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Abstract
The present paper focused on synthesizing a polyacrylamide-titanium dioxide (PAA@TiO2) nanocomposite using a cross-
linking method with N, N′-methylenebisacrylamide and then using this composite to eliminate crystal violet (CV) dye from 
water and to characterize the adsorbent by XRD, FT-IR, and SEM-EDX techniques. The characterization revealed that 
TiO2 nanoparticles dispersed homogeneously within the polymer matrix. The maximum amount of adsorption was about 
38.9 mg g−1 under the adsorbent dose of 5 g L−1, 500 mg L−1 CV dye concentration, and pH 6.9. The interaction between 
the CV molecule and the PAA@TiO2 nanocomposite surface was studied using Monte Carlo (MC) and molecular dynamics 
(MD) simulations. The negative value of the Eads (− 586.56 kcal mol−1) of the CV molecules onto the PAA@TiO2 nano-
composite surface gives credibility to the experimental results. All obtained results showed that PAA@TiO2 hybrid polymer 
nanocomposite could be an alternative adsorbent for crystal violet dye removal from wastewater.
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Introduction

The world's population growth, combined with the con-
tinuous and rapid development of industry, causes pollu-
tion along with a wide range of other issues such as climate 
change, desertification, loss of biodiversity, deforestation, 
destruction of the ozone layer, air, water, and soil pollution, 

hazardous and plastic waste, and marine and ocean pollu-
tion [1–3]. Industrial wastewater is an essential component 
of water consumption in the world today. The wastewater 
from the textile industry [4, 5], which uses large quantities 
of water in various processes such as dyeing, washing [6], 
rinsing, and finishing [7], plays a vital role in the environ-
ment and health issues [8]. Due to their mutagenic, immu-
nogenic, carcinogenic, and teratogenic characteristics, dyes 
and heavy metals are considered to be some of the most 
harmful pollutants in water systems [9, 10]. As a result, 
finding an effective technique to treat colored wastewater 
before discharge into bodies of water is essential for human 
and environmental protection. Researchers and scientists are 
trying to find solutions to the water pollution problem by 
developing new alternative materials with excellent adsor-
bent properties [11, 12].

Titanium dioxide (TiO2) has been widely researched in 
recent decades due to its potential scientific and technologi-
cal applications in a variety of fields, including both syn-
thesis methodologies and broad scientific and technological 
applications [13, 14] such as biomedical [15], environmental 
[16], and chemical researches have been discussed by a great 
number of authors in literature [17]. TiO2 is well-known 
for its excellent performance in environmental applications. 
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Because of the large catalyst surface area, TiO2 dispersed 
directly into wastewater is effective. It boosts the efficiency 
of photocatalytic reactions [18, 19]. Its tunable pore size 
makes it ideal for adsorbing a wide range of molecules [20]. 
Meanwhile, it has limitations, such as the need to replace 
the catalyst after treatment. This post-treatment procedure 
raises capital costs [21].

Recently, conducting polymer-coated TiO2 nanoparti-
cles [22], heat-treated TiO2 nanoparticles, Fe-TiO2 [23], 
and TiO2-coated PVDF membranes [24] were prepared 
for photocatalytic treatment to purify wastewater. TiO2 can 
also be modified by incorporating polymer matrices such 
as polyacrylamide, polyamide, polypropylene, polypyrrole, 
and polylactic acid [25–27]. As known with literature, PAA 
is inert hydrogel for CV dye. In studies carried out to date, 
PAA@TiO2 nanocomposite has been synthesized by various 
methods and its adsorbent properties have been investigated. 
However, as far as we know, no research has been conducted 
on the usability of this composite in the removal of crystal 
violet (CV) dye from aqueous solution and its explanation 
with Monte Carlo and molecular dynamics studies. For this 
reason, it is thought that this study will make important con-
tributions to the literature. In this paper, the removal of CV 
dye from water by using the PAA@TiO2 nanocomposite was 
studied. The prepared nanocomposite was characterized by 
several instruments. Batch adsorption experiments were con-
ducted to determine the influence of operational parameters 
such as initial pH, initial concentration, contact time, tem-
perature, and adsorbent dosage. Then, the CV adsorption 
ability was examined by analyzing adsorption isotherms, 
adsorption kinetics, and thermodynamic parameters. Finally, 
Monte Carlo (MC) and molecular dynamics (MD) simula-
tions are the approaches used to better understand the intre-
cation betwen of CV molecules and the surface PAA@TiO2 
nanocomposite.

