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ABSTRACT

This study involved the use of sodium alginate (SA)-g-poly (acrylic acid (AAc)-maleic acid (MA))/titanium dioxide
(SA-g-P(AAc-MA)/Ti0;) nanocomposite. The material undergo synthesis by the method of free radical copolymerization
for its application in malachite green (MG) dye removal from water. The analysis of the prepared material was carried
out by various analytical methods that revealed the presence of different functional groups on the adsorbent’s
heterogeneous and porous surface. The findings of study showed that nearly 99.56% of MG dye removal take place when
solution pH was 2 within 180 min at room temperature. The maximal capacity of adsorbent for dye removal was observed
to be 185.2 mg/g. Overall, the study followed pseudo second kinetic and Freundlich isotherm model. Thermodynamic
analysis demonstrated the process was spontaneous (AG = -13.233 kJ/mol) and endothermic (AH =27.088 kJ/mol). These
results of study showed effectiveness of nanocomposite for dye adsorption from water.
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1. Introduction

In modern days, dyes (from various industries) are widely discharged to water system without any proper
treatment resulting in disturbing the overall environment and water system [!). These coloring agents are highly
toxic, carcinogenic and are hard to remove from water system due to their complex structure >3] Among all
dyes, one of the commonly used dyes is malachite green (MQG) dye that is well known due to its highly toxic
effects . This dye when present in water, causes severe health issue to aquatic organisms and affects the
growth of aquatic plants ). Researchers are working on the effective removal of this dye from water and for
this reason, many methods have been developed till date . The dye removal process include coagulation,
adsorption [7), biological process, filtration etc 3% However, these approaches frequently present limitations,
including elevated operational costs, secondary pollutant generation, incomplete removal, and diminished
efficiency, particularly at low dye concentrations !, Conversely, adsorption has emerged as a highly
promising technique due to its operational simplicity ['>!13], cost-effectiveness, adaptable design, and superior
removal efficiency, even at trace concentrations 14,

Adsorption process effectiveness depends critically on the physicochemical properties of the adsorbent

] 15161 Recent studies put more emphasis on using polymeric materials like 72! sodium alginate (SA)

materia
as an adsorbent due to presence of the ionic functionalities in it *>?*!, The adsorption efficiency of natural
polymers can further be enhanced by grafting them with other polymers as acrylic acid (AAc) and maleic acid
(MA) B+ This yields to synthesis of SA-g-P(AAc-MA), a hydrogel matrix with improved properties.
However, the adsorption potential of this matrix can further be tailored by the addition of some semiconductor
like titanium dioxide (TiO,) 2°3% that further improved the overall stability *!-**) and adsorption characteristics
of the resulting material i.e., SA-g-P(AAc-MA)/TiO, nanocomposite. This study involved synthesis,
characterization and use of SA-g-P(AAc-MA)/TiO; nanocomposite for MG dye removal from water. Different
kinetic and isothermal models were applied on batch adsorption data in addition to thermal study for better

understanding the nature of adsorption.

2. Materials and methods

2.1. Chemicals and reagents

Titanium dioxide nanoparticles (TiOz), with a purity of >98%, were purchased from Macklin, USA, and
used in quantities of 0.1 g. Sodium alginate (SA) (viscosity grade >99%, 0.5 g), acrylic acid (AAc) (inhibitor-
free, >99% purity, 4 mL), maleic acid (MA) (>99% purity, 0.5 g), potassium persulfate (KPS) (>99% purity,
0.03 g), and N,N'-methylenebisacrylamide (MBA) (=99% purity, 0.05 g) were all supplied by Himdia, USA.
KPS and MBA served as the initiator and crosslinker, respectively, while NaOH and HCI were used to adjust
solution pH. lon-free distilled water was used throughout the synthesis, typically in volumes of 17-20 mL per
step.

2.2. Instrumentation

For UV-vis analysis, a Shimadzu UV-1800 spectrophotometer (190-1100 nm), Iran was utilized. For
FTIR and Field Emission Scanning Electron Microscopy (FESEM), Shimadzu FTIR 8400S Spectrophotometer
(500-4000cm™), Iran, and MIRA3 device, Iran, were employed correspondingly. D. Phaser device and 912AB
were used for X-ray diffraction (XRD, 20 = 10-80°). For shaking, a shaking incubator (LSI-3016A), Lab. Tech,
Korea, University of Al Qadisiyah was utilized.

