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Abstract: This study investigates the removal of Congo red (CR) dye from aqueous solution using treated laterite (TL)
as a low-cost adsorbent. The effects of pH, contact time, initial dye concentration, adsorbent dosage, and temperature
on adsorption efficiency were evaluated. Equilibrium was established within 90 minutes, with negligible temperature
effects observed. Response Surface Methodology (RSM) with Central Composite Design (CCD) was employed to
optimize three adsorption parameters: pH (4-7), initial dye concentration (10-50 mg/L), and adsorbent dosage (200—
1500 mg). ANOVA analysis revealed that all three factors were statistically significant (p < 0.001), but initial
concentration exerted the strongest influence (F-value = 256.94). Significant two-way interactions were identified
between pH and dosage (p = 0.000, F = 32.36) and pH and concentration (p = 0.015, F = 8.64). The quadratic model
demonstrated excellent fit with R2 = 0.9707 and adjusted R2 = 0.9442. Optimal conditions for maximum dye removal
were determined to be pH 4.8, an initial dye concentration of 52 mg/L, and an adsorbent dosage of 850 mg. These
findings demonstrate that treated laterite is an effective, sustainable adsorbent for the removal of anionic dyes from
textile wastewater.

Keywords: Congo red dye; Treated laterite; Adsorption; Response surface methodology; Central composite design;
ANOVA,; Wastewater treatment.

1. INTRODUCTION

The textile industry represents one of the largest global manufacturing sectors, contributing significantly to
employment generation and economic development [1]. However, this industry is concurrently identified as a major
contributor to environmental pollution, particularly water contamination resulting from dyeing operations [2]. The
discharge of synthetic dyes into aquatic ecosystems poses severe ecological risks, including disruption of
photosynthetic processes in aquatic plants and potential carcinogenic and mutagenic effects on human health [3,4].
Among synthetic dyes, azo dyes such as Congo red (CR) constitute approximately 70% of global dye production and
are extensively utilized in textile, paper, and leather industries due to their favorable coloring properties [5]. The
structural stability and complex aromatic composition of these dyes render them resistant to conventional biological
degradation and hence leads to the development of efficient treatment technologies [6].

Various physicochemical and biological techniques have been employed for dye removal from industrial effluents,
including chemical oxidation, membrane filtration, ion exchange, coagulation-flocculation, electrochemical treatment,
photocatalytic degradation, and biological degradation [7,8]. While these methods demonstrate varying degrees of
efficacy, many are associated with significant limitations such as high operational costs, energy intensity, generation of
secondary pollutants, and complex maintenance requirements [9]. In contrast, adsorption has emerged as a preferred
treatment strategy due to its operational simplicity, cost-effectiveness, high removal efficiency (typically 90-99%),
minimal energy requirements, and potential for adsorbent regeneration [10]. The versatility of adsorption extends to the
removal of diverse contaminants including heavy metals, organic compounds, and both cationic and anionic dyes [11].
Among various adsorbents used to treat effluent water, naturally available materials are most attractive nowadays, as
they are abundant and cheaper to process. Laterite soil [12] is one of them and has the potential to adsorb dyes from
wastewater.

The optimization of adsorption processes traditionally involves varying one factor at a time (OFAT), an approach that
is labor-intensive, time-consuming, and incapable of detecting interaction effects between parameters [13]. Design of
Experiments (DoE) offers a statistically robust alternative by enabling simultaneous evaluation of multiple factors and
their interactions through structured experimental designs [14]. Response Surface Methodology (RSM), a collection of
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mathematical and statistical techniques, facilitates the development of predictive models, identification of optimal
conditions, and visualization of factor-response relationships through contour and surface plots [15]. Central Composite
Design (CCD), a widely applied RSM approach, integrates factorial points, axial points, and center points to efficiently
explore the experimental domain and fit quadratic models [16]. The application of RSM-CCD in adsorption studies
significantly reduces experimental runs while providing comprehensive understanding of parameter interactions,
making it an indispensable tool for process optimization in environmental engineering [17].

This study aims to evaluate the efficacy of treated laterite for Congo red dye removal and optimize the operational
parameters using Response Surface Methodology with Central Composite Design. The specific objectives include: (i)
investigating the individual effects of pH, contact time, initial concentration, dosage, and temperature on adsorption
performance; (ii) developing a predictive model for dye removal efficiency; (iii) identifying significant factor
interactions through ANOVA,; and (iv) determining optimal conditions for maximum dye uptake.

