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1. Introduction

In recent decades, rapid industrialization and urbanization driven by population growth have resulted in severe
water contamination through the discharge of massive volumes of solid and liquid wastes (Zulfigar et al., 2019).
Driven by increasing industrial demand, sectors such as textiles, pharmaceuticals, metallurgy, petrochemicals,
cosmetics, plastics, and food processing utilize a wide array of synthetic dyes and heavy metals (Harrache et al.,
2019), frequently releasing untreated effluents into aquatic ecosystems. Most synthetic organic dyes and transition
metal ions are chemically and thermally stable, non-biodegradable, and highly toxic (Ledn et al., 2018; Ahmadi and
Ganjidoust, 2021; Berrahou et al., 2026. Polluted wastewater inflicts long-term ecological damage and threatens
human health with carcinogenic, mutagenic, and nephrotoxic effects. Consequently, the effective remediation of dyes
and heavy metals from aqueous effluents remains a critical environmental challenge (Li et al., 2016).
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To mitigate the presence of hazardous pollutants such as copper(ll) ions and indigo carmine (IC) dye prior to
environmental discharge, numerous physicochemical treatment technologies have been developed, including
chemical precipitation, ion exchange, membrane filtration, electrochemical processes, coagulation-flocculation,
reverse osmosis, and adsorption (Ngaha et al., 2019; Ahmadi and Ganjidoust, 2021). Among these methods, liquid-
phase adsorption is widely recognized as technically superior, cost-effective, simple to operate, and capable of
removing a broad spectrum of organic and inorganic contaminants without generating toxic sludge (Ankoro et al.,
2020; Mashile et al., 2021; Rashid et al., 2021).

Although commercial activated carbon is the benchmark adsorbent in wastewater treatment, its prohibitive
production cost limits its large-scale deployment in developing economies (Athéba et al., 2015). To address this
constraint, extensive research has focused on valorizing abundant, low-cost lignocellulosic agricultural residues as
activated carbon precursors. Utilizing agro-industrial waste serves a dual purpose: manufacturing high-performance
adsorbents economically while adding value to local agricultural by-products (Ousmaila et al., 2016). Various
biomass precursors have been investigated, including banana peels, orange peels, cassava peels, peanut shells,
bamboo shoots, coconut shells, egusi seed shells, and cocoa pods (Wong et al., 2018; Hashem et al., 2020; Ahmadi
and Ganjidoust, 2021; Jiang et al., 2021).

Cocoa pods (Theobroma cacao L.) constitute a particularly attractive precursor due to their massive global
availability, with annual worldwide cocoa bean production reaching approximately 5,252,377 tonnes (FAOSTAT,
2020) and 335,850 tonnes in Cameroon alone (DESA, 2020). Because cocoa pod husks represent roughly 70-75%
of the fresh fruit weight and are typically discarded in plantations, converting them into chemically activated carbon
offers a sustainable waste-management and water-treatment pathway. The objective of this study is to optimize the
H3POs-assisted chemical activation of cocoa pods via Response Surface Methodology (Box-Behnken design),
characterize the physicochemical properties of the resulting adsorbent (TGA-DSC, FTIR, SEM, and pHPZC), and
evaluate its equilibrium and kinetic adsorption performance toward Indigo Carmine dye and Cu(ll) ions.

2. Methodology

2.1 Sourcing and preparation of activated carbon

Raw cocoa pods rich in cellulose, hemicellulose, and lignin were collected from plantations in the Elat district
(Nkol-Afamba sub-division, Mfoundi division, Central Region of Cameroon, east of Yaoundé). These cocoa pods
represent a major unvalorized agricultural residue (Figure 1). The harvested pods were thoroughly washed under
running tap water to remove surface impurities, rinsed with distilled water, chopped into small fragments, and sun-
dried for three weeks. The dried biomass was crushed and sieved to isolate particles with sizes ranging between 1.25
and 2.50 mm.

Figure 1. Fresh and dried cocoa pod husks used as precursor material.

Chemical activation was carried out using orthophosphoric acid (HsPO., 85%) at a mass impregnation ratio (r)
defined by Eqgn. 1:

r =m_cocoa_pod / m_HsPO4 Eqn. 1

Following impregnation, the precursor mixture was oven-dried at 110 °C for 24 h. Carbonization was conducted
in a muffle furnace at programmed temperatures (300-500 °C) and residence times (1-2 h) at a constant heating rate
of 10 °C/min, followed by gradual cooling to ambient temperature. The resulting carbonized materials were
repeatedly washed with distilled water until a neutral filtrate pH (~6.5-7.0) was attained, then dried at 110 °C for 24
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h. Finally, the activated carbon (ACP) was ground in a porcelain mortar, sieved to a particle size < 75 um, and stored
in airtight glass bottles inside a desiccator.