2.3. Preparation of SA-g-P(AAc-MA)/TiO2 nanocomposite

The SA-g-P(AAc-MA)/TiO, hydrogel nanocomposite was synthesized using free radical
copolymerization in aqueous solution. The process involved dissolving 0.1 g of TiO, nanoparticles in 17 mL
of ion-free distilled water with continuous stirring for 4 hours, followed by ultrasonication for 4 hours. The
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reaction mixture was transferred to a three-neck round-bottom flask equipped with a condenser, separatory
funnel, and nitrogen gas inlet within a water bath with continuous stirring until complete dissolution.
Subsequently, 0.5 g of sodium alginate (SA) was slowly added to the reaction mixture with stirring, followed
by the addition of 4 mL of acrylic acid (AAc). Additionally, 0.5 g of maleic acid (MA), 0.05 g of crosslinking
agent (MBA), and 0.03 g of initiator (KPS) dissolved in 1 mL of distilled water were added sequentially
through the separatory funnel to the reaction mixture slowly with stirring for 30 minutes at room temperature
under nitrogen gas atmosphere. Subsequently, the temperature was raised to 70°C for two hours to complete
the polymerization reaction. The resulting SA-g-P(AAc-MA)/TiO; nanocomposite hydrogel was immersed in
ion-free water to remove unreacted monomers. Finally, it was dried in an electric oven at 50°C to obtain
constant weight. The synthesis steps can be illustrated by chemical equations (Figure 1) 33341,
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Figure 1. Synthesis of nanocomposite

2.4. Batch adsorption study

The adsorption parameters studied here include time (0-240 min), temperature (5°C to 35°C), adsorbent
dose (0.001-0.1 g) as well as pH (2-10) with 20 mL solution volume. The initial and final absorbance values
were measured for each experiment fllowed by calculating adsorption capacity (mg/g) and % removal of dye
via Equations (1) and (2), correspondingly *>-6!;
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Where Co and C. = initial and equilibrium dye concentrations correspondingly; m = mass of adsorbent (g), and
V = solution volume (L) 331,

3. Results and discussion

3.1. Characterization of adsorbents

3.1.1. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR of adsorbent before adsorption (Figure 2) shows broad absorption band which signifies O—H
stretching vibrations and N—H vibrations from crosslinker. Further, C—H stretching vibrations were obtained
at 2985 cm™, while a strong band at 1720 cm™ indicates C=O0 stretching vibrations. Also, range 1543-1410
cm! represent symmetric and asymmetric vibrations of COO~ groups of SA. Bands from 1396 to 1010 cm™!
correspond to O-H, N-H, and C-H groups. The presence of TiO, nanoparticles is confirmed by characteristic
frequencies at 627 cm™ (corresponding to Ti-O stretching) and 1404 cm™ (Ti-O-Ti stretching vibrations),
validating TiO; incorporation within the SA-g-P(AAc-MA) hydrogel matrix. Following the adsorption of dye,
FTIR spectroscopy reveals band shifts toward lower wavelengths, mainly due to H-bonding conforming to
effective adsorption [33:3437:38],
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Figure 2. FTIR spectrum of adsorbent before and after adsorption

3.1.2. X-ray Diffraction (XRD)

The XRD pattern (Figure 3 and Table 1) shows broad peak within 20 (13-30)°, indicating the hydrogel’s
amorphous nature, with broad band at 20 = 21.064° corresponding to a d-spacing of 4.21771 A. In contrast,
nanocomposite shows distinct crystalline peaks at 25.392°, 36.485°, 48.186°, and 53.685°, revealing TiO,
nanoparticles. The crystalline size by Debye-Scherrer equation reveal particle sizes 13.61 to 103.35 nm, with

the dominant peak at 25.392° corresponding to a crystalline size of 19.79 nm [33-3437.38],



Table 1. XRD results for nanocomposite.