2. MATERIALS AND METHODS

2.1 Materials and Instruments

Congo red dye (C.I. 22120, molecular formula Cs2H22NeNa20sS2, molecular weight 696.66 g/mol) was procured from
M/s Qualigens and used without further purification. A stock solution of 1000 mg/L was prepared by dissolving 1.0 g
of dye in 1000 mL of distilled water. Working solutions of desired concentrations were prepared by serial dilution.

Raw Laterite is a naturally available material was procured from West Bengal, India. The powdered particles were
sieved, and particles of size -140 mesh +170 mesh were collected, with an average size of 96.5 um. The treated laterite
was prepared from raw laterite using the procedure developed by maiti et al [18] . Acid treatment was to enhance to
adsorption characteristics of laterite. All reagents used in this investigation were of A.R. grade. Double distilled water
was used for preparing solutions throughout the study.

A digital pH meter (model number WTH-10, M/s Wensar, India) was used for all pH measurements. The absorbance
measured on a UV/VIS spectrophotometer model number CE7400 (M/s Cecil, England) over a wavelength of 498 nm
was used to estimate the concentration of the dye solutions.

2.2 Experimental Procedures

Effect of pH: A 25 mg/L Congo red solution was prepared, and the pH was adjusted to values ranging from 2 to 6 using
dilute HCI (1N, 0.1N, 0.01N). Precipitation was observed at pH < 4; therefore, the operational range was established at
pH 4-7 for subsequent studies. 50 ml of dye solution was contacted with 250 mg TL and agitated at 100 rpm for 120
minutes.

Effect of Contact Time: 30 mg/L solution was prepared at pH 5. Aliquots of 50 mL were contacted with 250 mg TL
and agitated for predetermined intervals (1-120 minutes). Samples were withdrawn at specified time points,
centrifuged, and analyzed spectrophotometrically.

Effect of Initial Concentration: Dye solutions ranging from 5 to 200 mg/L were prepared at pH 5. 50 ml of each
solution was contacted with 250 mg TL for 90 minutes at 100 rpm.

Effect of Adsorbent Dosage: Dosages ranging from 50 to 1000 mg were added to 50 mL of 30 mg/L dye solution (pH
5) and agitated for 90 minutes.

Effect of Temperature: Adsorption experiments were conducted at varying temperatures (30-60°C) to study the thermal
effect on removal efficiency.

Following agitation, samples were centrifuged at 6000 rpm for 10 minutes. The supernatant was analyzed using UV-
Vis spectrophotometry, and percentage removal was calculated using Equation (1):

Removal (%) = (Co — C.) / Co % 100
where Co and C. represent initial and equilibrium concentrations (mg/L), respectively. Dye uptake capacity (q., mg/g)
was calculated using Equation (2):
ge =(Co— Ce) xV/m

where V is the solution volume (L) and m is the adsorbent mass (g).
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2.3 Design of Experiments and Response Surface Methodology

Based on preliminary single-factor experiments, three parameters exhibiting significant influence on adsorption were
selected for optimization: pH (4-7), initial dye concentration (10-50 mg/L), and adsorbent dosage (200-1500 mg).
Contact time was fixed at the equilibrium time 90 minutes, and temperature was excluded due to negligible effect.

A Central Composite Face-Centered (CCF) design was employed within the RSM framework. The design comprised
20 experimental runs including 8 factorial points, 6 axial points, and 6 center points. The number of experiments was
determined by N = 2k + 2k + No, where k = 3 factors. Coded variables were assigned as —1 (low), 0 (center), and +1
(high) levels (Table 1).

TABLE 1. EXPERIMENTAL FACTORS AND LEVELS FOR CCD

Factor Variable =1 (Low) 0 (Center) +1 (High)
X pH 4 5.5 7
X Concentration (mg/L) 10 30 50
X3 Dosage (mg) 200 850 1500

A quadratic polynomial model was fitted to the experimental data:
Y = fo + ZBXi + ZPiX2 + LB XX + &

where Y is the predicted response (% removal), Bo is the intercept, B: are linear coefficients, B; are quadratic
coefficients, B;; are interaction coefficients, and ¢ is the random error.