Materials and Methods

Reagents and Instrumentation

Reagents: TiO2 nanoparticles (98% purity) were obtained 
from Sigma (USA). Acrylamide monomer (AA), ammonium 
persulphate (APS), N, N′ methylene bisacrylamide (MBSA), 
N, N, N, N-tetramethyl ethylenediamine (TEMED), and 
crystal violet (C25N3H30Cl) were obtained from Merk (Ger-
many). KNO3, HCl, C2H5OH, NaOH, and other chemicals 
were all purchased from Sigma-Aldrich. Double-deionized 
water was used in all experiments.

Instrumentation: The PAA@TiO2 nanocomposite and its 
components were characterized by measurements of scan-
ning electron microscopy (SEM, LEO-EVO 40, Cambridge-
İngiltere), energy-dispersive X-ray spectroscopy (EDX, 

Bruker-125 eV, Berlin-Almanya), and Fourier transform 
infrared spectroscopy (FT-IR, ThermoScienfiticNicolet 
6700). X-ray diffraction (XRD) was recorded by the Bruker 
D8Discover. The equilibrium concentrations were meas-
ured at λ = 590 nm by obtaining CV dye absorbance utiliz-
ing a UV–vis spectrophotometer (UV-DR-6000; Shimadzu, 
China).

Preparation of PAA@TiO2 Nanocomposite

A homogeneous combination was created by mixing 1 g of 
TiO2 in 20 mL of distilled water and 2 g of AA monomer in 
20 mL of distilled water to synthesize about 3 g of PAA@
TiO2 nanocomposite. Then a solution of 0.2 g MBSA for 
crosslinking was added and stirred. The mixture was then 
added 200 μL of TEMED and 1 g APS in the rapid cycle 
at 25 °C. Eventually, the PAA@TiO2 nanocomposite was 
obtained. The PAA@TiO2 nanocomposite dried in the oven 
at 40 °C was ground and stored in closed containers for later 
use. The synthesis of the PAA@TiO2 nanocomposite is pre-
sented in Fig. 1.

Batch Adsorption

The CV dye adsorption onto the PAA@TiO2 nanocomposite 
was tested in batch method. The batch experimental was 
carried out in a series of test tubes containing 10 mL of dye 
solution in contact with 50 mg of adsorbent at 25 °C for 
24 h. These were allowed to reach equilibrium, and then 
CV dye equilibrium concentrations were determined using a 
UV–vis spectrophotometer at λ = 590 nm. Hence, the PAA@
TiO2 adsorption capacity Q (mg g−1) and the rate of CV 
dye uptake (Removal %) were estimated using Eqs. 1 and 2, 
respectively [28]:

Ci is preliminary and Cf is the equilibrium conc. (mg L−1) 
of CV, V is the volume of CV dye solution (L), and m is the 
mass of adsorbent (g) [29].

Computational Details

The size of the models employed in the calculations was 
constructed using the Biovia software [30, 31]. The model 
surface was constructed by packing 10 chains of (10 mono-
meric units) + two TiO2 clusters and structurally optimizing 
the periodic boundary condition (PBC) cell geometry as 

(1)Q =

[

Ci − Cf

m

]

xV

(2)Removal% =

[

Ci − Cf

Ci

]

× 100
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presented in Fig. 2a. The PAA chains prior to their pack-
ing were undergone a conformer search (Random sampling 
method, Compass III forcefield, number of conformers 
1000) in order to start from the lowest energy structures 
(Fig. 2b) [32].

