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Abstract
This paper reports the synthesis of exfoliated structure of Poly-methylmethacrylate/organomontmorillonite nanocomposites 
by in situ polymerization of Methylmethacrylate monomer as a cost-effective adsorbent for ultrahigh removal of azo dye pol-
lutant from aqueous media. The obtained nanocomposites with different organoclay loading (1–7 mass%) were characterized 
by XRD, FTIR, DTA, TGA, TEM and SEM. In the XRD results, the observation of small pick shoulders (d001) and almost 
no reflection in the X-ray diffractrograms indicated, respectively, the establishment of intercalated/exfoliated structures and 
major exfoliation of OMMT clay into polymer. This observation was supported by TEM microscopy. TGA results revealed 
improved thermal properties in comparison with the pure polymer. Adsorption parameters such as pH-value, contact time 
and initial dye concentration were investigated to assess optimum adsorption activity. The adsorption experiments showed 
that the equilibrium time of adsorption was reached very rapidly. According to the kinetic study, the adsorption process fol-
lowed pseudo-second-order model. The adsorption capacity is unaffected by variation of solution pH. The high maximum 
adsorption capacity of PMMA/OMT nanocomposite toward dye was found to be 309.6 mg g−1. Langmuir isotherm was 
more suitable model to describe the adsorption of dye than Freundlich and Dubinin–Radushkevich models. Thermodynamic 
study showed that the removal of the azo dye from aqueous solution by PMMA/OMT nanocomposite is endothermic nature, 
spontaneous and physisorption process. Under three adsorption–desorption cycles, PMMA/OMT nanocomposite had good 
re-adsorption effect. Thus, PMMA/OMT nanocomposite can be an efficient and recyclable adsorbent for azo dyes.
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Introduction

Recently, the Poly Methyl Methacrylate polymers (PMMA) 
have received a lot of attention due to their toughness, light-
weight, and lower density in comparison with glass [1, 2]. 
PMMA is a bio-compatible polymer with wide application 
in tooth restoration, protective eye wear, airplane windows, 
room walls, ornaments, luxury goods, and large aquarium 
panels [3]. It has excellent transparency, high elastic modu-
lus, well flexibility, high strength, and excellent dimension 
stability but has a rather high melt viscosity (> 104 Pa s). 
It has also been reported that the PMMA cannot meet the 
present requirements due to their poor heat resistance and 
mechanical properties such as wear and abrasion which are 
relatively low and independent of molecular weight. In last 
years, much interest of academia and industrial chemists 
has been paid to polymer–clay nanocomposite, because the 
efficient incorporation of clay into a polymer matrix can 
significantly improve the thermal stability and mechanical 
properties of neat polymer without significantly reducing 
optical clarity [4, 5].

It has been reported that PMMA/montmorillonite clay 
nanocomposites are prepared by various methods such as 
in situ polymerization, solution blending and melt blend-
ing [6–8]. Two different nanostructures have been iden-
tified in these nanocomposites: intercalated and exfoli-
ated nanostructures[9, 10]. Exfoliated nanostructures are 
preferable to intercalated nanostructures due to the strong 
synergy between the polymer matrix and the silicate lay-
ers[11]. Among these methods of preparation, the in situ 
polymerization is a promising method for preparation of 
exfoliated nanocomposites [10].

Many researchers have reported the use of various 
organic modifiers of montmorillonite such as surfactants, 
Gemini surfactants and silanes to achieve better compat-
ibility and dispersion of clay platelets in the polymer 
matrix [12–14]. Prado and Bartoli [10] have used emulsion 
polymerization assisted by sonication for the preparation 
of exfoliated/intercalated and intercalated morphologies 
of PMMA/OMMT nanocomposites. However, achieving 
the total exfoliation of clays in polymers matrix remains a 
challenging task and is still constrained in its realization.

Alexandros et al. [2] prepared poly methyl methacrylate/
organo modified montmorillonite nanocomposites by in situ 
bulk polymerization method. The structures and morpholo-
gies of the prepared nanocomposites results have indicated 
that exfoliation is more possible to take place in case of 
nanocomposites with low amounts of organo modified mont-
morillonite. However, the thermal stability of nanocompos-
ites was improved by increasing the amounts of OMMT.

In the first aim of this work, a try was made to prepare 
exfoliated structure of PMMA/OMMT nanocomposites by 

in situ polymerization in the presence of organo modified 
local (Algerian) montmorillonite with different amounts 
(1–7%) knowing that the improvement in thermal stability 
of the nanocomposites is mainly due to exfoliated struc-
ture, in which the interaction between the clay and the 
polymer is maximized, the clay surface area available for 
the polymer matrix is larger [15]. So, the thermal stability 
improvement of prepared nanocomposites is investigated.

In the other hand, it is known that the textile industry is a 
major cause of water pollution because of the important vol-
umes of extensively contaminated wastewater that it discharges 
into the environment [16]. The textile dyes are among of haz-
ardous chemical compounds presented in the textile effluent 
which are toxic to aquatic and non-aquatic organisms and 
can cause cancer for humans [17, 18]. As a result, the direct 
discharge of textile effluent into water causes ecosystem and 
health problems [19, 20]. Azo dyes are the most often used 
dyes in the industrial textile.

