye, via mainly electrostatic interactions of carboxylate (COO−) as well as the nega-
tively charges of clay layers with the cationic dye. The hydroxyls groups of clay may 
also contribute to attach dye through hydrogen bonding. The maximum equilibrium 
adsorption capacities (qe,exp) are found to increase from 1543 mg g−1 for matrix to 
1806, 1754, and 1610 mg g−1 by adding MMT into the matrix at 2, 5, and 10 wt.%, 
respectively, while the related removal efficiency (%) remains close.

Characterization of dye‑loaded hydrogel adsorbents

The FTIR spectra of M/MMT0 hydrogel and its typical nanocomposite M/MMT2 
before and after dye adsorption given in Fig.  8a are recorded to ascertain the 
presence of dye molecules into the dye-loaded hydrogel and potential chemical 
interactions.

Fig. 7   Effect of dye initial 
concentration on adsorption 
capacity and removal efficiency 
using hydrogel matrix and its 
nanocomposites (C0 from 50 to 
800 mg L−1 at 0.1 g L−1, pH 7, 
25 °C, 3 h of contact time)



6159

1 3

Polymer Bulletin (2022) 79:6141–6172	

By comparing spectra of dye-loaded adsorbents to their unload counterparts, 
additional bands characteristics of BR46 dye appear after adsorption. Principally, 
it is noticed the bands at 884 and 824 cm−1 ascribed to out-of-plane bending vibra-
tions of =C–H of heterocycle and aromatic ring, at 1224 cm−1 due to C–N stretch-
ing of aliphatic amine, and at 1485 cm−1 due to N=N stretching that overlaps N–H 
bonding vibrations. The sharply intensified peak at 1330 is assigned to stretching 
vibrations of C–N aromatic amine bonds. As well, the perceptible peaks at 1667 
and 1604 cm−1 are due to stretching vibrations of C=N (as well C=N+ bonds) and 
of C=C in aromatic ring of dye molecules, which overlap the bands of the grafted 
CTS-g-PAAm network, namely stretching C=O vibrations of acetyl groups (amide 
I) and of asymmetric νC=O of carboxylate groups. It can be deemed that COO− ions 
act as active sites in adsorption process through electrostatic interactions with C=N+ 
groups of the cationic dye [37, 51–54].

Apart from this, the broad band due to stretching vibrations of N–H (νN–H) from 
amide and amino groups as well as O–H groups (νO–H, symmetric) of the network 
shifts remarkably after adsorption from 3442 to 3397  cm−1 for matrix and from 
3486 to 3417 cm−1 for its nanocomposite. This behavior suggests the participation 
of these functional groups of the grafted matrix (as well hydroxyls groups of the 
MMT clay in the case of nanocomposite) in the adsorption process via hydrogen 
bonding interactions with N-containing groups of the dye [54]. From these results, it 
is suggested that the adsorption of dye onto hydrogel adsorbents takes place through 
the formation of hydrogen bonding and ionic interactions.

On the other hand, SEM micrographs of unload and dye-loaded nanocomposite 
M/MMT2, recorded at different magnifications to confirm the morphological sur-
faces changes, are given in Fig. 8b. As it can be seen, the nanocomposite present 
rough and porous surface, but after adsorption of dye the surface becomes smooth 
and visibly unlike. Indeed, the cavities seem to be covered by dye molecules, and 
more relaxed structure with a paste-like texture is perceived. This prominent altera-
tion of surfaces highlights the effectiveness of BR46 dye adsorption onto nanocom-
posite adsorbent. According to our previous SEM findings [33], these CTS-PAAm/

Fig. 8   a FTIR spectra and b SEM micrographs at high magnifications (2000 × , 5000 ×) of matrix hydro-
gel M/MMT0 and its M/MMT2 nanocomposite before and after adsorption
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MMTx hydrogel nanocomposites demonstrated more loose porous and rough struc-
tures surfaces than MMT-free matrix. This porous morphology helps water to act as 
a transport channel for dye molecules and thus promote their bonding to active sites 
on the surface and inside cavities of the grafted network.

Adsorption kinetic models

The adsorption kinetics was investigated for understanding mechanism of sorption 
process. The frequently applied pseudo-first-order (PFO) and pseudo-second-order 
(PSO) kinetic models were utilized to simulate the experimental data [55‒57] as 
well as the intra-particle diffusion model proposed by Weber and Morris to explain 
the diffusion mechanism involved in adsorption [58].