The PBC surface was further combined with a 45 Å vac-
uum layer [to accommodate CV molecules and solvent: 500 
water molecules] [33–35]. The Compass III forcefield was 
used for the MC simulations and molecular dynamic (MD) 
calculations [36, 37]. MD simulations in the forcite module 
of Material Studio at a temperature of 295 Kelvin (using the 
Berendsen thermostat). The duration of the simulation was 
800 picoseconds. Using the trajectory of the MD simulation, 
a radial distribution function (RDF) was generated. This was 
performed so that a forecast could be made about how the 
inhibitor molecule adsorbs [38, 39].

Results and Discussion

XRD Analysis

The XRD spectra of PAA, TiO2 nanoparticles and PAA@TiO2 
nanocomposite are given in Fig. 3. The XRD spectrum of PAA 
showed that PAA is amorphous structure. All the XRD diffrac-
tion peaks of TiO2 nanoparticles and PAA@TiO2 nanocom-
posite were observed in the patterns of anatase-type titanium 
(JCPDS Card No: 21-1272). The XRD spectrum of the PAA@
TiO2 nanocomposite showed that the anatase-type structure of 
the TiO2 nanoparticles was preserved. The strongest diffrac-
tion peaks observed around 2θ = 25.355°, and 2θ = 25.337° 
in the XRD patterns correspond to diffraction from the (101) 
plane for TiO2 nanoparticles and PAA@TiO2 nanocomposite, 

respectively. The diffraction peaks appeared around 2θ = 25. 
355°, 37.859°, 47.960°, 54.470°, and 62.581° for TiO2 nano-
particles and 2θ = 25.337°, 37.801°, 47.931°, 54.430°, and 
62.493° for PAA@TiO2 nanocomposite, respectively. XRD 
patterns showed that the peaks are due to diffraction from 
the (101), (004), (200), (105), and (204) planes of both TiO2 
nanoparticles and PAA@TiO2 nanocomposite, respectively. 
The XRD patterns given in Fig. 3 are in good agreement with 
the literature [40–42]. The peak positions of PAA@TiO2 
nanocomposite shifted to smaller degrees compared to the 
peak positions of TiO2 nanoparticles. Similar situations were 
observed at Full Width Half Maximum (FWHM) values of 
TiO2 nanoparticles and PAA@TiO2 nanocomposite. The crys-
tallite size (D) is calculated from the XRD data using Scherrer 
equation [43]:

where λ is the wavelength (0.15418 nm) of the Cu Kα radia-
tion, K is the Scherrer constant taken as 0.94, θ is the Bragg 
angle of the diffraction peak considered and β is the FWHM 
of the diffraction peak. The crystallite size (D) and residual 
strain (ε) were calculated for four diffraction peaks of TiO2 
nanoparticles and PAA@TiO2 nanocomposite by using 
equations in the literature [43] and the results are presented 
in Table 1. It is seen clearly that the crystallite size (D) val-
ues of PAA@TiO2 nanocomposite are greater than TiO2 
nanoparticles but, the residual strain (ε) values of PAA@
TiO2 nanocomposite are smaller than TiO2 nanoparticles.

(3)D =
K�

(� cos �)

Fig. 1   The schematic representation of the synthesized PAA@TiO2 nanocomposite
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FT‑IR Analysis

Figure 4 shows the FT-IR spectra of PAA, TiO2 nanopar-
ticles, and the PAA@TiO2 nanocomposite. On the FT-IR 
spectrum of TiO2 nanoparticles, the peak at 3254 cm−1 rep-
resents –OH groups. The peak at 1639 cm−1 and the peak 
at 427 cm−1 are Ti–O–Ti tensile vibrations. Ti–O peaks 
are observed at 633 cm−1 and 511 cm−1 [44, 45]. On the 
FT-IR spectrum of PAA, hydroxyl (–OH) groups band on 
the surface at 3338 cm−1 [46, 47], N–H vibrations peak 
at -3185  cm−1, CH2 stretching vibrations at 2934  cm−1, 
peaks at 1646 cm−1 and 1608 cm−1 represents C=O groups 
[48]. It represents the peak C–N vibrations at 1450 cm−1, 
the peak C–H vibrations at 1318 cm−1 and the peak NH2 
stretching vibrations at 1113  cm−1. On the FT-IR spec-
trum of PAA@TiO2 nanocomposite, a characteristic peak 
of surface –OH groups was observed at 3323 cm−1. N–H 