(Approximately 70% of all dyes), Since they are high solu-
ble in the water, the azo group (–N=N–) is stable [21, 22]. 
Complex aromatic structures in azo dyes (–N=N– groups) 
prevent biodegradation, allowing them to survive in the envi-
ronment for lengthy periods of time [23]. Given the envi-
ronmental effect caused by dye pollution, effective methods 
should be used to treat textile wastewater polluted by coloring 
agents, such as azo dyes, before their release into the environ-
ment. Among several physical and chemical techniques used 
to removal of azo dye effluents such as coagulation–floccula-
tion [24], electrocoagulation [25, 26], photocatalysis [27–29], 
membrane filtration [30, 31], and several other techniques, 
adsorption techniques are widely used due to their simplic-
ity, low cost and ease of process. To remove dyes from aque-
ous environments, many different types of adsorbents have 
been used, including activated carbon [32–34], agricultural 
and industrial wastes [35], biosorbents [36, 37], clays [31, 
38–41] and clay-polymer nanocomposites [42–44], but the 
use of clay/PMMA nanocomposite as adsorbent for dyes is 
not investigated yet. The novelty of our study lies in utilizing 
PMMA/Organo-Algerian montmorillonite as an eco-friendly 
and cost-efficient adsorbent for the removal of the azo dye 
(Nylosan Red dye) from aqueous solutions. Moreover, we 
investigate the reusability of the nanocomposite adsorbent to 
further minimize the cost of treating polluted water. This com-
prehensive exploration aims to contribute to both the advance-
ment of polymer nanocomposites and the effective treatment 
of wastewater contaminated with azo dyes, addressing critical 
environmental and health concerns.
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Experimental

Materials

Methyl methacrylate monomer (MMA) with density of 
0.936 g cm−3 and Benzoyl peroxide initiator (BPI) was 
purchased from Alfa Aesar, the MMA was purified by 
distillation under reduced pressure, Octadecylamine, 
Dichloromethane and Hexane were purchased from Sigma 
Aldrich, Methanol from Biochem. The azo dye (Nylosan 
Red N-2RBL) was purchased from Varian, with a molecu-
lar weight of 587.97 g mol−1 and solubility in water of 
80 g L−1 [39], and its chemical structure is depicted in 
Fig. 1. Pristine MMT with a cation exchange capacity 
(CEC) of 95 meq/100 g of clay was procured from Magh-
nia plant, west of Algeria [45].

Organomontmorillonite synthesize

Prior to the modification of clay and its later use in polym-
erization, impurities must be separated from natural MMT. 
The purification of available natural montmorillonite 
(MMT) was carried out in the following manner:

In order to eliminate the organic impurities, the mont-
morillonite was first rinsed with distilled water and hydro-
gen peroxide (30%) using a stirring process for 48 h. The 
mixture was then rinsed in distilled water at room tempera-
ture numerous times and dried in the oven at 50 °C for 7 
days. The recovered montmorillonite was added into solu-
tion of NaCl with 1CEC of clay and agitated at 70 °C for 8 
h. The suspension was rinsed many times by centrifugation 
method with distilled water until negative test of Cl− ions 

that was detected with AgNO3 solution test. The recovered 
clay was dried at 80 °C for one day in the vacuum oven.

The obtained product was crushed and sieved (< 90 μm). 
After that, the montmorillonite suspensions were placed 
in centrifuge tubes and then suctioned out with a syringe 
to recover the montmorillonite fraction with a particles 
size < 2 μm. The discarded materials were gathered and 
stored for future use. To gather a sufficient amount of frac-
tionated montmorillonite, the operation was repeated many 
times for each sampling.

The recovered suspension was then dried at 80 °C and 
milled with a mortar. The obtained fractionated clay was 
designed as FNaMMT [45]. The organomontmorillonite 
was synthesized by cationic exchange mechanism between 
the fractionated montmorillonite and the alkyl ammonium 
(ODA) in aqueous media. 30 g of FNaMMT were added into 
500 mL of hot water (80 °C) and agitated for 1 h. 7.68 g of 
ODA was dissolved in a mixture of distilled water and HCl 
(36%) at 80 °C for 3 h with agitating. The obtained mixture 
was left to itself at ambient temperature without agitating 
for one day. The product was washed several times with hot 
distilled water (80 °C) until negative test of Cl− anions using 
AgNO3 tests. The precipitate was then dried to obtain orga-
nomontmorillonite (OMMT).

Synthesize of PMMA/OMMT nanocomposites

According to the typical method for synthesis of PMMA/
OMMT nanocomposites with a 1% of clay loading, 0.1 g 
of OMMT was first dispersed into 30 mL of distilled tol-
uene and magnetically stirred for an entire night at room 
temperature.

This suspension was mixed with 9.9 g of MMA mono-
mer and 0.097 g of benzoyl peroxide initiator (BPI) and 

Fig. 1   Chemical structure of the 
anionic azo dye (Nylosan Red 
N-2RBL)
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magnetically stirred for 5 h 75 °C in inert atmosphere. The 
obtained product was separated after dissolution in n-Hex-
ane and precipitated in methanol.