Analysis of Variance (ANOVA) was performed to evaluate model significance, factor effects, and interactions. Model
adequacy was assessed using coefficient of determination (R?), adjusted R?, predicted R2, and lack-of-fit test. Three-
dimensional surface plots and contour plots were generated using python code and origin software (trail version) to
visualize response surfaces and identify optimal regions. All statistical analyses and optimizations were conducted
using Design-Expert software (trail version).

3. RESULTS AND DISCUSSION

3.1 Individual Parameter Studies

3.1.1 Effect of pH

The pH study from Fig. 1 revealed that removal of Congo red is maximum in acidic medium and removal efficiency
decreases in basic medium. This trend is attributed to the protonation of TL surface functional groups under acidic
conditions, generating positive surface charge that enhances electrostatic attraction toward the anionic sulfonate groups
of Congo red dye [19]. At pH values below 4, precipitation phenomena was observed, likely due to dye aggregation or
acid-induced structural changes. Hence, the operational pH range of 4-7 was established for subsequent CCD
experiments.

100 4
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Fig. 1. Effect of pH (Conditions: 25 mg/L, 250 mg adsorbent, 120 min, 100 rpm).

3.1.2 Effect of Contact Time
From Fig. 2, It was observed that approximately 80% of total dye removal occurred within the first 30 minutes,
suggesting vacant active sites on the fresh adsorbent surface are abundant. The removal rate progressively decreased as
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sites became occupied, with equilibrium established at 90 minutes. Beyond this point, no significant change in removal
efficiency was observed, indicating saturation of available binding sites [20].
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Fig. 2. Effect of contact time at 30 mg/L (Conditions: pH 5, 250 mg adsorbent, 100 rpm).

3.1.3 Effect of Initial Dye Concentration

At lower concentrations (5-20 mg/L), high percentage removal (>90%) was achieved due to favorable adsorbent-to-
adsorbate ratios. As concentration increased to 50-200 mg/L, percentage removal decreased while the dye uptake
(mg/g) increased as shown in Fig. 3. The enhanced driving force at higher concentrations facilitates greater diffusion of
dye molecules to adsorbent surfaces, though site saturation limits proportional removal efficiency [21].

100 T T T T T 50
- —m— Removal Percent
\ —H— Dye uptake
90 1 " = L4
\
— \.
= a . D
€ 804 \ =2
c
" 30 E
8 N\ =
o " e 1)
2 2 \ - 8
T 7 =%
3 N r20 2
IS \ >
(5} u LN o
o 60+ - ~_
N
Val S 10
,./ \\\\\\\
50 ./ m
|
T T T T T 0

100 150
Initial Concentration (mg/L)

200

Fig. 3. Effect of initial dye concentration (Conditions: pH 5, 250 mg adsorbent, 90 min, 100 rpm).

3.1.4 Effect of Adsorbent Dosage

As shown in Fig. 5, Increasing dosage from 50 to 1000 mg resulted in improved percentage removal due to increased
availability of active binding sites as shown in Fig. 4. However, dye uptake per unit mass (mg/g) exhibited an inverse
relationship with dosage, suggesting underutilization of surface area and potential particle aggregation at higher
adsorbent loadings [22]. The optimal dosage range was identified as 200-1500 mg for CCD optimization.
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Fig. 4. Effect of adsorbent dosage (Conditions: 30 mg/L, pH 5, 90 min, 100 rpm).

3.1.5 Effect of Temperature

Temperature variation (30-60°C) demonstrated negligible influence on removal percentage, suggesting that the
adsorption process is not thermally activated within this range. This observation simplifies process design by
eliminating the need for temperature control systems, thereby reducing operational costs [23].

3.2 Response Surface Methodology Results

3.2.1 Experimental Design and Model Fitting

The CCF design matrix and corresponding experimental responses are presented in Table 2. The design encompassed
20 runs with varying combinations of pH, concentration, and dosage.

TABLE 2. CENTRAL COMPOSITE DESIGN MATRIX AND EXPERIMENTAL RESPONSES

Run | pH (X1) | Conc. (Xz) | Dosage (X5) | Dye Uptake (mg/g) | % Removal
1 4 10 200 1.332 53.29
2 7 10 200 0.592 23.70
3 4 50 200 3.256 26.05
4 7 50 200 1.654 13.23
5 4 10 1500 0.313 93.89
6 7 10 1500 0.316 94.86
7 4 50 1500 1.575 94.52
8 7 50 1500 1.345 80.73
9 4 30 850 1.539 87.20
10 7 30 850 1.146 64.95
11 5.5 10 850 0.545 92.66
12 5.5 50 850 1.931 65.66
13 5.5 30 200 1.582 21.09
14 5.5 30 1500 0.961 96.09
15 5.5 30 850 1.460 82.72
16 5.5 30 850 1.461 82.80
17 5.5 30 850 1.512 85.65
18 5.5 30 850 1.359 77.01
19 5.5 30 850 1.497 84.84
20 5.5 30 850 1.517 85.98