vibrations were observed at 3185 cm−1, CH2 at 2934 cm−1, 
C=O at 1636  cm−1 and 1449 cm−1, and C–N vibrations 
at 1449 cm−1. Ti–O and Ti–O–Ti peaks were observed at 
778 cm−1 and at 458 cm−1, respectively. The presence of 
both PAA and TiO2 peaks in the FT-IR spectra of PAA@
TiO2 confirmed PAA@TiO2 synthesis.

Figure 5 shows the comparison of the FT-IR spectra 
before and after the adsoption of CV dye on PAA@TiO2 
nanocomposite. When Fig. 5 is examined, four new peak 
formations of CV dye are seen after adsorption. For CV 
dye, O–H stretches of hydroxyl groups, phenols and water 
molecules at 3474 cm−1, C–H stretches of CH3 groups at 
2985 cm−1, C–N stretches of aromatic tertiary amine groups 
at 1355  cm−1, and C–N stretching vibrations of tertiary 
amine groups at 1170 cm−1 are characteristic peaks [49]. 
The other peak intensities that increased and decreased after 
adsorption was considered to be proof of CV dye adsorption.

SEM–EDX Analysis

The visualization of sample surface morphologies of TiO2 
nanoparticles, PAA@TiO2, and CV adsorbed PAA@TiO2 
nanocomposite has been realized using SEM–EDX analysis, 
as depicted in Fig. 6. As seen in Fig. 6a, TiO2 nanoparticles 
have an ellipsoid, spherical, and uniform size distribution 
structure [50, 51]. The EDX mapping image and EDX spec-
trum of TiO2 showed that TiO2 contained the elements Ti 
and O (Figs. 6d and g). The absence of other elements other 
than Ti and O in the EDX analysis results of TiO2 nanopar-
ticles confirms the purity of the nanoparticles.

SEM image of the PAA@TiO2 nanocomposite (Fig. 6b) 
shows that TiO2 is covered by PAA. It can be clearly seen 
that the surface morphology of the PAA@TiO2 nanocom-
posite is quite different from that of TiO2 nanoparticles, N 
and C elements were also seen along with Ti and O (Fig. 6e). 
The composite formation of TiO2 nanoparticles with PAA 
hydrogel was confirmed by the detection of C, O, N, and 
Ti elements in PAA@TiO2 nanoparticles (Figs. 6e and h).

It is evident from the surface smoothing that after adsorp-
tion, CV dye molecules aggregate on the surface of the 
PAA@TiO2 nanocomposite (Fig. 6c). The EDX mapping 
image and EDX spectrum of the CV-loaded PAA@TiO2 
nanocomposite showed that the CV-loaded nanocomposite 
included C, O, N, Ti, and Cl (Figs. 6f and i). The presence 
of Cl atoms in the structure of the CV dye after adsorption 
was evaluated as evidence for adsorption.

Effect of pH

The influence of pH on the quantity adsorbed of CV was 
studied by putting in contact with a mass of 50 mg of the 
PAA@TiO2 nanocomposite with 10 mL of the dye of a 
concentration of 500 mg L−1 and varying the pH between 

Fig. 2   Construction of PCB cell to model the PAA@TiO2 nanocom-
posite surface (a) and generated number of conformers and their cor-
responding energies (b)
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2 and 12 by the addition of hydrochloric acid (0.1 mol 
L−1) or sodium hydroxide (0.1 mol L−1) with the help 
of a pH-meter. The variations in the quantity adsorbed 
of CV according to the pH are presented in Fig. 7. The 

determination of the adsorbent’s point of zero charges 
(pHpzc) can support the understanding of the sorption 
mechanism [52]. The pHpzc of the nanocomposite was 
assessed by means of the pH drift technique [53]. At pH 