The obtained PMMA/OMMT nanocomposites were dried 
at 80 ° for 5 h.

Adsorption of Nylosan Red dye experiments

The adsorption of the azo dye (Nylosan Red) onto PMMA/
(7 mass% of OMMT) nanocomposite sample was studied in 
batch adsorption experiments. In this study, the parameters 
of pH of the solution, contact time, and dye concentration 
were examined.

The kinetic study was carried out at 20 °C. Several solu-
tions of NR dye of 25 mL and initial concentrations of 25, 
50 and 100 mg L−1 were prepared. They were combined 
with 20 mg of nanocomposite in closed agitated flasks 
(300 rpm). The residual dye concentration in each flask was 
measured after increasing contact time (between 2.5 and 
180 min). Batch pH studies were carried out by addition of 
20 mg of the nanocomposite into 25 mL of each dye solution 
(200 mg L−1) in closed agitated flasks (300 rpm) for 18 hat 
20 °C; the pH values were ranging from 2 to 12. The pH of 
the solutions was adjusted with NaOH or solution HCl by 
using a pH meter.

The equilibrium adsorption experiments were carried out 
in closed flasks containing 20 mg of nanocomposite and 25 
mL of dye solution with initial concentrations ranging from 
20 to 600 mg L−1 for 18 h at 20 °C.

The thermodynamic adsorption experiments were carried 
out in closed flasks containing 20 mg of nanocomposite and 
25 mL of azo dye solution of initial concentration 50 mg L−1 
for 2 h at different temperatures 25 °C, 35 °C and 45 °C.

After separation, the dye equilibrium concentrations 
(qe) were measured by spectrophotometry (Shimadzu UV-
2101PC) at 502 nm. The NR equilibrium concentrations 
were determined using Eq. (1) after calibration with a high 
regression coefficient value of 0.999:

The difference between the initial and equilibrium NR 
concentrations was used to calculate the quantity of adsorbed 
NR (qe):

Where qe is the quantity of adsorbed dye per unit mass of 
nanocomposite (mg g−1), Ci and Ce: are the initial and equi-
librium azo dye concentrations (mg L−1), respectively, m: is 
the mass of utilized nanocomposite, and V: is the volume of 
dye solution (25 mL). The adsorption efficiency of the azo 
dye was calculated by following equation:

(1)Ce = (Abs−0.097)∕0.01

(2)qe =
(

Ci − Ce

)

⋅ V∕m

Characterizations

X-ray diffraction patterns were followed up by a BRUKER 
diffractometer with CuKα radiation source (λ = 1.54 Å). The 
basal spacing (d001) of the montmorillonite layers was cal-
culated using Bragg’s equation Eq. (4):

All scanning was done in 2θ range between 1 and 10°.
The Infrared spectroscopy (FTIR) measurements were 

recorded on a Shimadzu spectrophotometer (FTIR-8300), 
using the KBr compacted disc technique.

Thermal gravimetric (TG) and deferential thermal analy-
sis (DTA) analysis were performed on DW5470H63 STA 
analyzer under nitrogen atmosphere, and heating from room 
temperature to 700 °C, at the rate of 10 °C min−1.

The scanning electronic microscopy (SEM) images were 
performed with a field emission scanning electron micros-
copy (SEM, Quanta 250).

The transmission electronic microscopy (TEM) images 
of the nanocomposites were obtained using a Philips CM20 
instrument operating at 200 kV equipped with Energy Dis-
persive X-ray Spectrometer (EDS).

The Point of zero charge (pHpzc) of selected nanocom-
posite for adsorption was determined by NaCl salt addition 
method.

Results and discussion

SEM results

SEM was used to examine the morphology of organomont-
morillonite (OMMT) and the fractured surfaces of Charpy 
impact samples to evaluate the dispersion of OMMT in 
PMMA matrix, and the SEM microphotographs are shown 
in Fig. 2.

Figure 2a shows an excellent dispersion of octadecylam-
monium in the montmorillonite. Figure 2b–e reveals that 
OMMT microsheets disperse homogeneously in PMMA 
matrix although they do not show an exfoliated-intercalated 
nanostructure. The interfaces between OMMT sheets and 
PMMA matrix are blurry, which indicates that the interfacial 
interaction between PMMA matrix and OMMT microsheets 
is improved mainly due to the modification of MMT by octa-
decylammonium. PMMA/OMMT nanocomposites are antic-
ipated to significantly improve the mechanical and flame 
retardant properties of polymer due to the well-dispersed 

(3)R (%) =
[(

Ci − Ce

)

∕Ci

]

× 100

(4)2d ⋅ sin �max = n�
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organoclay microsheets and increased interfacial contact 
between PMMA matrix and organoclay microsheets [46].

XRD results

Due to its high interlayer spacing, the virgin Algerian mont-
morillonite was chosen for this study. According to the 
JCPDS card (No. 00-046-1045), the XRD pattern in Fig. 3a 

shows a typical reflection of fractionated organoclay pow-
der OMMT at 2θ = 4.22° (d-value = 20.92 Å). This increase 
in d-value, relatively to the pristine sodic montmorillonite 
(15.24 Å) can be explained by the incorporation of an impor-
tant amount of octadecylammonium inside the interlayer 
space [45]. The neat PMMA (0%) sample without organo-
clay (Fig. 3b) showed no reflection in 2θ range, the amor-
phous phase of the polymer is responsible for this property.