2.2 Box-Behnken experimental design optimization

A three-factor, three-level Box-Behnken Design (BBD) was established using Minitab 16 software (Minitab
Inc.,, USA) to optimize the preparation parameters: carbonization temperature (A), residence time (B), and
impregnation ratio (C). The experimental domain and coded levels are presented in Table 1, while the complete 15-
run randomized experimental matrix (including three center-point replicates to evaluate pure error and
reproducibility) is detailed in Table 2. Three response variables were monitored: lodine Number (Y1, mg/g),
Methylene Blue Number (Y2, mg/g), and Carbonization Yield (Y3, %). Experimental data were fitted to a second-
order polynomial model and validated via Analysis of Variance (ANOVA) at the 95% confidence level.

Table 1. Experimental factors, symbols, units, and coded levels for the Box-Behnken design.

Natural variables Coded variables Units Level -1 Level 0 Level +1
Carbonization temperature A °C 300 400 500
Residence time B h (min) 1.0 (60) 1.5 (90) 2.0 (120)
Impregnation ratio C g/g 1.0 15 2.0

Table 2. Box-Behnken experimental matrix with coded and actual process variables.

Run N° Block Coded A Coded B Coded C Temperature (°C) Time (h) Ratio (g/g)
1 1 -1 -1 0 300 1.0 15
2 1 +1 -1 0 500 1.0 15
3 1 -1 +1 0 300 2.0 15
4 1 +1 +1 0 500 2.0 15
5 1 -1 0 -1 300 15 1.0
6 1 +1 0 -1 500 15 1.0
7 1 -1 0 +1 300 15 2.0
8 1 +1 0 +1 500 15 2.0
9 1 0 -1 -1 400 1.0 1.0
10 1 0 +1 -1 400 2.0 1.0
11 1 0 -1 +1 400 1.0 2.0
12 1 0 +1 +1 400 2.0 2.0
13 1 0 0 0 400 15 15
14 1 0 400 15 15
15 1 0 400 15 15

2.3 Physicochemical characterization and batch adsorption experiments

Surface functional groups of raw cocoa pods and ACP (before and after adsorption) were analyzed via Fourier
Transform Infrared Spectroscopy (FTIR) in the mid-infrared range (4004000 cm™) at the Laboratory of Analytical
Chemistry, University of Yaoundé I. Thermogravimetric and Differential Scanning Calorimetry (TGA/DSC)
analyses were carried out at the Laboratory of Materials Chemistry, University of Yaoundé I, to evaluate thermal
mass-loss profiles. The point of zero charge (pHPZC) was determined by contacting 0.1 g of ACP with 40 mL of 0.1
M NacCl solutions adjusted between pH 2.0 and 10.0 using 0.1 N HCI or NaOH. Surface morphology was examined
via Scanning Electron Microscopy (SEM) at an accelerating voltage of 5.00 kV and magnification of 10,000x.

Stock solutions of Indigo Carmine (IC, 1000 mg/L) and Copper(Il) ions (4000 mg/L from CuSO4-5H20) were
prepared in distilled water and diluted to working concentrations. Batch adsorption experiments were conducted at
room temperature by agitating 0.02 g of ACP with 20 mL of adsorbate solution at constant stirring speed. After
filtration through Whatman filter paper, residual concentrations were quantified spectrophotometrically at Amax =
610 nm (for IC) and Amax = 804 nm (for Cu(Il)). The equilibrium adsorption capacity (Qe, mg/g) was computed
using Eqgn. 2:
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Qe=((Co-Ce) xV)/m Eqn. 2

where Co and Ce are the initial and equilibrium liquid-phase concentrations (mg/L), V is the solution volume (L), and
m is the dry mass of ACP (g).

3. Results and Discussion

3.1 Characterization of the adsorbent material

The TGA-DSC thermogram of raw cocoa pod biomass (Figure 2) revealed four main thermal decomposition
stages: (i) an endothermic dehydration peak at 77 °C corresponding to a 7.93% moisture loss (Lékéné et al., 2018);
(if) an exothermic transition between 273 and 295 °C associated with hemicellulose decomposition (cumulative mass
loss of 53.46%; Zhu et al., 2016); (iii) an exothermic peak at 404 °C corresponding to cellulose pyrolysis (16.87%
mass loss; Zhu et al., 2016); and (iv) lignin degradation around 442 °C (5.72% mass loss; Lékéné et al., 2018). These
thermal profiles confirm that carbonization between 300 and 500 °C effectively devolatilizes non-carbon heteroatoms
while preserving a stable carbon skeleton.
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Figure 2. TGA-DSC and DTG thermograms of raw cocoa pod biomass.