Fig. 3   XRD spectra of TiO2 nanoparticles and PAA@TiO2 nanocomposite

Table 1   The FWHM (β), the 
crystallite size (D), and residual 
strain (ε) values for TiO2 
nanoparticles and PAA@TiO2 
nanocomposite

Sample Peak 2θ FWHM (β) β.cosθ D(nm) ε (lin−2. 
m−4) × 10–4

TiO2 (1 0 1) 25.355 1.2525 0.0220 6.584 54.984
PAA@TiO2 25.337 1.1956 0.0210 6.897 52.489
TiO2 (0 0 4) 37.859 1.7348 0.0307 4.718 76.739
PAA@TiO2 37.801 1.6883 0.0299 4.848 74.681
TiO2 (2 0 0) 47.960 1.2492 0.0223 6.497 55.723
PAA@TiO2 47.931 1.2294 0.0219 6.602 54.838
TiO2 (2 0 4) 62.581 1.6586 0.0300 4.817 75.153
PAA@TiO2 62.493 1.4886 0.0270 5.368 67.442
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values greater than pHPZC, the sorbent surface bears a neg-
ative charge, supporting the sorption of positive ions, and 
at pH values lower than pHPZC, the surface bears a posi-
tive charge, adsorbing negative ions [54]. The pHpzc of the 
PAA@TiO2 nanocomposite was 4.47. It is clear that the 
adsorption of CV by the PAA@TiO2 nanocomposite took 
place when the solution pH > pHpzc, this means that the 
surface of the substrates is negatively charged at this point, 
which favors the adsorption of CV on the PAA@TiO2, 
which leads to an increase in the quantity of CV adsorbed 
with the increase in pH, as explained in Fig. 7 and the 
obtained results also show that the quantity adsorbed 
of CV increases from 27.67 to 29.95 mg g−1 when the 
pH goes from 2 to 12. This increase may be attributed 
to the presence of an electrostatic attraction between the 

negative sites on the surface of PAA@TiO2 and positively 
charged molecules of the dye [55].On the other hand, for 
pH < pHpzc, the surface of PAA@TiO2 nanocomposite is 
positively charged which leads to repulsion between the 
cations of the dye and the surface of the adsorbent [56].

Effect of Adsorbent Dosage

The influence of the PAA@TiO2 dosage on CV adsorption 
was determined; the doses were in the range of 1 to 20 g 
L−1, keeping the other parameters constant: [CV]: 500 mg 
L−1, temperature: 25 °C and pH: 6.9. The results obtained 
are presented in Fig. 8. The figure shows that the adsorp-
tion rate increases from 5.24 to 55.90% with the increase 
of the PAA@TiO2 dosage from 1 to 20 g L−1, while the 
quantity adsorbed decreases from 35.47 to 8.63 mg g−1. 
This phenomenon could be explained by the fact that an 
increase in the dose leads to an increase in the exchange 
surface, specifically the availability of the adsorption sites 
[57].

Adsorption Isotherm Models

Experimental data for CV adsorption onto PAA@TiO2 
nanocomposite were obtained at 25 °C, with the CV con-
centration in the range of 10–1000 mg L−1 concentration. 
Three isotherm models namely Langmuir (Eq. 4), Freun-
dlich (Eq. 5), and Dubinin-Radushkevich (D-R) (Eqs. 6–8) 
were employed to fit the experimental data, and parameters 
are presented in Table 2.

The fit of the experimental data to the isotherms is 
presented in Fig. 9. Comparing the fit with the Lang-
muir, Freundlich, and D-R isotherm models, it is seen 
that the Langmuir model fits the experimental data with 
a higher correlation coefficient (R2: 0.982). The fact that 
the adsorption energy value found from the D-R isotherm 

(4)Qe =
QmCe

1 + KLCe

(5)Qe = XFC
�

e

(6)Qe = XDRe
−(KDR�

2)

(7)� = RT ln

(

1 +
1

Cd

)

(8)EDR =
(

2KDR

)−0.5
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Fig. 6   SEM surface morphologies of TiO2 nanoparticles (a), PAA@TiO2 (b), and CV adsorbed PAA@TiO2 (c), and their corresponding EDX 
mapping images (d–f) and EDX spectra (g–i), respectively
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was 9.31 kJ mol−1 (E > 8 kJ mol−1) also showed that the 
adsorption process was chemical [58].

