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Abstract: Malachite Green Dye (MGD), a toxic dye commonly discharged by 

textile industries, poses environmental and health risks. Simultaneously, the 

disposal of palm kernel shells (PKS), a byproduct of palm oil production, 

remains an underexploited resource. This study explores the use of activated 

carbon derived from PKS, modified with titanium dioxide nanoparticles (TiO2-

NP), for the adsorption of malachite green dye from aqueous solution. The 

adsorbent was characterized for its structural and surface chemistry. Batch 

adsorption experiments were carried out to evaluate the effects of dosage (0.5-

2.5 g), contact time (30-150 min), agitation (100-300 rpm), and temperature 

(30-60 °C). Process optimization was carried out using the Box-Behnken 

design under the Response Surface Methodology (RSM) framework. 

Additionally, kinetic and thermodynamic analyses were performed to gain 

insights into the adsorption mechanism. Numerical optimization revealed a 

maximum dye removal of 92.6%. Kinetic analysis supported pseudo-second-

order behavior, indicating chemisorption, while thermodynamic data confirmed 

a spontaneous and endothermic process. The adsorbent showed effective 

regeneration over five cycles, maintaining high efficiency. The prepared 

adsorbent exhibited a fixed carbon content of 69.50%, while the presence of 

functional groups involved in dye binding was confirmed through FTIR 

analysis. These results underscore the potential of PKSAC-TiO₂ as a cost-

effective and sustainable adsorbent for dye-laden wastewater treatment. 

Keywords: Textile wastewater; Malachite green dye; Adsorption; 

Nanocomposite; Response Surface Methodology 

1. Introduction 

Textile manufacturing is a major water consumer and pollutant emitter, particularly through dyes 

like malachite green dye (MGD), known for their toxicity and resistance to degradation. Exposure to 

MGD can result in adverse health outcomes, including skin irritation, respiratory issues, and 

mutagenicity. Therefore, it is highly important to reduce the concentrations of MGD in wastewater 

before discharging into waterbodies [1], [2].  
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Numerous treatment technologies such as adsorption, electrochemical oxidation, photocatalysis, 

filtration and ozonation have been explored for dye removal [3], [4], [5]. Among all, adsorption process 

is considered a reliable and efficient technique for decolorizing textile wastewater owing to its 

effectiveness, affordability, operational simplicity and minimal sludge generation [6]. Numerous low-

cost adsorbents, including rice husk [7], sugarcane bagasse [8], sawdust [9], coffee waste [10], zeolite 

[11],coconut shells [12] and fish scales [13], have shown promising results. Nonetheless, enhancing 

adsorption capacity through surface modification remains a key area of research.  

Recently, researchers focused on incorporating nanoparticles such as TiO₂, ZnO, and Fe₃O₄ to 

improve surface activity and pollutant selectivity [14], [15], [16]. These nano-enhanced adsorbents 

benefit from high surface area, porosity, and active site availability. However, optimizing multivariable 

interactions such as dose, time, and agitation remains complex. To address this, statistical tools like 

Response Surface Methodology (RSM) offer a more efficient route to process optimization [17] . The 

novelty of this work lies in combining agro-waste valorization with nanotechnology to create a TiO₂-

modified PKS adsorbent for Malachite Green Dye (MGD) removal. Unlike traditional adsorbents, the 

PKS–TiO₂ system demonstrates both sustainable material sourcing and enhanced adsorption 

efficiency. The integration of RSM optimization with kinetic, thermodynamic, and reusability 

assessments further strengthens its scientific contribution by providing a comprehensive evaluation 

of its performance and industrial relevance. This study aims to develop and characterize a TiO₂ 

nanoparticle-modified palm kernel shell (PKS)-based nano-adsorbent for the efficient removal of 

Malachite Green (MG) dye from textile wastewater. The work endeavors to optimize the adsorption 

process using Response Surface Methodology (RSM) and to evaluate the adsorbent’s performance 

in terms of adsorption kinetics, thermodynamics, and reusability. 