Nonlinear forms of PFO and PSO kinetic expressions are shown in Eq. (6) and 
Eq. (7), respectively.

where qe and qt (mg g−1) are the amounts of the adsorbed BR46 at equilibrium and 
at time t (min), respectively.

k1 (min−1) and k2 (g mg−1  min−1) are the adsorption rate constants of pseudo-
first-order and pseudo-second-order models, respectively. The parameters including 
k1, k2, and qe are calculated by fitting qt versus t of the above equations using MAT-
LAB 2013 program.

Determining the best-fitting model is a key analysis to mathematically describe 
the involved sorption system and, therefore, to explore the related theoretical 
assumptions. Hence, several error calculation functions have been widely used to 
estimate the error deviations between experimentally and theoretically predicted 
equilibrium adsorption values [16]. In this study, two statistical functions have been 
used to investigate their applicability as suitable tools to evaluate kinetic and iso-
therm models fitness, namely the correlation coefficient of determination (R2) and 
the sum of square error (SSE) [59, 60] according to Eqs. (8) and (9), respectively.

where qi,exp and qi,cal are the experimental and the calculated amount of the adsorbed 
BR46 dye.

(6)qt = qe1
(

1 − e−k1t
)

(7)qt =
k2q

2
e2
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From error analysis, if the data from a model are similar to the experimental 
data, SSE will be a small number and conversely if they strongly differ.

The nonlinear kinetic model plots are presented in Fig. 9, and the adsorption 
parameters, the correlation coefficients R2, and the error analysis (SSE) are given 
in Table 1.

Figure  9 shows obviously that the pseudo-second-order model is most suita-
ble for modeling the adsorption of BR46 onto hydrogel matrix and its nanocom-
posites. From Table 1, for all adsorbents, the R2 values of pseudo-second-order 
model (R2 ≥ 0.998) are slightly greater than of pseudo-first-order model and the 
calculated values (qe2) obtained from the pseudo-second-order model are close 
to the experimental data (qe,exp). Moreover, the error function SSE for dye sorp-
tion onto matrix and nanocomposites is arranged as pseudo-first-order ˃˃ pseudo-
second-order, which reveals the fitness of pseudo-second-order kinetics model to 
the dye adsorption data onto hydrogels.

Fig. 9   Kinetics study of BR46 adsorption onto hydrogel matrix and its nanocomposites according to 
pseudo-first-order and pseudo-second-order kinetics models



6162	 Polymer Bulletin (2022) 79:6141–6172

1 3

Besides, the intra-particle diffusion kinetics model is defined by following 
Eq. (10).

where kid is the rate constant of intra-particle diffusion relation (mg g−1 min−0.5) and 
C value indicates the thickness of boundary layer.

According to the equation, a plot of qt versus t0.5 should be a straight line and 
passes through origin when the adsorption mechanism follows intra-particle diffu-
sion process that is the rate-limiting step; otherwise, more steps occur in the adsorp-
tion process.

It can be seen from Fig. 10 that the plotting exhibits three different straight lines 
for each dye-adsorbent system, indicating that dye adsorption onto MMT-free 
hydrogel and its nanocomposites is controlled not only by intra-particle diffusion. 
This result highlights three distinct stages in the sorption process for which the 
related rate constants (Table 1) are arranged in decreasing order as kid,1 > kid,2 > kid,3. 
This behavior can be explained by the fact that initially (first sharper region), the 
process is controlled by rapid diffusion of BR46 molecules from bulk to the external 
surfaces of adsorbents due to the abundant and available active sites. The second 
stage is belonged to delay of dye molecules diffusion since the external active sites 
become unavailable, and then a slow intra-particle diffusion of dye molecules in 

(10)qt = kid ⋅ t
0.5 + c

Table 1   Nonlinear PFO and PSO kinetic parameters for the BR46 dye adsorption onto hydrogel matrix 
and its nanocomposites

a C0 = 200 mg L−1, adsorbent dose = 0.1 g L−1, T = 25 °C, pH 7; b R2 ≥ 0.977

Kinetic parameters M/MMT0 M/MMT2 M/MMT5 M/MMT10

qe exp (mg g−1)a 931.10 1026.2 991.4 970.2
Pseudo-first-order
qe1 cal (mg g−1) 999.74 1079.6 1057.5 1042.6
k1 (10–2 min−1) 8.89 11.82 9.81 8.88
R2 0.990 0.995 0.995 0.993
SSE 155.41 98.58 94.45 120.32
Pseudo-second-order
qe2 cal (mg g−1) 924.18 1022.6 987.48 965.68
k2 (10–2 g mg−1 min−1) 0.049 0.022 0.017 0.015
R2 0.998 0.999 0.999 0.999
SSE 41.08 3.37 6.20 11.77
Intra-particle diffusion
First stageb 
kid,1 (mg g−1 min−0.5) 228.8 178.9 184.4 204.2
Second stageb 
kid,2 (mg g−1 min−0.5) 30.80 24.67 39.01 42.10
Third stageb 
kid,3 (mg g−1 min−0.5) 1.73 1.01 0.32 0.85
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inner pores could be the limiting step. Lastly stage affirms equilibrium state reaching 
in where almost sites become saturated [36, 37, 61].