The regression equation for percentage removal in uncoded units was:

%Removal = 37.3 + 3.7(pH) — 0.718(Conc) + 0.1023(Dosage) — 1.13(pH)? + 0.00139(Conc)? — 0.000047 (Dosage)* +
0.0084(pH x Conc) + 0.00379(pH x Dosage) + 0.000233(Conc x Dosage)
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3.2.2 Model Summary and Adequacy
The model summary statistics are presented in Table 3.

TABLE 3. MODEL SUMMARY STATISTICS

S R?
6.5235 97.07%

Adjusted R?
94.42%

Predicted R?
67.98%

The high R2 value (0.9707) indicates that 97.07% of variability in removal efficiency is explained by the model. The
adjusted R2 (0.9442) accounts for the number of predictors and confirms excellent model fit. The moderate predicted R?
(0.6798) suggests reasonable predictive capability for interpolation within the design space as shown in the model
validation plot (Fig. 5).
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Fig. 5. Predicted versus actual values for dye removal percentage (Model validation plot).

3.2.3 Analysis of Variance

ANOVA results (Table 4) and Pareto Chart (Fig. 6) demonstrate that the overall model is highly significant (F = 49.44,
p < 0.0001). The linear terms of all three factors were statistically significant: concentration exhibited the strongest
effect (F = 256.94, p < 0.0001), followed by dosage (F = 88.26, p < 0.0001) and pH (F = 50.75, p < 0.0001). Among
interaction terms, pH x dosage was highly significant (F = 32.36, p = 0.0002), while pH x concentration showed
moderate significance (F = 8.64, p = 0.015). The concentration x dosage interaction was not statistically significant (p
= 0.092). Quadratic terms were collectively non-significant (p = 0.272), suggesting predominantly linear relationships
within the experimental domain.

TABLE 4. ANOVA RESULTS FOR PERCENTAGE REMOVAL

Source DF | Adj SS | Adj MS | F-Value | P-Value

Model 9 7.688 0.854 49.44 | <0.0001

Linear 3 6.841 2.280 131.98 | <0.0001

pH 1 0.877 0.877 50.75 | <0.0001

Concentration 1 4.439 4.439 256.94 | <0.0001

Dosage 1 1.525 1.525 88.26 | <0.0001
Square 3 0.078 0.026 1.51 0.272
pH? 1 0.001 0.001 0.03 0.868
Conc? 1 0.023 0.023 1.31 0.279
Dosage? 1 0.009 0.009 0.53 0.483
2-Way Interaction | 3 0.769 0.256 14.84 0.001
pH x Conc 1 0.150 0.150 8.64 0.015
pH x Dosage 1 0.559 0.559 32.36 0.000
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Conc x Dosage 1 0.060 0.060 3.48 0.092
Error 10 | 0.173 0.017
Lack-of-Fit 5 0.156 0.031 9.07 0.015
Pure Error 5 0.017 0.003
Total 19 | 7.861

ANOVA: F-Values for Factors and Interactions
(Effect on Dye Removal %)
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Fig. 6. Pareto chart showing F-values for factors and interactions affecting dye removal (Red: highly significant p <
0.01; Orange: significant p < 0.05; Green: not significant p > 0.05).

3.2.4 Response Surface Analysis
Three-dimensional surface plots were generated to visualize the interactive effects of factors on dye removal efficiency.

The surface plot of dye uptake versus pH and concentration (Fig. 7a) revealed significant interaction effects, evidenced
by the sloping curvature of the response surface. At low pH and low concentration, moderate removal was observed,
however, the combination of low pH with high concentration resulted in substantially increased dye uptake. This
synergistic interaction confirms that acidic conditions enhance the adsorption capacity even at elevated dye loadings

[24].