2. Research and Methodology 

2.1 Materials 

Palm kernel shells (PKS) and Cola nitida pods were sourced from a farm in Ede, Osun State, 

while wastewater was collected from a textile facility in Osogbo, Osun state, Nigeria. Analytical-grade 

chemicals (NaOH, KOH, HNO₃, HCl) were obtained from Sigma-Aldrich and used without further 

purification. Key equipment included a UV–vis spectrophotometer (Spectrum Lab 7525), FTIR 

spectrometer (Varian 660), muffle furnace (Carbolite ELF 11/68), and water bath shaker. 

2.2 Synthesis of TiO₂ Nanoparticles 

TiO₂ nanoparticles were synthesized via a green route using Cola nitida pod extract as a 

reducing agent. A mixture of 1 g pod powder and 100 mL distilled water was heated at 60 °C for 1 

hour, centrifuged, and filtered. The extract (10 mL) was added to 80 mL of 5 mM TiO₂ precursor under 

stirring. A color change from white to light brown indicated nanoparticle formation. UV–vis absorbance 

at 380 nm confirmed synthesis. After 24 h incubation, the nanoparticles were dried at 100 °C for 7 h. 

Details on the synthesis and characterization of the nanoparticles can be found in literature [18]. 

2.3  Preparation of Activated Carbon from PKS 

The PKS were washed, oven-dried at 70 °C for 48 h, and ground to 1–2 mm particles. Chemical 

activation was performed by soaking 30 g of PKS in 100 mL of 0.5 M NaOH for 12 h. The mixture was 

decanted, oven-dried, and carbonized at 550 °C for 2 h in a muffle furnace. The resultant material was 

washed to neutral pH and dried at 120 °C for 4 h  [19]. 1 g/L stock solution of malachite green dye 

(MGD) was prepared and serially diluted to 100-500 mg/L concentrations. Absorbance was measured 

at 620 nm using a UV–vis spectrophotometer, and a calibration curve was generated [22]. 
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2.4 Impregnation of PKSAC with TiO2-NPs 

 To prepare the nanocomposite (PKSAC-TiO₂-NPs), 5 g of activated carbon was stirred with 

100 mL TiO₂ nanoparticle solution for 12 h. The slurry was dried at 110 °C. The dried sample was then 

weighed, and the percentage yield of the produced PKSAC-TiO2-NPs was evaluated using Equation 

1. 

 

Percentage yield (%) =
final mass (g)

inital mass (g)
× 100        (1) 

2.5  Product characterization 

Standard ASTM procedures were used to evaluate moisture, ash, volatile matter, and fixed 

carbon contents. Bulk density was measured using a 10 mL graduated cylinder. Fixed carbon was 

calculated by subtracting moisture, ash, and volatile content from 100%. Fourier Transform Infrared 

Spectroscopy (FTIR) was used to determine the functional group on the adsorbent [20].   

2.6 Batch Adsorption and Model Evaluation       

 Batch experiments were designed using the Box-Behnken model (Design Expert v13). 

Parameters varied were dosage (0.5-2.5 g), time (30-150 min), agitation (100-300 rpm), and 

temperature (30-60 °C) [9]. After treatment, the efficiency of MG dye removal was calculated using 

Equation 2, Where 𝐶𝑜  and 𝐶𝑒  are the initial and equilibrium concentrations (mg/L), respectively. Root 

Mean Square Error (RMSE) was used to evaluate model fit. A low RMSE value indicates good 

consistency between measured values and those predicted by the model, while a high RMSE signifies 

a significant deviation. RMSE was evaluated using Equation 3. Where 𝑞𝑒,𝑒𝑥𝑝  and 𝑞𝑒,𝑐𝑎𝑙𝑐. Re-

experimental and predicted adsorption capacities, and n is the number of data points. 

Removal efficiency (% R) =  
(Co− Ce)

Co
 × 100               (2) 

RMSE =  
1

  n−2
√∑ (qe,exp − qe,calc)

2n
i=1         (3) 

2.7  Regeneration and Reusability 

Regeneration was assessed using distilled water, 0.1 M HNO₃, and 0.1 M NaOH as desorbing 

agents. After each adsorption cycle under optimal conditions, the spent adsorbent was rinsed, dried 

at 80 °C, and reused for five cycles. Desorption efficiency was calculated to assess performance 

retention using Equation 4. 