Peak 2°Theta (5] d-spacing (A°) FWHM Intensity % D(nm)
1 25.392 12.696 3.507 0.430 100 19.79
2 36.485 18.242 2.462 0.642 46 13.61
3 48.186 24.093 1.888 0.089 40 102.17
4 53.685 26.842 1.707 0.090 22 103.35
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Figure 3. XRD patterns of SA-g-P(AAc-MA) hydrogel and nanocomposite.

3.1.3. Field Emission Scanning Electron Microscopy (FESEM)

FESEM of adsorbent before adsorption shows presence of TiO; crystals in anatase phase with uniform
sheet-like nanostructures. The surface appears rough and porous, representing a nanocomposite with sponge-
like structure and integrated layered network. Further, addition of TiO, nanoparticles to hydrogel enhances
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surface roughness for adsorption (Figure 4) %, Following adsorption of dye, surface becomes smoother due

to filling of pores after adsorption (Figure 5) (33381,
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Figure 4. FESEM of nanocomposite before adsorption.
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Figure 5. FESEM of nanocomposite after adsorption.

3.1.4. Energy Dispersive X-ray Spectroscopy (EDX)

EDX findings (Figure 6-7 and Table 2) illustrate that oxygen ratio in nanocomposite decreased after
adsorption while the carbon ratio increased following dye adsorption. Before adsorption, nanocomposite
contained 55.73% carbon, 43.70% oxygen, and 0.58% TiO,. After adsorption, composition changed to 63.95%
carbon, 35.66% oxygen, and 0.38% TiO,, validating the successful dye uptake 331,

Table 2. Elemental composition of hydrogel nanocomposite before and after adsorption.

Hydrogel composite after adsorption

Elements %percent Hydrogel composite before adsorption of MG dye
C 55.73 63.95
43.70 35.66
Cl - )
| ) -
TiO> 0.58 0.38

Wt o
04
04
01
02
01
01
00

YO OB IO e 0 Tl A T T O T TN el T A e A

T D e e e B R R

1 -z 8 e

Figure 6. EDX spectrum of SA-g-P(AAc-MA)/TiO2 nanocomposite before adsorption.
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Figure 7. EDX spectrum of nanocomposite after Malachite Green dye adsorption.

3.1.5. Thermogravimetric Analysis (TGA)

The thermal stability of the nanocomposite (Figure 8) was evaluated using TGA analysis, where mass
changes were measured within the temperature range of 40-900°C at a heating rate of 10°C/min under nitrogen
atmosphere. The TGA curve reveals three distinct weight loss stages: the first stage shows a weight loss of
24.99%, attributed to the evaporation of adsorbed water molecules on the surface and removal of moisture
trapped within the porous structure of the composite. The second stage exhibits the most significant weight
loss of 44.99%, which corresponds to thermal decomposition reactions causing the breaking of chemical bonds
in polymer chains and the elimination of oxygen-containing functional groups such as carboxyl and hydroxyl
groups in the form of CO: and CO, leading to a decrease in the degree of polymerization. The third stage
demonstrates a weight loss of 27.98%, attributed to the thermal breakdown of crosslinked polymer chains in
the hydrogel nanocomposite and the final decomposition of the carbon skeleton of the composite B!,
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Figure 8. TGA analysis of nanocomposite.

3.1.6. Transmission Electron Microscopy (TEM)

TEM analysis was employed to study the crystalline structure, surface morphology, and particle size
distribution. The TEM images of TiO; nanoparticles show predominantly spherical particles with clearly
visible spherical and heterogeneous structures, indicating that TiO, nanoparticles are highly crystalline in
nature. The selected area diffraction pattern of the nanoparticles confirms the crystalline nature of the prepared
TiO» nanoparticles. Particle agglomeration is observed, which is more pronounced in this case. The average
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particle size is approximately 19 nm, consistent with the crystalline size obtained from XRD analysis (Figure
9) 1381,

Figure 9. TEM images of nanocomposite before adsorption.