The PAA@TiO2 nanocomposite exhibited a relatively 
higher adsorption capacity than many adsorbents in the 
literature (Table 3). Therefore, PAA@TiO2 can be consid-
ered a promising adsorbent to remove CV from the aque-
ous medium.

Adsorption Kinetics

It is very important to determine the time that the adsorption 
process reaches equilibrium to define the effectiveness of the 
adsorbent in controlling water pollution. Figure 10a was exam-
ined, and it was seen that the adsorption capacity increased by 
23.90 mg g−1 in 360 min. It reached the equilibrium concen-
tration of 25.41 mg g−1 in approximately 420 min. The high 
rate of adsorption in the initial stage of adsorption is due to 
the abundance of active centers on the nanocomposite surface 
[69]. Then, with the decrease in active centers on the nano-
composite surface, the rate of adsorption slowed down. The 
abundance of functional groups on the nanocomposite surface, 
and active adsorption sites accelerated intraparticle diffusion 
[70], resulting in rapid adsorption. Rapid adsorption is one of 
the desirable properties for both small-scale and large-scale 
applications.

Pseudo-first-order (PFO) [71], pseudo-second-order (PSO) 
[72], and intraparticle diffusion (IPD) [73] kinetic models were 
preferred for the evaluation of adsorption of CV on PAA@
TiO2 nanocomposite (Fig. 10; Table 4). The linear (Eq. 9–10) 
and non-linear (Eq. 11–12) the PFO, and PSO kinetic models 
equation rate expressions are given below [74]. The IPD are 
given in Eq. 13.

(9)log(Qe − Qt) = logQe − k1t

(10)
t

Qt

=
1

k2Q
2
e

+
t

Qe

Table 2   Isotherm’s parameters were calculated from Langmuir, Fre-
undlich, and D-R isotherm models

Isotherm model Parameter Value

Langmuir Qm (mg g−1) 38.9
KL (L mg−1) 0.0078
R2 0.982

Freundlich XF 0.482
Β 0.586
R2 0.970

D-R XDR (mg g−1) 106
− KDR×109 (mol2 kJ−2) 5.78
EDR (kJ mol−1) 9.31
R2 0.962
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Fig. 9   Adsorption isotherms for CV

Table 3   Comparison of sorption 
capacities of other adsorbents 
for CV dye removal

Adsorbent type pH T (oC) Qmax (mg g−1) References

NaOH-modified rice husk 8 20 44.87 [59]
Kaolin 7 22 47.27 [60]
Modified Bambusa Tulda 7 25 20.84 [61]
Magnetic activated carbon 9.5 25 12.59 [62]
Iron-manganese oxide-coated kaolinite 7 35 20.64 [63]
Polymer nanocomposite – 50 20.92 [64]
Chitin nanowhiskers – 25 39.56 [65]
Coniferous pinus bark – 30 32.78 [66]
κ-carrageenan-g-poly(methacrylic acid) 7 – 28.24 [67]
Nanomagnetic iron oxide 7 – 16.50 [68]
PAA@TiO2 nanocomposite 6.9 25 38.90 This study
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(11)Qt = Qe

(

1 − e−k1t
)

(12)Qt =
Q2

e
k1t

Qek2t + 1

(13)Qt = kit
0.5

The correlation coefficient values ​​of the PSO non-lineer 
(R2:0.900) and lineer (R2:0.993) were found to be greater 
than the regression coefficient values ​​of the PFO non-lineer 
(R2:0.799) and lineer (R2:0.979). As shown in Table 4, the 
calculated value of non-lineer Qt (24.6 mg g−1) and lineer 
Qt (27.4 mg g−1) from the PSO model was very close to the 
experimental value of Qe (26.1 mg g−1), which indicates 
that this model is also suitable for describing the adsorp-
tion process on the surface of the PAA@TiO2. It means that 
there are no significant differences between non-linear and 
linear kinetic models and that the PSO model is the better 
option [75].