The FTIR spectrum of raw cocoa pods (Figure 3) displayed characteristic lignocellulosic absorption bands at
3272 cm (-OH stretching of alcohols, phenols, and carboxylic acids), 2929 cm (aliphatic -C-H stretching), 1728
cm-! (-C=0 stretching of aldehydes/esters), 1369-1235 cm* (-C-O-C- ether vibrations), and 1029 cm™ (aliphatic -
C-O stretching) (Ankoro et al., 2020). After HsPO4 activation, the ACP spectrum showed marked attenuation of the
broad -OH band due to dehydration and cross-linking, alongside distinct bands at 2920 cm* (-C-H), 1705-1630 cm
! (conjugated -C=0 and aromatic -C=C- stretching), 1161 cm™* (-C-O), and 1070 cm™*, which is diagnostic of ionized
linkage -P*-O in acid phosphate esters or -P=0 stretching vibrations induced by phosphoric acid activation (Puziy
etal., 2005). SEM micrographs of ACP at 10,000x magnification (Figure 4) revealed an irregular, rough, and deeply
pitted external surface containing abundant heterogeneous cavities and macroporous channels, confirming that HsPO4
acts as an effective dehydrating and pore-forming template during pyrolysis.
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Figure 3. FTIR spectra of raw cocoa pod biomass and H3POg-activated carbon (ACP).

Figure 4. SEM micrographs of optimized cocoa pod activated carbon (ACP) at 10,000x magnification.
3.2 Box-Behnken optimization and statistical modeling

Experimental and model-predicted values for lodine Number (Y1), Methylene Blue Number (Y2), and
Carbonization Yield (Y3) across all 15 runs are compiled in Table 3. Yield varied from 40.00% to 60.00%, IN ranged
from 480.66 to 785.46 mg/g, and MBN ranged from 46.98 to 89.85 mg/g.

Table 3. Experimental and predicted responses for the preparation of H3PO4-activated carbon (ACP).

Run Temp (°C)  Time (h) Ratio IN Exp IN Pred MBN Exp MBN Pred  Yield Exp (%)  Yield Pred
(%)
1 300 1.0 15 543.53 539.24 66.41 64.75 53.30 54.10
2 500 1.0 15 694.02 685.45 89.85 90.99 42.66 45.87
3 300 2.0 15 579.72 588.29 80.57 79.43 60.00 56.79
4 500 2.0 15 781.65 785.94 89.85 91.51 48.00 47.20
5 300 15 1.0 577.82 580.44 88.65 87.11 51.00 50.58
6 500 15 1.0 735.93 742.84 89.85 85.51 46.00 43.17
7 300 15 20 480.66 473.76 46.98 51.32 48.00 50.83
8 500 15 20 657.83 655.21 89.70 91.24 40.00 40.42
9 400 1.0 1.0 638.78 640.44 89.83 93.04 45.00 44.62
10 400 2.0 1.0 785.46 774.27 89.83 92.51 44.00 47.63
11 400 1.0 20 591.15 602.34 72.57 69.89 48.00 44.37
12 400 2.0 20 619.73 618.06 88.82 85.62 45.00 45.38
13 400 15 15 554.96 554.98 89.82 89.78 42.53 42.62
14 400 15 15 554.96 554.96 89.76 89.78 42.66 42.62
15 400 15 15 554.96 554.96 89.76 89.78 42.66 42.62

The second-order empirical regression equations established in terms of actual factors—Temperature (A), Time
(B), and Ratio (C)—are given in Eqgn. 3, Eqn. 4, and Eqn. 5:
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Y_Yield = 140.653 - 0.377A - 38.010B + 18.890C + 15.247B2 - 3.713C2 - 0.007AB - 0.015AC - Eqn. 3
2.000BC
Y_IN =1517.250 - 1.630A - 693.910B - 360.990C + 280.990B? + 134.300C? + 0.260AB + Eqgn. 4
0.100AC - 118.110BC
Y_MBN = 23.955 + 0.4737A + 21.4025B - 78.0825C - 0.0007A2 - 3.285B2 - 14.785C? - Eqn. 5

0.0708AB + 0.2076AC + 16.250BC

The ANOVA statistical parameters and determination coefficients summarized in Table 4 and Table 5
demonstrate highly significant quadratic models for lodine Number (F = 117.07, p = 0.000, R? = 99.53%, R?adj =
98.68%) and Methylene Blue Number (F = 13.51, p = 0.005, R? = 96.05%, R?adj = 88.94%). Normal probability
plots of standardized residuals (Figure 5) closely follow a straight line, validating residual normality.