Adsorption isotherm models

Analysis of equilibrium data by isotherm models is very important to compare dif-
ferent sorbents under different operational conditions and to design and optimize an 
operating procedure. So, the most commonly Langmuir [62] and Freundlich [63] 
isotherm models were applied to describe the adsorbent–adsorbate interactions at 
equilibrium. Langmuir model assumes that a monolayer adsorption takes place on 
a homogeneous adsorbent surface. Contrariwise, Freundlich model postulates that a 
multilayer adsorption occurs by a heterogeneous adsorbent surface.

The nonlinear forms of Langmuir and Freundlich models are described by fol-
lowing Eqs. (11) and (12), respectively.

where Ce is the residual equilibrium concentration of BR46 dye (mg L−1), qe is the 
dye amount at equilibrium (mg g−1), KL (L mg−1) is Langmuir constant, and qm is 
the Langmuir maximum equilibrium adsorption capacity (mg g−1). KF ((mg.g−1) 
(L.mg−1)(1/n)) is Freundlich constant, and 1/n is heterogeneity factor (more hetero-
geneous if 1/n gets close to zero and (1/n) < 1 or > 1 indicates an adsorption process 
chemically or physically driven, respectively).

Furthermore, the equilibrium dimensionless parameter RL was calculated from 
Langmuir model to determine whether the adsorption process is favorable or not 
using following equation Eq. (13).

(11)qe =
qmKLCe

(

1 + KLCe

)

(12)qe = KF C
1∕n
e

Fig. 10   Intra-particle diffusion 
model plots for the adsorption of 
BR46 onto free MMT hydrogel 
matrix and its nanocomposites 
composites



6164	 Polymer Bulletin (2022) 79:6141–6172

1 3

Depending on RL value, the dye adsorption is favorable (0 < RL < 1), unfavorable 
(RL > 1), linear (RL = 1), or irreversible (RL = 0).

Langmuir and Freundlich nonlinear isotherm fitting using MATLAB 2013 pro-
gram is shown in Fig.  11. The calculated parameters as well as the experimental 
equilibrium data and the error function SSE are regrouped in Table  2. It can be 
noticed that the R2 values are upper for Langmuir model (0.994–0.987) than Fre-
undlich model (0.974–0.957) and the calculated equilibrium capacities qm from 
Langmuir model are close to experimental data. As well, the lowest SSE values are 
recorded for Langmuir model. These results confirm that Langmuir model is the 
best-fitting for the sequestration of BR46 dye onto homogeneous surfaces of hydro-
gel adsorbents through ideal monolayer coverage of dye onto binding sites and this 
process is not altered by the added MMT into nanohybrids. Moreover, the values 

(13)RL =
1

1 + KLC0

Fig. 11   Isotherm adsorption fitting according to nonlinear forms of Freundlich (F) and Langmuir (L) 
models
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of RL less than unity (0.4–0.5) imply favorable interactions of BR46 dye with M/
MMTx hydrogels and those of 1/n below unity are indicative of chemisorption pro-
cess. Analogs deductions have also been reported for hydrogels comprising inor-
ganic additives [43–47].

As expected, the M/MMTx nanocomposites display the higher qm values as 
compared to MMT-free hydrogel matrix. The obtained qm values are 1553, 1813, 
and 1763 and 1617  mg  g−1 for M/MMT0, M/MMT2, M/MMT5, and M/MMT10 
respectively.