Desorption (%) =  
amount of  MG dye desorbed

amount of  MG dye adsorbed
 × 100       (4)  

3. Results and Discussion 

3.1 Physicochemical Properties of PKSAC-TiO2-NPs 

The proximate analysis (Table 1) shows a marked increase in fixed carbon content from 24.3% 

to 69.5% after activation, carbonization and TiO₂ nanoparticle loading. This indicates effective 

activation. Moisture and volatile matter decreased, while ash content increased due to modification 

with nanoparticles. A rise in bulk density (0.8165 to 0.8631 g/cm³) suggests better adsorption packing 

[24], [25], [26]. 
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Table 1. Physicochemical properties of produced PKSAC-TiO2-NPs 

Proximate analysis Raw PKS PKSAC-TiO2-NPs 

Moisture content (%) 7.80 4.90 
Ash content (%) 3.6 7.6 
Volatile content (%) 64.30 18.00 
Fixed carbon (%) 24.30 69.50 
Bulk density (g/cm3) 0.8165 0.8631 
Yield (%) - 73.5 

3.2 Fourier Transform Infrared Spectroscopy Analysis 

Fourier-transform infrared analysis of the PKSAC-TiO₂-NPs was conducted using a Shimadzu 

FTIR-8400S spectrophotometer across 500-4000 cm⁻¹. FTIR spectra (Figure 1) displayed peaks for 
key functional groups. O–H stretching appeared around 3200-3500 cm⁻¹, and C=O stretching was 

noted at 1697 cm⁻¹. Post-adsorption shifts, including a move from 1404 to 1427 cm¹ for O-H bending, 

indicated interaction between MG dye and surface site [7], [13]. 

 

Figure 1. FTIR spectra of PKSAC-TiO₂-NPs (a) before (b) after adsorption 

3.3 Calibration Curve           

MGD solutions with concentrations from 100 to 500 mg/L were prepared, and their absorbance 
values were measured using a UV-Visible spectrophotometer. MG dye concentrations (100–500 
mg/L) yielded a strong linear relationship with absorbance (R² = 0.9939), confirming the 
spectrophotometric method’s accuracy (Figure 2). 

https://ejournal.candela.id/index.php/jgcee


Journal of Green Chemical and Environmental Engineering Issue : 1 (3) (2025)  Page : 126-139 

 

https://ejournal.candela.id/index.php/jgcee 
 

  
 

 

130 

 

Figure 2. Calibration curve 

3.4 Batch Adsorption Experiments 

Across 29 experimental runs, removal efficiency varied from 51.7% to 93.26% (Table 2). The 

relationship between process variables and % R fit the quadratic model best, as illustrated in Equation 

10. The statistical evaluation indicated that the terms A, B, C, D, AB, BD, CD, B², C², and D² had a 

significant influence on the response while BC was insignificant for MG dye removal (Table 3).  The 

model demonstrated strong reliability, evidenced indicated by the high coefficient of determination (R² 

= 0.997). Maximum efficiency occurred at 2.5 g dosage, 150 min, and 45 °C. ANOVA confirmed 

dosage, time, and temperature as significant factors (p < 0.05), while agitation had a minor negative 

influence. 

Table 2.  Removal efficiency of MG Dye using PKSAC-TiO2-NPs 

Run Adsorbent 
dosage (g) 

Contact 
time (min) 

Agitation 
rate (rpm) 

Temperature 
(oC) 

Removal 
efficiency (%) 

1 1.5 30 100 45 64.04 
2 0.5 30 200 45 57.52 
3 1.5 30 200 60 65.5 
4 0.5 90 200 60 61.2 
5 1.5 90 100 30 68.6 

6 1.5 150 100 45 80.7 
7 0.5 150 200 45 63.17 
8 2.5 90 100 45 89.7 
9 1.5 90 200 45 71.3 
10 0.5 90 300 45 58 
11 1.5 30 300 45 66.3 
12 1.5 90 200 45 71.6 

13 1.5 90 200 45 71.4 
14 1.5 150 200 30 74.7 
15 1.5 30 200 30 61.3 

16 2.5 90 300 45 90.6 

17 0.5 90 200 30 51.7 
18 1.5 90 200 45 71.5 
19 1.5 150 300 45 81.8 

20 1.5 90 300 60 78 

21 1.5 150 200 60 82.8 
22 2.5 90 200 60 92.3 
23 2.5 30 200 45 83.18 

y = 0,0044x + 0,4425
R² = 0,9939
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24 2.5 90 200 30 86.36 