Fig. 2   SEM images illustrating 
PMMA/OMMT nanocom-
posites with various OMMT 
loadings: a 0%, b 1%, c 3%, d 
5% and e 7%
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The XRD patterns of the PMMA-ODA samples con-
taining 1% and 5% mass of OMMT showed a shoulders 
at 2θ = 2.46° (d-value = 35.07 Å); these shoulders could 
be associated with an intercalation structure (Fig. 3c–e). 
Whereas PMMA/OMMT samples containing 3% and 7% 
mass of OMMT showed light shoulders (Fig. 3d–f). Whether 
these shoulders were a real reflection or not, it seems that 
well clay dispersions were produced in PMMA matrix, 
this probably due to certain exfoliated and intercalated 
structures.

Furthermore, during the polymerization of these nano-
composites with vigorous stirring, the (MMA monomer-
solvent) mixture inserted in clay interlayers and the growth 
of polymer chain pushed the clay layers apart to the point 
where the d-value could not be seen with XRD (2θ > 1°).

Some studies Kowalczyk et al. [47], Valandro et al. [48], 
Tsai et al. [49], Morgan et al. [50] reported that XRD is used 
to determine the basal spacing (d001)-value in intercalated 
structure. However, it is not always able to identify exfoli-
ated nanocomposite with no XRD reflections or detect low 
clay loadings (less than 5%).

Consequently, the XRD technique is useful for identifying 
the clay's dispersion state in the polymer matrix, it does not 
give a full picture of the extent of intercalation and exfolia-
tion of organo modified clays.

TEM results

A complementary technique to XRD analysis, transmission 
electron microscopy (TEM) provides further details on the 
dispersion state of clay in the polymer matrix.

The TEM analyses were only carried out for the PMMA/
ODA1% which presented shoulder reflection and PMMA-
OMMT7% where almost no reflection is observed in the 
XRD patterns. Figure 4a shows TEM image of PMMA/
OMMT1% sample that revealed good dispersed and diso-
riented clay platelets, exfoliated layers and clay layer stacks 
are also depicted in the figure. However, Fig. 4b shows an 
intercalating tactoids consisting of a stacking of many plate-
lets presenting in the polymer.

Therefore, TEM pictures of the PMMA/OMMT1% nano-
composite displayed a mixed morphology of intercalated and 
exfoliated structures, or partially exfoliated nanocomposite.

On the other hand, Fig. 4c shows TEM image of PMMA/
OMMT7% sample and revealed clear exfoliated clay 
platelets.

TG and DTA results

Figure 5a–e illustrates thermogravimetric analysis of pre-
pared pristine PMMA 0%and PMMA/OMMT (1, 3, 5 and 
7%) nanocomposites; the analysis was carried out in nitrogen 
atmosphere to determine the mass loss caused by thermal 
degradation. Figure 5a shows that the degradation of pure 
PMMA occurs through two main reaction stages; the first 
stage at temperatures ranging from 160 to 240 °C, which can 
be split into two steps; decomposition of weak head-to-head 
links and impurities, and decomposition of the ends of chain 
polymer at about 270 °C. The second stage at temperatures 
ranging between 300 and 450 °C, which could be attributed 
to random scission of the polymer chains. Our results were 
in agreement with the finding reported by Hirata et al. [51]. 
McNeill et al. [52] reported a study of thermal degradation 
of PMMA in inert atmosphere and have been found two 
temperatures of 285 °C and 380 °C for both two degradation 
steps of PMMA which, respectively, were attributed to the 
unzipping and random scission reactions.

The temperatures at 5% (T5%) and 50% (T50%) of mass 
loss, Tmax and the Tg temperatures are summarized in 
Table 1.

The T5% of mass loss for pristine PMMA is around 
180 °C; however, at the same temperature, the percentage 
(%) of mass loss of the nanocomposites at various OMMT 
loading (1, 3, 5 and 7%) are gradually decreasing (4.5, 3.5, 
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2.8 and 2.7%), respectively. It can be also observed from 
Table  1 that the temperature at 5% degradation T5% is 
increasing slightly as the OMMT loading increases (excep-
tion was noted for 7% OMMT loading). The mass loss at 5% 
is probably caused by the degradation of both nanofillers 
(OMMT) and weak linkage of PMMA.

Therefore, the clay’s barrier property, confinement, and 
cross-linking function contribute simultaneously to the 
enhancement of the thermal property.

The temperature at 50% of mass loss of the PMMA is 
approximately 326 °C. At this temperature, the mass loss 
of the various nanocomposites was significantly decreased. 
The T50% for PMMA 1% and 3% of OMMT loading was 
significantly increased from 326 °C to 379 and 382 °C, 
respectively. Meanwhile, it decreases for PMMA 7% sam-
ple. The temperature at a maximum rate of degradation 
Tmax determined by the second peak of the first derivative 
reveals a significant increase in temperature when 1% of 
OMMT was added (≈ 17 °C higher). The temperature gradi-
ent was jumping to 394 °C when 3% of OMMT was loaded 
(≈ 34 °C higher). Consequently, PMMA/OMMT nanocom-
posites showed an improvement in thermal stability when 
is compared to the virgin polymer, which is consistent with 
literature data [6].