After MG dye adsorption onto surface, TEM images reveal that the spherical shape becomes less distinct
due to adsorption by dye molecules. This demonstrates that after MG dye adsorption, the surface becomes
smoother and more cohesive due to pore filling by dye molecules, where dye particles completely cover the
nanocomposite surface, confirming successful adsorption (Figure 10) [*%],

Figure 10. TEM images of nanocomposite after Malachite Green dye adsorption.

3.2. Kinetic study
3.2.1. Adsorbent dose optimization

Adsorbent dose variation effects on Malachite Green dye removal were comprehensively examined across
the range 0.001-0.1 g. Removal percentage demonstrated rapid increase from 98.19% to 99.56% with
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adsorbent dose elevation from 0.001 g to 0.1 g, subsequently reaching plateau conditions. Conversely, Q.
values exhibited sharp decline with increasing adsorbent dose. At the minimum dose (0.001 g), Q. achieved
peak values, decreasing substantially at higher dosages. This Q. reduction with increasing adsorbent dose
results from available dye molecule saturation in solution and active site overlap phenomena. Optimal
adsorbent dose for nanocomposite approximates 0.05 g, achieving dye removal efficiency exceeding 99.5 %
(Figure 11) 49,
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Figure 11. Effect of nanocomposite dose on removal percentage of Malachite Green dye.

3.2.2. Contact time effect and adsorption Kkinetics

Experimental observations of time study demonstrated a rapid initial adsorption phase occurring within
the first 20 minutes, achieving approximately 88.04% removal of Malachite Green dye with a corresponding
Q. of 528.22 mg/g. Following this intensive initial period, particularly after 60 minutes, the adsorption rate
progressively decelerated as the system approached equilibrium conditions. At the 180-minute timepoint, the
dye removal reached 99.43%, with an associated Q. of 596.61 mg/g (Figure 12) ¥!,

120

100 o

*
2 3
2 3

L 2

N

0 1 1
0 100 200 300

t (min)

Figure 12. Effect of contact time.



3.2.3. Kinetic modeling analysis

The pseudo-first-order model postulates that the rate of adsorption site occupation correlates directly with
the concentration of available. Pseudo-second model proposes that chemisorption constitutes the rate-
determining step. The mathematical expressions for these kinetic models are presented in Equations (3) and

(4) .
log(Q,-Q,) = log Q- 35t (3)

t 1 t
- = + —
Qt 9] Qg Qe (4)

Where q; and q. represent the quantities of adsorbate adsorbed (mg/g) at time t and equilibrium, respectively,
while ki and k2 denote the pseudo-first-order rate constant (min™) and pseudo-second-order rate constant
(g/mg-min), respectively.

Application of the linearized pseudo-first-order model yielded a slope of -0.0405 min™' and intercept of
5.3841, generating a calculated Q. value of approximately 242.16 mg/g with a correlation coefficient (R?) of
0.888. The substantial discrepancy between the calculated Q. (242.16 mg/g) and experimental Q. (596.61 mg/g)
indicates inadequate model fitting to the experimental data. Significantly, pseudo-second model demonstrated
exceptional correlation with experimental data (R? = 0.9989), with calculated Q. closely approximating
experimental value. The superior R? value indicates that process follows pseudo-second kinetics, confirming
chemisorption (Figure 13-14 and Table 3) '],

8
6 k y = -0.0405x + 5.3841
R = 0.886

In(ge-qt)

0 100 200 300
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Figure 13. Pseudo-first-order kinetic model plot for Malachite Green dye adsorption.
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Figure 14. Pseudo-second-order kinetic model plot for Malachite Green dye adsorption.

Table 3. Kinetic model parameters for pseudo-first and pseudo-second models. Experimental Q. (mg/g) = 596.61 mg/g.