25 0.5 90 100 45 55.61 
26 1.5 90 100 60 73.4 
27 1.5 90 300 30 73.52 
28 2.5 150 200 45 93.26 

29 1.5 90 200 45 71.42 
∗ % R =  +21.12 + 21.5868 ∗ Adsorbent dosge + 0.2066 ∗ contact time − 0.0396 ∗ Agitation rate + 0.1661 ∗ Temperature

− 0.0489 ∗ Adsorbent dosage ∗ contact time − 0.000048 ∗ contact time ∗ agitation rate + 0.00082

∗ contacttime ∗ temperature − 0.000975 ∗ Agitationrate ∗ Temperature  

Table 3. Analysis of Variance (ANOVA) for removal of MG dye using PKSAC-TiO2-NPs 

Source Sum of 
Squares 

df Mean Square F-value p-value 

Model 2905.68 11 264.15 3576.72 < 0.0001 

Adsorbent 
dosage (A) 

1937.59 1 1937.59 26235.54 < 0.0001 

Contact time 
(B) 

371.3 1 371.3 5027.54 < 0.0001 

Agitation rate 
(C) 

6.56 1 6.56 88.76 < 0.0001 

Temperature 
(D) 

48.76 1 48.76 660.22 < 0.0001 

AB 12.85 1 12.85 173.96 < 0.0001 

BC 0.3364 1 0.3364 4.55 0.0586 

BD 1.24 1 1.24 16.85 0.0021 

CD 3.28 1 3.28 44.43 < 0.0001 

B² 1.21 1 1.21 16.43 0.0023 

C² 19.72 1 19.72 267.06 < 0.0001 

D² 0.6263 1 0.6263 8.48 0.0155 

Residual 0.7385 10 0.0739 
  

Lack of Fit 0.6278 6 0.1046 3.78 0.1094 

Pure Error 0.1107 4 0.0277 
  

Cor Total 2906.42 21 
   

*Values of "Prob > F" less than 0.0500 indicate model terms are significant. 

3.5  Interactive Effects of Parameters 

Response surface plots (Figure 3a) demonstrate that increasing both the adsorbent dosage 
and contact time positively influenced malachite green (MG) dye removal. As shown in Figure 3b, 

prolonged contact time and moderate agitation rates further enhanced removal efficiency. However, 
excessively high agitation appeared to reduce performance slightly, likely due to desorption effects. 
Figure 3c highlights that elevated temperatures, when combined with longer contact durations, also 
promoted better dye removal. Figure 3d illustrates the interaction between agitation rate and 
temperature, indicating that while both parameters are influential, very high agitation may cause a 

marginal decrease in efficiency. This decline could be attributed to the re-release of adsorbed dye 
molecules or reduced interaction time between the dye and the adsorbent. Although increased 
agitation improves dye transport, excessive turbulence may disrupt effective adsorption on the 
adsorbent surface. 
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Figure 3. 3D response surface plots on effect of (a) adsorbent dosage and contact time (b) contact 

time and agitation rate (c) contact time and temperature (d) agitation rate and temperature on dye 
removal 

3.6  Process Optimization 

Numerical optimization was carried out to determine the optimum adsorbent dosage, contact 
time, agitation rate and temperature to achieve maximum dye removal using PKSAC-TiO2-NPs. The 
optimized conditions were: 2.28 g dosage, 142 min time, 279 rpm, and 58°C. Predicted (93.8%) and 
experimental (92.6%) removal rates showed close agreement, with only 1.38% error. Comparable, 
RSM-based studies in the last decade report similar or higher peak removals under different matrices 
and designs: MgO-impregnated clays and nano-bentonite optimized via RSM achieved 92 to 94.5% 
with robust multi-cycle reuse, confirming that nano-enhancement and statistical tuning reliably elevate 
performance [28]. Likewise, Box–Behnken optimization on Rumex abyssinicus activated carbon 
reached up to 99.9% removal while validating PSO kinetics and favorable thermodynamics, 

reinforcing the consistency between optimized operating windows and mechanism assignments 
across systems [29].Recent DOE/RSM work on almond-shell carbon waste also demonstrates that 
structured optimization efficiently navigates multi-factor spaces to identify high-removal regimes for 
MG, aligning with the approach and outcome reported [30]. 