When the CV dye adsorption kinetics on the PAA@TiO2 
nanocomposite are examined, it is seen that the adsorption 
takes place rapidly up to the first 120 min (Fig. 10a). After-
ward, it is seen that adsorption increases relatively slowly 
with contact time. When 240 min has reached, the adsorp-
tion has now reached equilibrium since all adsorptive areas 
are filled with CV dye molecules. When the IPD model 
graphs (Fig. 10a) are examined, two linear parts that do not 
pass through the origin are seen. The first part represents the 
diffusion process into the boundary layer. The second part 
refers to the adsorption to the pores of the adsorbent. When 
all these results are evaluated together, it is understood that 
it is not possible to explain the adsorption kinetics with a 
single mechanism.

Adsorption Thermodynamics

Thermodynamic studies play a pivotal role in determining 
the nature of the adsorption process. The following equa-
tions can be used to calculate the thermodynamic parameters 
in accordance with the laws of thermodynamics:

(14)ΔG◦ = −RT lnKD

(15)KD =
Qe
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Fig. 10   Non-linear (a) and linear (b) adsorption kinetics

Table 4   The calculated 
parameters from kinetic models

Kinetic model Parameter Value (Non-linear) Value (Linear)

PFO Qt (mg g−1) 22.11 12.4
Qe (mg g−1) 26.1 26.1
k1 × 103 (min−1) 23.20 75
R2 0.799 0.979

PSO Qt (mg g−1) 24.6 27.4
Qe (mg g−1) 26.1 26.1
k2 × 103 (mg−1 g min−1) 1.26 71.5
R2 0.900 0.993

IPD ki × 103 (mg g−1 min−0.5) 14,340
R2 0.803
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where KD symbolizes the adsorption equilibrium constant, 
and. Plotting LnKD as a function of 1/T (Fig. 11) yields 
a straight line with a slope − ∆H°/R and ∆S°/R intercept 
at different temperatures, including 5 °C, 15 °C, 25 °C, 
40 °C and 50 °C. The results obtained are grouped together 
in Table 5. As seen in Table 5, adsorption enthalpy (∆H0) 
change was positive in CV dye adsorption to PAA@TiO2 
nanocomposite. The adsorption of CV dye onto PAA@TiO2 
nanocomposite was an endothermic process, as evidenced 
by the positive enthalpy (ΔH°) [76]. Gibbs free energy ΔG° 
values were negative and increased with increasing tempera-
tures, indicating that the adsorption of CV dye on PAA@
TiO2 [77, 78]. The positive entropy (∆S°) value indicates 
that the irregularity of the PAA@TiO2 nanocomposite-CV 
dye solution interface has increased and the affinity of the 
PAA@TiO2 nanocomposite to the CV dye has increased 
[79].

(16)lnKD =
ΔS◦

R
−

ΔH◦

RT

MC and MD Calculations

Calculating energy outputs requires determining the best 
adsorption arrangement of adsorbate molecules on the 
adsorbent’s surface. This method computes adsorption 
energy based on adsorbate-adsorbent interactions. Were 
using the equation below to calculate adsorption energy 
(Eads) [80–82]:

where EPAA@TiO2 surface/CV is the total energy of the simulated 
adsorption system, E PAA@TiO2 surface/CV and ECV are the total 
energies of the CV molecules and nanocomposite adsorbent, 
respectively.

MC computations are used to simulate the adsorption 
of the CV molecule onto the modeled PAA@TiO2 nano-
composite surface. This technique of calculating molecular 
complexity uses random permutations of simulation box 
species (molecules, ions) [83]. The energy development of 
the most favorable or low-energy adsorption sites near the 
adsorbent surface is depicted in Fig. 12, as calculated by 
MC simulations.

A significantly larger negative value of Eads of the 
adsorbate molecules onto the adsorbent surface gives cred-
ibility to the experimental results. The analysis of the MC 
final geometrical position supports this inference by showing 
that the CV is located quite near the surface [32, 84].