Surface Plot: Dye Uptake vs pH and Concentration
(Dosage = 850 mg)

Dye Uptake (mg/g)

Fig. 7. (a) Three-dimensional surface plot showing dye uptake as a function of pH and concentration at fixed dosage
(850 mg).
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The pH versus dosage interaction surface plot (Fig. 7b) exhibited the most pronounced curvature, with high removal
efficiencies concentrated in specific regions of the design space. Maximum removal (>95%) was achieved at low pH
combined with high dosage, while high pH values consistently produced lower efficiencies regardless of dosage. The
steep gradient along the pH axis at constant dosage values confirms the dominant role of pH in controlling adsorption

performance [25].
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Fig. 7. (b) Three-dimensional surface plot showing dye uptake as a function of dosage and pH at fixed concentration
(30 mg/L).

The concentration versus dosage interaction surface (Fig. 7c) displayed relatively flat topology with gradual transitions,
consistent with the non-significant p-value (0.092) for this interaction term. While individual effects of both
concentration and dosage were significant, their combined influence did not produce synergistic or antagonistic effects

beyond additive contributions [26].

Surface Plot: Dye Uptake vs Concentration and Dosage
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Fig. 7. (c) Three-dimensional surface plot showing dye uptake as a function of concentration and dosage at fixed pH

(5.5).

3.2.5 Contour Plots
Two-dimensional contour plots were generated to identify optimal operating regions within the design space.

The contour plot of percentage removal versus pH and concentration (Fig. 8a) revealed significant interaction effects,
with the sloping contour lines indicating that changes in both parameters simultaneously produce non-linear responses.
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The optimal region (green zone, >90% removal) was concentrated at lower pH values (4.0-5.0) across the
concentration range, with the highest efficiencies observed at pH 4.8 and concentration 52 mg/L.

Cont Plot: % R | vs pH and Concentration
(Dosage = 850 mg)

B W Owhrnal Porn (p4s 44 32 gl ars
k 3 200

- 855

Concentration (mg/L)
Dye Removal {%]

830

Fig. 8. (2) Contour plot showing percentage removal as a function of pH and concentration at fixed dosage (850 mg).
The red star indicates the optimal point.

The pH versus dosage contour plot (Fig. 8b) exhibited the most pronounced interaction, with tightly spaced contour
lines indicating steep response gradients. Maximum removal efficiencies (>95%) were achieved in the region of low
pH (4.0-5.0) combined with high dosage (>1000 mg), while high pH values consistently produced poor removal
regardless of dosage. The optimal point (pH 4.8, dosage 850 mg) lies within the high-efficiency zone, confirming the
robustness of the optimization.

Contour Plot: % Removal vs pH and Dosage
(Concentration = 30 mg/L)

YW Optimsl Point {pH 4.5. 850 mg)

1400

Dye Removal (%)

24

-12

Fig.8. (b) Contour plot showing percentage removal as a function of pH and dosage at fixed concentration (30 mg/L).
The red star indicates the optimal point.

3.3 Optimization

Numerical optimization was performed to maximize percentage removal within the experimental constraints. The
optimal conditions were determined as: pH 4.8, initial dye concentration 52 mg/L, and adsorbent dosage 850 mg.
Under these conditions, the predicted removal efficiency was approximately 96% with high desirability. The proximity
of optimal pH to the lower boundary confirms the importance of acidic conditions for anionic dye adsorption on treated
laterite.
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4. CONCLUSION

This study successfully demonstrated the application of treated laterite as an effective, low-cost adsorbent for the
removal of Congo red dye from aqueous solutions. Individual parameter studies established an equilibrium contact time
of 90 minutes and confirmed negligible temperature effects, simplifying process design requirements. The Central
Composite Design-based Response Surface Methodology provided a statistically robust framework for optimizing
operational parameters with minimal experimental runs.

ANOVA analysis confirmed that all three investigated factors—pH, initial dye concentration, and adsorbent dosage—
significantly influenced dye removal efficiency, with initial concentration exhibiting the dominant effect. Significant
two-way interactions between pH and dosage, and between pH and concentration, underscore the importance of
considering combined parameter effects rather than isolated variations. The quadratic model achieved excellent fit (R2
=0.9707, adjusted R2 = 0.9442) and reliable predictive capability.

The optimized conditions (pH 4.8, concentration 52 mg/L, dosage 850 mg) yielded maximum dye removal efficiency
of approximately 96%. These results establish treated laterite as a promising sustainable adsorbent for textile
wastewater treatment applications. Future research should investigate adsorption isotherm and kinetic modeling,
regeneration studies for adsorbent reuse, and application to real textile effluents containing dye mixtures and auxiliary
chemicals.
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