In order to investigate the mobility of the PMMA chain, 
the Tg (glass transition temperature) was determined using 
the DTA analysis. The DTA results of pristine PMMA and 
PMMA/OMMT nanocomposites are also shown in Table 1. 
Tg rises from 109 to 122 °C when 1% of OMMT content was 
added (≈ 14 °C higher). At 3% of OMMT loading, the Tg 
increases slightly (≈ 6 °C) as compared to the virgin poly-
mer. At 7% of OMMT content, the Tg increases and reaches 
129  °C (≈ 21  °C higher). This can be explained when 
OMMT content increases, the molecular chains of PMMA 
restricted by OMMT sheets increase in the nanocomposites 
and the cross-linking points and density also increase; this 
promotes the enhancement in the temperature of thermal 
decomposition and Tg (glass transition temperature), thus, 
an enhancement in the thermal stability of the nanocom-
posites [6].

FTIR results

The FTIR spectra of fractionated (FNaMMT) and the cor-
respondent organoclay (OMMT) are shown in Fig. 6a and 
b, respectively. As shown in Fig. 6a, transmittance peaks of 
FNaMMT show O–H stretching vibrations of silicate lay-
ers at 3638 cm−1 and bending vibrations of O–H groups 
at 1641 cm−1, the Si–O stretching vibration is observed 
at 1100  cm−1. The Si–O–Al bending vibrations are 
detected in the range of 500–700 cm−1.The band located at 
798 cm−1may be due to the amorphous silica presented in 
the montmorillonitic clay [53].

In Fig. 6b the peaks at 2921 and 2862 cm−1correspond, 
respectively, to asymmetric and symmetric C–H stretching 
vibrations of alkylic group of the ODA surfactant [54]. The 
peaks at 1500 cm−1 correspond to the N–H bending of halo-
alkylic group (CH3–Cl), due to the intercalation of ODA 
surfactant [55].

Figure 7 shows FTIR spectra of pure PMMA (Fig. 7a) 
and PMMA/OMMT nanocomposites (Fig. 7b–e) samples. 
In Fig. 7a, the absorption bands at 2950 and 2845 cm−1 
are attributed to CH2 stretching, and the bands at 1465 
and 756 cm−1 are assigned, respectively, to the bending 
and rocking vibrations of CH2 of PMMA chains. The 
band located at 1733 cm−1 corresponds to the stretching 
vibrations of C=O group of pristine PMMA. After the 
preparation of PMMA/OMMT nanocomposites, it can be 
observed that after incorporation of OMMT in PMMA 
matrix, the stretching vibration of the C=O group appear-
ing at 1733 cm−1 for pristine PMMA was shifted to lower 
values (1730 cm−1) Fig. 7b–e [56]. The peak appeared 
at 1627 cm−1 is attributed to the hydrogen-bonded car-
bonyl groups [55]. Furthermore, the absorption peak 
at 3638  cm−1 corresponds to OH stretching presented 
in OMMT sample (Fig. 6a) and shifts to a lower value 
3628 cm−1. As a result, there is an interaction between 
molecular chains of PMMA and OMMT. Thus, the FTIR 
analysis has clearly demonstrated that the OMMT has been 
successfully incorporated into the polymer matrix.

Fig. 4   TEM images of PMMA/
OMMT with: 1% OMMT load-
ing a partial exfoliation and b 
partial intercalation, 7% OMMT 
loading c exfoliation.
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Fig. 5   TG, DTG and DTA curves of PMMA/OMMT nanocomposites with different OMMT loading: a 0%, b 1%, c 3%, d 5% and e 7%

Table 1   TG and DTA results 
of PMMA and PMMA/OMMT 
nanocomposites

% OMMT % of degrada-
tion T = 180 °C

% of degrada-
tion T = 201 °C

% of degrada-
tion T = 326 °C

T5%/°C T50%/°C Tmax/°C Tg/°C

0% 5 10 50 180 326 360 109
1% 4.5 7.4 20.5 184 379 377 122
3% 3,5 7.2 24.23 189 382 394 114
5% 2,8 4.1 13.25 207 – 368 180
7% 2,7 8.2 29.46 189 371 392 129
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pH at point zero charge

The zero charges point (pHpzc) is a critical parameter 
which indicates a pH-value where the surface charge 
on the adsorbent has a zero charge. Thereby, the surface 
charge of solid is negative if pH > pHpzc and positive if 
pH < pHpzc.

The pH of suspension of the selected sample for adsorp-
tion (0.15 g of PMMA/OMMT, 7 mass%) and NaCl aque-
ous solution (50 mL, 0.01 mol L−1) was adjusted to ini-
tial values ranging from 2 to 12. The suspensions were 

agitated 48 h at room temperature, and the variation of pH 
(ΔpH = pHfinal−pHinitial) was measured and plotted versus 
the initial pH. The pHPZC is identified as the point at which 
the variation of pH is equal to 0, as shown in Fig. 8. The 
pHpzc of nanocomposite was found to be at a pH = 6.8.