3.7 Model Validation 
To confirm the accuracy of the optimization model, validation was conducted by comparing the 

predicted MG dye removal efficiency with the experimentally obtained value. The results showed a 

small error margin of 1.38%, as presented in Table 4. The closeness between predicted and 
experimental values confirms the reliability and robustness of the developed model for accurately 
predicting MG dye removal efficiency under the optimized conditions. 
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Table 4. Model validation of malachite dye green removal using PKSAC-TiO2-NPs 

Adsorbent 

dosage (g) 

Contact 

time (min) 

Agitation 

rate (rpm) 

Temperature 

(℃) 

Removal Efficiency of 

dye (%) 

Error (%) 

    Predicted Experimental  
2.28 142 279 58 93.80 92.60 1.38 

3.8 Regeneration and Reusability Study of spent PKSAC-TiO2-NPs     
The regeneration performance of PKSAC–TiO₂–NPs was evaluated using distilled water, 0.1 

M HNO₃, and 0.1 M NaOH as desorbing agents across five adsorption–desorption cycles (Table 5). 
Among the solvents, NaOH showed the highest regeneration efficiency, with only a slight decrease 
from 94.6% to 92.3% after five cycles. Distilled water and HNO₃ also enabled recovery of adsorption 
capacity, albeit with slightly lower retention. The minor decline in performance was attributed to pore 
blockage and gradual surface degradation of active sites during repeated use. These outcomes are 

consistent with observations in the literature: tea stalk powder maintained >95% efficiency after six 
NaOH regenerations, reflecting excellent retention [31]; alkaline regenerants, especially NaOH, are 
noted for preserving active sites better than acids [32]; and a TiO₂/biochar composite sustained its 
removal performance over five cycles with no observable loss [33]. Altogether, these comparisons 

confirm that PKSAC–TiO₂–NPs performs within the upper range of low-cost adsorbents for repeated 
dye removal. 

Conclusively, the combination of strong regeneration ability and the sustainable origin of palm 
kernel shell makes PKSAC–TiO₂–NPs highly suitable for scalable industrial dye remediation 
applications 

Table 5. Regeneration and Reusability Results for PKSAC-TiO2-NPs 

Regeneration cycle Removal efficiency (%)          Distilled water 

 HNO3 NaOH 

1st cycle 92.50 91.80 94.60 
5th cycle 91.80 89.63 92.30 

3.9 Evaluation of Kinetic Parameters for MG Removal using PKSAC-TiO₂- Nanocomposite 

Figure 4 illustrates the kinetic plots based on the application of Pseudo-first-order (PFO) and 
Pseudo-second-order (PSO) models to describe MG dye adsorption onto PKSAC-TiO₂-NPs. The 

pseudo-second-order kinetic model provided the best fit (R² = 0.989; RMSE = 0.0005), indicating 

chemisorption. In contrast, the pseudo-first-order model had lower correlation (R² = 0.80). 

Furthermore, the experimental qe (qe,exp) presented in Table 6 is closer to the calculated qe (qe,cal) for 

the PSO model. Therefore, the PSO kinetic model with the highest R² value and the lowest RMSE 
best describe the adsorption process.  
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Figure 4. Kinetic plot of malachite dye green removal using PKSAC-TiO2-NPs 

Table 6.  Kinetics parameters of adsorption of malachite dye using PKSAC-TIO2-NPs 

 

 

3.10 Thermodynamic study of Malachite Green Dye Removal using PKSAC-TiO2-NPs 
 Figure 5 presents the thermodynamic plot for Malachite Green (MG) dye adsorption onto 
PKSAC-Ti0₂-NPs. Negative ΔG⁰ values confirmed spontaneous adsorption. A positive ΔH⁰ (18.61 

kJ/mol) suggested endothermic nature, while positive ΔS⁰ indicated increased molecular randomness 
at the solid–liquid interface (Table7). According to adsorption energy classifications, energies in the 
range of 4-10 kJ/mol are indicative of van der Waals interactions, while values around 5 kJ/mol 
suggest hydrophobic interactions. Hydrogen bonding is typically associated with energies between 2-

40 kJ/mol, and dipole-dipole interactions generally occur within the 2.29 kJ/mol range. The adsorption 
enthalpy (∆H°) value of 18.61 kJ/mol obtained revealed that the process is likely governed by physical 
adsorption mechanisms, including hydrogen bonding and dipole interactions [34]. Moreover, the 
decline in ∆G° values with rising temperature suggests that the adsorption process becomes 

increasingly favorable, reinforcing its endothermic character. 