Frist Order Second Order
Slope intercept ki qe R? Slope intercept qe ka2 h R?
-0.040 5.384 0.040 217913  0.8860 0.002 0.007 625 0.0003 135.135  0.9989

3.3. Thermodynamic and isothermal study

3.3.1. Temperature effect on adsorption

The adsorption behavior of Malachite Green dye onto the SA-g-P(AAc-MA)/TiO, nanocomposite was
comprehensively examined as a function of initial dye concentration and temperature. The equilibrium
adsorption capacity (Q.) demonstrated direct dependence on both dye concentration and experimental
temperature. At any given temperature, increasing dye concentration resulted in an increase in both equilibrium
concentration and corresponding Q. values. A particularly significant finding revealed the substantial
temperature influence on adsorption process. Temperature elevation from 5°C to 35°C produced notable Q.
enhancement across all initial dye concentration ranges, definitively establishing endothermic nature of
Malachite Green dye adsorption onto SA-g-P(AAc-MA)/TiO, nanocomposite (Figure 15) 12,
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Figure 15. Effect of temperature on adsorption capacity (Q.) of dye by SA-g-P(AAc-MA)/TiO2 nanocomposite.
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3.3.2. Thermodynamic parameters

Thermodynamic analysis through Van't Hoff plotting revealed critical process characteristics at 25°C.
The positive enthalpy change (AH = 27.088 kJ/mol) confirms the endothermic nature of the adsorption process,
indicating heat absorption from the surrounding environment. The negative Gibbs free energy change (AG = -
13.233 kJ/mol) demonstrates process spontaneity at the investigated temperature. The positive entropy change
(AS = 135.135 J/K/mol) indicates increased randomness or disorder at the solid-liquid interface during
adsorption, particularly favoring spontaneity at elevated temperatures (Figure 16) [,
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Figure 16. Van't Hoff plot for thermodynamic parameter determination of Malachite Green dye adsorption.

3.3.3. Adsorption isotherm analysis

Equilibrium adsorption data for Malachite Green dye underwent comprehensive evaluation using
linearized forms of three established isotherm models: Langmuir, Freundlich, and Temkin. Comparative
analysis (Figure 17-19 and Table 4) revealed that Freundlich isotherm model provided superior experimental
data representation, indicating multilayer adsorption occurrence on heterogeneous surface sites. The Langmuir
model demonstrated reasonable correlation, while the Temkin model exhibited moderate fitting quality. The
exceptional Freundlich model correlation suggests heterogeneous surface characteristics with favorable
binding conditions facilitate the adsorption process !/,
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Figure 17. Langmuir isotherm model for dye adsorption.
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Figure 18. Freundlich isotherm model for dye adsorption.
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Figure 19. Temkin isotherm model for dye adsorption.
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Table 4. Isotherm model parameters for Langmuir, Freundlich, and Temkin models.

Langmuir Freundlich Temkin
Qo (mg/g): 625 Kf(mg g™): 185.2 B (J/mol): 1095.4
b (L/g): 0.0025 1/n: 0.487 AT (L/g): 0.215
R 0.845 R 0.965 R?:0.923

3.4. Effect of pH and nanocomposite dose

3.4.1. pH influence on adsorption capacity

The influence of solution pH on Malachite Green dye adsorption capacity was systematically investigated
across the pH range 2-10. Maximum adsorption capacity (Q. = 596.61 mg/g) was achieved at pH 2. As pH
increased from 2 to 10, the Q. values maintained relative stability until pH 6, followed by gradual decline at
higher pH values. These observations result from variable electrostatic interactions between the adsorbent
surface and cationic dye molecules under different pH conditions. At acidic pH values (2-4, Figure 20),
nanocomposite surface undergoes protonation, establishing favorable conditions for cationic Malachite Green
dye adsorption through electrostatic attraction complemented by additional interactions including n-r stacking
mechanisms !/,

600
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570 L L L L L L

pH
Figure 20. Effect of pH on Q. of dye.

5. Conclusion

In this study, a novel hydrogel nanocomposite SA-g-P(AAc-MA)/TiO, was successfully synthesized and
analysed by FTIR, XRD, FESEM, and EDX techniques for its use in MG dye removal. Findings of the study
showed that 99.56 % (185.2 mg/g) of MG dye removal take place in highly acidic environment. The studied
nanocomposite was highly pH-dependent. Overall, the process was chemical adsorption that was confirmed
by the fitness of the pseudo-second kinetic model. Furthermore, the heterogeneous nature of the process was
revealed by high regression coefficient value of Freundlich model. Thermally, study was both spontaneous
and endothermic in nature.
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