Dye adsorption results

Effect of pH

The surface charge of the adsorbent can be affected by 
the pH of the solution, which creates the essential force 
between the adsorbent and the adsorbate [57].

Figure 9 shows the pH effect on the adsorption of the 
azo dye onto nanocomposite sample.

As can be seen from figure, the adsorption capacity remains 
stable throughout the pH range (2–12) indicating that the 
adsorption is independent of pH.

The similar results were reported by Kırans et al. [58] for 
studying the adsorption of an anionic dye onto organoclay. 
Hence, we conclude that the pH has no effect on the adsorption 
capacity of organoclay/PMMA nanocomposite. This behavior 
was explained by electrostatic interactions between the nega-
tive charges of the SO3

− group of the dye and the positive 
charges of the ammonium groups of the surfactant containing 
in nanocomposite adsorbent [58].

Effect of contacting time and kinetics modeling

Equilibrium contacting time is a crucial parameter in economic 
wastewater treatment systems [59]. The adsorption kinetics of 
dye on PMMA/OMMT nanocomposite with initial concentra-
tions of 25, 50 and 100 mg L−1 at 293 K was examined and 
the results are illustrated in Fig. 10a. The equilibrium time of 
adsorption was reached very rapidly within 20 min.
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The pseudo-1st order kinetic model, pseudo-2nd order 
kinetic model and intraparticle diffusion mode were used to 
examine the adsorption kinetics.

Pseudo-1st order kinetic model Eq. (5):

where qt and qe are, respectively, the adsorption amount at 
instant t and at equilibrium (mg g−1), t is the contacting time 
(min) and k1 is the kinetic coefficient (min−1);

(ii) Pseudo-2nd order kinetic model Eq. (6):

(5)ln
(

qe − qt
)

= ln qe − k1t

where k2is the kinetic coefficient (g mg−1 min−1).
(iii) Intraparticle diffusion model Eq. (7):

According to the experimental results, pseudo-first 
order kinetic model, pseudo-second order kinetic model 
and intraparticle diffusion mode has been compared to 
examine the adsorption rate, and the results are repre-
sented in Table 2. We have found that the pseudo-second 
order kinetic is the appropriate model for describing the 
adsorption and with R2 near to 1; the model is in accord-
ance with the experimental data from 0 to 240 min. The 
theoretical adsorption capacities of 8 mg  g−1 (C0 = 25 
mg L−1), 28.57 mg/g (C0 = 50 mg L−1) and 100 mg g−1 
(C0 = 100 mg L−1) were, respectively, near to the experi-
mental values of 9.52, 32.38 and 101.75 mg  g−1. The 
pseudo-second order kinetics modeling curves are repre-
sented in Fig. 10(b).

Effect of initial azo dye concentration and adsorption 
isotherm

The adsorption capacity (qe) and adsorption efficiency per-
centage (R (%)) of the azo dye at the equilibrium onto adsor-
bent (PMMA/OMMT) versus initial dye concentration was 
plotted (Fig. 11). It can be seen that at low initial dye concen-
trations (≤ 100 mg L−1), there is a high adsorption efficiency 

(6)t∕qt = 1∕k2q
2
e
+ t∕qe

(7)qt = Kd ⋅ t
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Fig. 10   Adsorption kinetic of 
Nylosan Red dye onto PMMA/
OMMT nanocomposite (a), and 
pseudo-second-order kinetics 
modeling (b)
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(85%), and it was unchanged in this range of concentrations. 
The adsorption capacity (qe) is strongly increased to 98 mg/g 
with increasing in initial azo dye concentration at low con-
centrations. However, the adsorption efficiency is decreased 
gradually from 85 to 70% by increasing of initial dye con-
centration from 100 to 300 mg  L−1, and the adsorption 
capacity (qe)was still increased to qe = 270 mg g−1. In the 
last range concentration (300–600 mg L−1), the adsorption 
efficiency percentage is strongly decreased from 70 to 36%. 
Moreover, the adsorption capacity (qe) is slowly increased 
from 270 to 280 mg g−1 with increasing initial dye con-
centration. Before plotting of adsorption isotherm, the type 
(L) is the appropriate model. Because in this isotherm, the 
adsorption is high in low initial concentrations of adsorbate 
and become less in high concentration until saturation of 
adsorption sites. The isotherm adsorption of Nylosan Red 
dye onto PMMA/OMMT 7% nanocomposite is represented 
in Fig. 12.

The adsorption isotherms at equilibrium can be graphi-
cally depicted by plotting of solid phase amounts versus 
liquid phase concentrations.

In order to explain the interactions between the adsorbent 
and adsorbate, different theories concerning the adsorption 
equilibrium isotherms have been proposed, single compo-
nent adsorption isotherm equations have been examined in 
the present paper, namely Langmuir (L), Freundlich (F) and 
Dubinin–Radushkevich (D–R). The linearized form of these 
isotherms was represented by the following equations:

The Langmuir isotherm is given by the Eq. (8), which 
implies that adsorption takes place at homogenous sites 
located in the adsorbent surface Eq. (8) [60]:

where qe is the quantity of azo dye adsorbed per gram of 
adsorbent (mg g−1). Ce is the equilibrium remaining concen-
tration of azo dye in solution (mg L−1). qm is the maximal 
adsorption capacity (mg g−1), which corresponds to total 
monolayer coverage and k is a constant related to the energy 
or net enthalpy.