For comparison, Table  3 regroups equilibrium maximum adsorption capacities 
qm of M/MMTx hydrogel nanocomposites together with those of other adsorbents 
reported for their adsorption performances for BR46 dye [64–70]. For instance, 
dead Pleurotus mutilus as fungal biomass waste was used in BR46 removal from 
single and binary systems, where single sorption gives the maximum capacity equal 

Table 2   Equilibrium isotherm parameters for the BR46 dye adsorption onto hydrogel matrix and its 
nanocomposites

a Adsorbent 0.1 g L−1, 25 °C, pH 7, 3 h; b calculated for lowest C0 (RL < 0.1 for higher C0)

Isotherm parameters M/MMT0 M/MMT2 M/MMT5 M/MMT10

qe exp (mg g−1)a 1543.3 1806.1 1754.3 1610.5
Langmuir model (L)
qm (mg g−1) 1553.2 1813.4 1763.3 1617.6
KL (L mg−1) 0.02 0.03 0.02 0.03
R2 0.987 0.991 0.994 0.988
SSE 51.82 51.71 47.37 50.68
RL

b 0.500 0.400 0.500 0.400
Freundlich model (F)
KF (mg.g−1).(L.mg−1)(1/n) 326.72 410.23 360.56 376.97
1/n 0.25 0.24 0.26 0.24
R2 0.974 0.969 0.967 0.957
SSE 71.47 129.62 128.73 133.02

Table 3   Comparison of maximum equilibrium adsorption capacity for BR 46 dye onto different adsor-
bents reservoir

a qm values range of nanocomposites prepared by varying MMT content (x = 0, 2, 5, 10 wt.%)

Adsorbents qm (mg g−1) References

Dead Pleurotus mutilus biomass 76.92 [64]
Activated carbon from wild olive cores (oleaster) 781 [65]
As-grown and modified multi-walled carbon nanotubes 19 and 51 [66]
Activated Algerian clay 175 [67]
animal bone meal 24 [68]
rough and treated Algerian phosphates 28 [69]
Poly(acrylonitrile‐co‐pyrrole)/ZrO2 NPs composites 500 [70]
Chitosan-g-polyacrylamide/MMTx hydrogel nanocomposites 1553–1813a This study
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to 76.92 mg  g−1 [64]. Adsorption onto activated carbon from the wild olive cores 
an agricultural by-product is also significant being 781  mg  g−1 [65], while lesser 
capacities values about 19 and 51 mg g−1 were obtained when using as-grown and 
modified multi-walled carbon nanotubes, respectively [66]. Among numerous inor-
ganic materials, the activated clay has successfully adsorbed BR46 in monolayer 
with maximum capacity of 175  mg  g−1 [67]. Calcinated animal bone meal [68], 
comprised of hydroxyapatite and carbonated fluorapatite type B with a specific sur-
face area of 85 m2/g, was also used as low-cost adsorbent with maximum capac-
ity of 24 mg g−1. Graba et al. [69] have reported on rough and treated phosphates 
and proved that chemical and thermal treatments affected negatively their adsorption 
capacity, leading to maximum value of 28.5 mg g−1. In the case of hybrid organic/
inorganic materials, nanopolymeric composite of poly(acrylonitrile-co-pyrrole) and 
zirconia nanoparticles has proved to be efficient for BR46 sequestration with qm 
value of 500 mg g−1 [70]. It appears obvious that our hydrogels display excellent qm 
capacities (up to 1813 mg g−1) as compared to the above-cited materials. Thus, the 
developed M/MMTx hydrogel nanocomposites could be considered suitable adsor-
bents for efficient recovery of cationic dyes from contaminated water.

Thermodynamic parameters of adsorption and proposed mechanism

To further evaluate the influence of temperature variation on the BR46 dye adsorp-
tion and to inspect the nature of the process, the thermodynamic parameters [71] 
including Gibbs free energy change (∆G°), standard entropy change (∆S°), and 
standard enthalpy change (∆H°) were assessed from the experimental data using 
Eqs. (14) and (15).

where Kd is the distribution coefficient (dimensionless) obtained at equilibrium state 
by dividing the amount of BR46 dye adsorbed on the hydrogel sample (qe) to the 
dye remaining in solution (Ce), R is the gas constant (8.314 J mol−1 K−1), and T is 
the absolute temperature (K).

∆H° and ∆S° values are obtained from the linear plot of ln Kd versus (1/T) (fig-
ure not shown).

Table  4 regroups the obtained thermodynamic parameters. As it can be seen, 
the negative values of ΔG° and their decrease with increasing temperature from 
25 to 45 °C indicate that the adsorption is spontaneous and being thermodynami-
cally more favorable at higher temperatures. The positive value of ΔH0 confirms 
the endothermic nature of the process. In addition, the magnitude of ΔH° depends 
on the type of interactions involved in the adsorption process, where ΔH° value 
found in the range from 2 to 40 kJ mol−1 is ascribed to van der Waals forces, dipole 
bond forces, hydrogen bonding, and/or coordination exchange [44, 53, 56]. There-
fore, the obtained ΔH° value suggests the occurrence of physisorption via most 

(14)ΔG0 = −RT LnKd

(15)LnKd =
ΔS0

R
−

ΔH0

RT
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likely electrostatic interactions as well as hydrogen bonding. The positive ΔS0 value 
reflects good affinity of dye toward the sorbents and increased randomness at the 
solid-solution interface during the fixation of the BR46 dye on the active sites of the 
hydrogel nanocomposites.