Kinetic model Unit Value 

Pseudo-first order   

K1 h−1  0.027 

qe,exp mg/g 0.33 

qe,cal mg/g 0.62 

R2 ---- 0.8021 

              RMSE ---- 0.0970 
Pseudo-second order   

K2 g/(mgmin) 0.074 

qe,exp mg/g 0.33 

qe,cal mg/g 0.37 

R2 ---- 0.9890 

              RMSE ---- 0.0005 

y = -0,0119x - 0,2081
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Figure 5. Thermodynamic study of malachite dye green removal using PKSAC-TiO2-NPs 

Table 7. Thermodynamic parameters of adsorption of malachite dye using PKSAC-TiO2-NPs 

Temp. (K) 
∆𝐇𝟎  (

𝐊𝐉

𝐦𝐨𝐥
) 

∆𝐒𝟎 (𝐊𝐉𝐊−𝟏𝐦𝐨𝐥−𝟏 
∆𝐆𝟎  (

𝐊𝐉

𝐦𝐨𝐥
) 

303 18.61 0.6965 -2.497 

313   -3.193 
323   -3.890 
333   -4.586 

3.11 Comparative Analysis of Malachite Green Dye Removal Using Various Adsorbents 

 Compared to other adsorbents as presented in Table 8, PKSAC-TiO₂-NPs offered competitive 

efficiency, strong reusability, and economic feasibility. While certain materials reached >99% removal, 
this nanocomposite balances cost-effectiveness with high removal capacity, making it viable for real-

world wastewater treatment. 

Table 8. Comparison of results with literature 

Adsorbent Removal 
efficiency (%R) 

Kinetic model Thermodynamic 
model 

References 

Wood apple 98.87 Pseudo-second 

order 

Endothermic, spontaneous [35] 

Rice husks 95.70 Pseudo-second 
order 

Exothermic, spontaneous [36] 

Zinc tungsten 75.00 Pseudo-second 
order 

Endothermic, spontaneous [37] 

Rumex 

abyssinicus 

99.90 Pseudo-second 

order 

Endothermic, spontaneous [29] 

Nano- bentonite 98.00 Pseudo-first order Exothermic, non-
spontaneous 

[28] 

MgO-
impregnated clay 

90.00 Pseudo-first order Exothermic, spontaneous [28] 

Porous organic 

polymer 

99.60 Elovich model Endothermic, spontaneous [38] 

PKSAC-TiO2-
NPs 

92.60 Pseudo-second 
order 

Endothermic, spontaneous This study 

 

y = -2238x + 8,3773

R² = 0,9543

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

1,8

0,0029 0,003 0,0031 0,0032 0,0033 0,0034

ln
 K

c

1/T (K-1)
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4. Conclusion 

This study demonstrates that palm kernel shell-derived activated carbon modified with TiO₂ 

nanoparticles (PKSAC–TiO₂-NPs) is an effective and sustainable adsorbent for malachite green dye 

(MGD) removal. Characterization confirmed its favorable surface properties, while RSM optimization 

achieved a maximum removal efficiency of 92.6%. The adsorption process followed pseudo-second-

order kinetics and was spontaneous and endothermic, with reusability tests showing stable 

performance over several cycles. Compared with other agro-waste and nano-enhanced adsorbents, 

PKSAC–TiO₂-NPs balanced low cost with improved functionality. Overall, this work contributes a 

practical and scalable solution for textile wastewater treatment. Its novelty lies in valorizing palm kernel 

shell into a TiO₂-modified nano-adsorbent that integrates sustainable resource use with enhanced 

adsorption performance. Future studies should explore pilot-scale application, regeneration 

economics, and multi-contaminant removal to advance industrial deployment. 
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