Equation (9) [60] gives the Freundlich isotherm, which is 
used to describe adsorption tests occurring on heterogeneous 
adsorbent surfaces:

(8)Ce∕qe = 1∕kqm +
(

1∕qm
)

Ce

Table 2   Kinetic constants for Nylosan Red dye adsorption onto PMMA/OMMT 7% nanocomposite

Pseudo first-order Pseudo-second-order Intraparticle diffusion model

qe (exp)/mg g−1 qe (The)/mg g−1 k1/min−1 R2 qe (The)/mg g−1 K2/g mg−1 min−1 R2 Kd/mg g−1 t0.5 C/mg g−1 R2

25 mg/L 9.52 4.1 0.143 0.515 8 0.044 0.998 1.09 5.90 0.779
50 mg/L 32.38 3.90 0.012 0.440 28.57 0.005 0.991 7.62 24.89 0.746
100 mg/L 101.75 10.50 0.216 0.905 100 0.025 0.999 2.34 92.56 0.848

Fig. 11   Influence of initial 
Nylosan Red dye concentration 
on the adsorption capacity and 
the percentage dye removal by 
PMMA/OMMT 7% nanocom-
posite
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where Kf and n are the Freundlich constants associated with 
adsorption capacity and adsorption intensity that can be 
determined, respectively, from the intercept and slope of 
log qe versus LogCe plot.

The Dubinin–Radushkevich isotherm model given by the 
Eq. (10) [60] does not assumes a constant sorption potential. 
It can be noted that it is more general than the Langmuir 
model:

where B is a constant associated with adsorption energy 
(mol J−1), qm is the theoretical adsorption capacity (mg g−1), 
and ε is the Polanyi potential. B and qm may be calculated, 
respectively, from the slope and intercept of lnqe versus ε2.

According to the obtained results (Fig. 13 and Table 3), 
the best experimental data fit for azo dye was obtained by the 
Langmuir isotherm model (high R2 value compared to Fre-
undlich and Dubinin–Radushkevich isotherms models) with 
maximum monolayer adsorption capacity of 309.6 mg g−1 
(0.53 mmol g−1).

Thermodynamic study

The adsorption thermodynamic is investigated for nanocom-
posite sample.

The adsorption capacity of azo dye at different tempera-
ture (25 °C, 35 °C and 45 °C) were plotted and represented 
in Fig. 14a. It is clearly noticed that the adsorption capacities 

(9)Logqe = Logkf + (1∕n)LogCe

(10)
ln qe = ln qm − B�2

� =RT ln
(

1 + 1∕Ce

)

of azo dye increases (22–34 mg g−1) with increasing of tem-
perature within the temperature range (25–45 °C). It means 
that the adsorption process was endothermic. From these 
results, thermodynamic parameters including the variation in 
free energy (ΔG°) with three temperatures, enthalpy (ΔH°) 
and entropy (ΔS°) were used to describe thermodynamic 
behavior of the adsorption of azo dye onto nanocomposite. 
To calculate the thermodynamic parameters, we used the 
following equation to determine the Gibbs free energy at 
three temperatures:

w h e re  R  i s  t h e  c o n s t a n t  o f  p e r fe c t  ga s 
(R = 8.314 J mol−1 K−1), T is the temperature of adsorb-
ate–adsorbent suspension (K), Kd is the distribution constant, 
can be expressed as: Kd = qe/Ce, qe and Ce are the adsorption 
capacity (mg g−1) and remaining concentration of dye solu-
tion (mg L−1), respectively.

The relationship between ΔG°, ΔH° and ΔS° is given by:

Substituting Eq. 11 into 12, we obtained the well-known 
vant’ Hoff equation:

The enthalpy (ΔH°) and entropy (ΔS°) of adsorption 
were estimated from the slope and intercept of the plot 
of ln Kd versus 1/T, respectively. (slope = − ΔH°/R and 
intercept = ΔS°/R). The curve Ln Kd = f(1/T) and calcu-
lated thermodynamic parameters are illustrated in Fig. 14b 
and Table 4, respectively. The positive value of ΔH°, 33.2 
kJ mol−1, indicates an endothermic adsorption process for 
azo dye, the positive value of ΔS°, 106.5 J mol−1 K−1, sug-
gests an increase in the randomness at the solid/solution 
interface during the adsorption reaction. The results revealed 
also that as the temperature was increased; negative val-
ues of (ΔG) were found to increase, which indicate that the 
adsorption is energetic and more favorable.

Additionally, the ΔH value can be used to indicate the 
nature of adsorption, physisorption (5–50 kJ  mol−1) or 
chemisorption (50–80 kJ mol−1) [38]. Therefore, adsorption 
of azo dye onto nanocomposite sample is physical adsorp-
tion dominated by van der Waals forces between nanocom-
posite molecules and azo dye molecules. The adsorption 
rate in this nature was also high. Therefore, increasing the 
temperature is beneficial to improve the adsorption of azo 
dye onto nanocomposite.