It is often believed that MD is a more accurate method 
of demonstrating the dynamics of adsorption [85, 86]. The 
interaction may also be easily visualized by evaluating the 
adsorption geometries with the lowest energy, which can 

(17)
Eads = EPAA@TiO2Surface∕CV −

(

EPAA@TiO2Surface + ECV
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Fig. 11   The effect of temperature on the adsorption

Table 5   Thermodynamic parameters for CV dye removal

Tempera-
ture (oC)

ΔG° (kJ mol−1) ΔH° (kJ mol−1) ΔS° (J mol−1 K−1)

5 − 10.9 31.1 151
15 − 12.5
25 − 14.0
40 − 16.3
50 − 17.8

Fig. 12   Probability of the adsorption energy distributions during MC 
for the CV molecules on the modeled PAA@TiO2 nanocomposite 
surface
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be acquired from either MC or MD simulations. As can be 
seen in Fig. 13, the CV molecule is adsorbing itself close to 
the interface that is composed of polyacrylamide and TiO2 
nanoparticles in both of the scenarios.

RDF analysis, which is performed on the MD trajectory 
data gathered during adsorption simulations, is a straight-
forward and uncomplicated method for exploring the 
adsorption of molecules on surfaces [87]. When the peak 
is between 1 and 3.5 Å, chemisorption is probable at work. 
For physisorption, the RDF peaks are predictable to appear 
at distances greater than 3.5 Å. RDF peak values (Fig. 14) 
amid the O atom (from TiO2) and the N atom from the CV 
are found at larger distances than 3.5 Å [88]. In this case, 
it seems that the CV is at the limit between physisorption 
and chemisorption. Due to the flexibility of the polymer and 
the maneuverability of adsorption, the RDF calculation in 

this case is only semi-quantitative. This conclusion is drawn 
from the closeness of the CV to the interface, as shown in 
the inset image of Fig. 14.

Proposed Adsorption Mechanism

According to the obtained results and based on the CV dye 
structure and surface properties of the PAA@TiO2 nano-
composite, it can be assumed that the adsorption mechanism 
involves the following steps: The CV dye adsorbs in two 
steps: first, it migrates from the bulk solution to the sur-
face, and second, it diffuses through the boundary layer to 
the pores of the PAA@TiO2 nanocomposite. Electrostatic 
attraction plays an important role in the adsorption process, 
and hydrogen bonding and n-π interaction also contribute, 
as displayed in Fig. 15.

Conclusions

This work describes the use of PAA@TiO2 nanocompos-
ite as an efficient and inexpensive adsorbent to remove CV 
dye from water. The maximum CV dye removal rate of the 
PAA@TiO2 nanocomposite was reached at natural pH:6.9, 
25 °C, and 24 h. The maximum adsorption capacity was 
found to be 38.9 mg g−1. According to the adsorption iso-
therms of the study, it was found that the AR dye adsorp-
tion to the PAA@TiO2 nanocomposite adsorbent was mon-
olayer on a homogeneous and chemisorption because the 
binding energy for both dye was more than 8 kJ mol−1. The 
thermodynamic analysis, which confirms that the reaction 
was endothermic and spontaneous. The theoretical simu-
lations (Monte Carlo and molecular dynamic) suggest that 
CV spontaneously adsorbs onto the nanocomposite surface. 
CV preferentially adsorbs on the interface between TiO2 

Fig. 13   Lowest energy poses 
obtained after MC and MD for 
the CV molecule on the mod-
eled PAA@TiO2 nanocompos-
ite surface

Fig. 14   RDF graph and lowest energy adsorption pose inset as 
obtained at the end of MD simulation
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nanoparticles and polyacrylamide polymer. The adsorp-
tion of the molecule onto this nanocomposite material is 
robust, as evidenced by both the adsorption energy and the 
closeness to the surface. The effectof pH, FTIR, MC and 
MD, pHPZC measurement, and selectivity revealed that elec-
trostatic attraction was the most important contribution to 
cationic dye adsorption, followed by hydrogen bonding and 
n-π interaction. Therefore, the PAA@TiO2 nanocomposite 
could be classified as an effective adsorbent for the removal 
of CV dye.
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