Based on the aforementioned results, it can be clearly speculate that the plau-
sible adsorption mechanism may be due to some noncovalent interactions, namely 
electrostatic interactions and hydrogen bonding, which can contribute to the adsorp-
tion when they act synergistically and the process becomes much stronger than that 
driven by the same interactions acting individually.

A conceptual illustration of interactions between nanocomposites and BR46 
dye during adsorption process is given in Fig. 12. Accordingly, two mechanisms of 
adsorption may occur: The main one is driven from ionic interactions of the active 
binding groups of absorbents, namely the carboxylate groups of crosslinked PAAm 

Table 4   Thermodynamic parameters for BR46 adsorption onto hydrogel adsorbents M/MMTx 

Adsorbent ΔG° (kJ mol−1) at T(K) ΔH0 (kJ mol−1) ΔS0 (J mol−1 K−1)

298 308 318

M/MMT0  − 4.201  − 4.635  − 5.140 21.657 39.167
M/MMT2  − 4.747  − 5.161  − 5.796 20.854 43.557
M/MMT5  − 4.544  − 4.911  − 5.499 20.350 39.342
M/MMT10  − 4.273  − 4.660  − 5.224 19.365 39.541

Fig. 12   Schematic illustrations of interactions between the M/MMTx hydrogel nanocomposites and the 
BR46 dye during adsorption process
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chains and the negatively charges of MMT surface layers, with the quaternary 
ammoniums of BR46 molecules. In the second one, the –OH hydroxyls groups of 
the MMT surfaces and/or CTS chains could be implicated in the removal of dye 
through hydrogen bonding interactions developed with the amino groups of dye.

Desorption and regeneration study

The regeneration of adsorbents is an important economic process for the large-scale 
effluent treatment since the industrial applicability of an effective adsorbent is addi-
tionally subject to the recovery ability. Therefore, the reusability of the optimized 
M/MMT2 hydrogel nanohybrid and the MMT-free matrix was assessed in four 
adsorption/desorption cycles.

From the results presented in Fig.  13, it is noted that desorption percentage is 
greater than 91% for all cycles, indicating effectiveness of the desorbing agent. In 
addition, the removal efficiencies slight decrease with increasing cycle time and 
remain about 86% and 83.6% after 4th cycle for M/MMT0 and M/MMT2, respec-
tively. The results reveal that these hydrogel adsorbents are recyclable and can be 
reused in next batches for the discoloration of polluted water, which will reduce the 
cost of process.

Conclusion

In the current study, we have successfully elaborated porous hydrolyzed CTS-graft-
PAAm/MMTx hydrogels nanocomposites, characterized, and then systematically 
inspected in adsorptive removal of Basic Red 46 dye under different adsorption 
conditions. The results have revealed that the incorporation of a small amount of 
MMT into the grafted matrix as well as the use of Triton X-100 surfactant as the 
pore-forming agent contributed to improve the porous structure, swelling capacity 

Fig. 13   Reusability results of 
hydrogel matrix and its nano-
composite in four adsorption/
desorption cycles for BR 46 dye 
(0.1 g L−1 of adsorbent, C0 of 
200 mg L−1, 3 h, pH 7, 25 °C)
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of the resulting nanocomposites. The results of dye adsorption on these hydrogels 
confirmed that contact time, temperature, pH, initial dye concentration, and hydro-
gel dose affected effectively the dye removal. The experimental data were correlated 
with pseudo-second-order kinetic model, whereas the intra-particle diffusion was 
not the only rate-controlling step. The isotherm data were well fitted by Langmuir 
model, confirming physisorption mechanism. The calculated value of monolayer 
adsorption capacity (qm) of hydrogel matrix was increased from 1550 mg g−1 to an 
optimum of 1813 mg g−1 by adding only 2 wt. % MMT. The thermodynamics study 
evidenced the spontaneity of the process and its endothermic nature. The adsorp-
tion–desorption process was observed to be effective in repeated cycles, indicating 
the reusability of the hydrogels for dye removal applications. Finally, the successful 
regeneration of these adsorbents could be practical for their use for removal of pol-
lutants dyes from contaminated solutions with reduced costs at industrial scale.
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