Reusability of nanocomposite adsorbent

We have thoroughly investigated the reusability of the 
prepared adsorbent. To assess its practical applicability, 

(11)ΔG
◦

= −RT lnKd

(12)ΔG
◦

= ΔH
◦

− TΔS
◦

(13)Ln Kd = −ΔH◦∕RT + ΔS◦∕R
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Fig. 12   Adsorption isotherm of Nylosan Red dye onto PMMA/
OMMT nanocomposite
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we conducted three consecutive cycles of azo adsorption 
using the nanocomposite sample, as illustrated in Fig. 15. 
The results of our study demonstrate that the adsorption 
capacity of the nanocomposite sample experienced only a 
marginal decrease of 12% after three cycles of utilizing the 
adsorbent. This minor reduction is deemed insignificant 
and underscores the remarkable stability and reusability 
of the nanocomposite in the context of azo dye adsorption.

Comparison of the current study with earlier studies

For comparison with the PMMA/OMMT nanocomposite, 
numerous adsorbents for NR azo dye have been reported 
and listed in Table  5. The nanocomposite sample has 
higher adsorption capacity than the adsorbents mentioned 
in the earlier reported studies. This study showed that the 
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Table 3   Langmuir, Freundlich and D–R constants for the adsorption of Nylosan Red dye on PMMA/OMMT 7% nanocomposite

Langmuir Freundlich Dubinin–Radushkevich

qm/mg g−1 KL/L mg−1 R2 Kf n R2 qm/mg g−1 B°10–5/mol J−1 R2

309.6 0.031 0.997 39.16 2.735 0.961 261.25 7.66 0.852
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prepared nanocomposite is able to remove high amounts 
of azo dye and can be employed when very polluted waters 
should be treated.

Conclusions

In this study, the synthesis and comprehensive characteri-
zation of exfoliated PMMA/OMMT nanocomposites were 
undertaken, focusing on the morphological, structural, 
thermal, and adsorption properties of the resulting mate-
rials. SEM analysis revealed excellent and homogeneous 
dispersion of OMMT microsheets in the PMMA matrix. 
XRD patterns demonstrated an increase in d-value, sup-
porting effective intercalation of octadecylammonium 
within montmorillonite layers. TEM analysis provided 
complementary insights, particularly for PMMA/OMMT 
1% and PMMA-OMMT7%, revealing a mixed morphology 
of intercalated and exfoliated structures. The TEM images of 
PMMA/OMMT 1% demonstrated well-dispersed and diso-
riented clay platelets, while PMMA/OMMT 7% exhibited 
clear exfoliated clay platelets. Thermal analyses (TG and 
DTA) revealed that the thermal stability of PMMA/OMMT 
nanocomposites was significantly improved (approximately 

20

35

30

25

15

10

5

0

10 15

0.5

0.0

0.0031 0.0032 0.0033

– 0.5

(a)

(b)

20 25 30 35 40 45 50 55 60

T/°C

1/T/K–1

In
k d

q e
/m

g 
g–

1

Fig. 14   Effect of temperature on adsorption capacity of nanocompos-
ite sample (a) and ln Kd versus 1/T graph employed in the evaluation 
of thermodynamic parameters (b)

Table 4   Thermodynamic parameters of azo dye adsorption on nano-
composite

T/K ΔG°/kJ mol−1 ΔH°/kJ mol−1 ΔS°/J mol K−1

293.15 0.98 33.2 106.5
303.15 − 0.32
313.15 − 1.06
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Fig. 15   Reusability performance of nanocomposite for the adsorptive 
removal of azo dye (C0: 50 mg L−1; T: 25 °C; t = 2 h)

Table 5   Comparison of adsorption capacity of Nylosan Red dye on to 
various adsorbents

Adsorbents Qmax/mg g−1 References

Cynara cardunculus (CARD) 83.33 [37]
Eucalyptus globulus (EUCA) 83.33 [37]
Prunus cerasifera (PRUN) 76.92 [37]
Activated carbon (CGAC120) 116 [34]
HS 25.18 [40]
Fractionated sodium montmorillonite 201 [39]
PMMA/OMT nanocomposite 309.6 This study
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34 °C higher) in comparison with pure PMMA. The glass 
transition temperature (Tg) of pure PMMA increases fol-
lowing the incorporation of organomontmorillonite into the 
polymer matrix, exhibiting an elevation of approximately 
21 °C. FTIR spectra confirmed successful OMMT incorpo-
ration into the polymer matrix, with shifts in specific peaks 
indicating interactions between PMMA and OMMT. The 
adsorption study revealed efficient removal of azo dye, with 
stable performance over three usage cycles, showcasing the 
remarkable reusability of the PMMA/OMMT nanocompos-
ite. Furthermore, the thermodynamic analysis suggested an 
endothermic and energetically favorable adsorption process, 
dominated by physical adsorption forces. The nanocompos-
ite displayed high adsorption capacities, outperforming vari-
ous reported adsorbents for azo dye. This study establishes 
PMMA/OMMT nanocomposites as promising materials for 
efficient and reusable removal of azo dyes from polluted 
waters.
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