Table 4. Summary of ANOVA results for Yield (%R), lodine Number (IN), and Methylene Blue Number (MBN).

Response Source DF Seq SS Adj SS Adj MS F-value p-value
Yield (%R) Regression 9 303.711 303.711 33.746 2.60 0.153
Residual Error 5 64.913 64.913 12.983 — —
Total 14 368.623 — — — —
lodine Number Regression 9 115677.0 115677.0 12853.0 117.07 0.000**
Linear 3 89176.0 8466.0 2822.1 25.71 0.002**
Square 3 22261.0 22261.0 7420.5 67.59 0.000**
Interaction 3 4240.0 4240.0 1413.2 12.87 0.009**
Residual Error 5 549.0 549.0 109.8 — —
Total 14 116226.0 — — — —
MB Number Regression 9 2080.960 2080.960 231.218 13.51 0.005**
Linear 3 1301.160 255.290 85.097 4.97 0.058*
Square 3 232.680 232.680 77.560 4.53 0.069*
Interaction 3 547.120 547.120 182.373 10.66 0.013**
Residual Error 5 85.550 85.550 17.111 — —
Total 14 2166.510 — — — —

Table 5. Regression determination coefficients (R?, R%pred, and R?adj) for the three response models.

Response R? R? (pred) R? (adj)
Yield (%R) 82.39% 0.00% 50.69%
lodine Number (mg/g) 99.53% 92.44% 98.68%
Methylene Blue Number (mg/g) 96.05% 36.82% 88.94%

3D response surface and 2D contour plots (Figures 6-9) show that IN increases with carbonization temperature
and residence time due to volatile release and micropore creation, whereas excessive HzPO, ratios decrease IN via
phosphate pore blockage and micropore widening into mesopores (Lékéné et al., 2018; Kouotou et al., 2013).
Conversely, MBN increases proportionally with temperature and impregnation ratio, confirming mesopore expansion
favorable for bulky dye molecules. Yield decreases at elevated temperatures due to intensified devolatilization (CO»,
CO, H20, CH4) and thermal reduction of phospho-carbonaceous complexes (Ahmad and Alrozi, 2010). Desirability
optimization established the optimal synthesis parameters at impregnation ratio = 1.3, carbonization temperature =
333 °C, and residence time = 1 hour.
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Figure 6. 3D response surface and 2D contour plot of lodine Number (IN): Time—Temperature interaction.
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Figure 7. 2D contour and 3D response surface plots of lodine Number (IN): Ratio—Temperature interaction.
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3.3 Point of zero charge (pHPZC) and batch adsorption studies

The point of zero charge of ACP was determined to be pHPZC = 3.55 (Figure 10), confirming the predominance
of acidic surface functionalities (carboxylic, phenolic, and phosphate groups). Consequently, the ACP surface carries
a net positive charge at pH < 3.55 (favoring electrostatic attraction of anionic pollutants) and a net negative charge
at pH > 3.55 (favoring cationic metal uptake) (Maazou et al., 2017; Akartasse et al., 2022).

45

4APhH
o

pH

Figure 10. Determination of the point of zero charge (pHPZC = 3.55) of optimized ACP.

For Indigo Carmine (Figure 11), maximum uptake (74.40 mg/g at Co = 80 mg/L) occurred at pH 2.0, where
strong protonation of surface groups promotes electrostatic attraction with anionic sulfonate (-SOs-) groups (Ndifor-
Angwafor et al., 2017; Ngaha et al., 2019). For Cu(ll) ions (Figure 12), uptake increased sharply from pH 3.0 to
reach 87.50 mg/g (at Co = 1000 mg/L) at pH 4.5, overcoming H* competition while avoiding Cu(OH). precipitation
above pH 5.0 (Abéga et al., 2015). Increasing initial IC (50-100 mg/L, Figure 13) and Cu(ll) concentrations (600—
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1600 mg/L, Figure 14) enhanced adsorption capacities up to 80.42 mg/g and 167.50 mg/g, respectively, driven by a
stronger concentration gradient overcoming liquid-solid mass transfer resistance (Abo El Naga et al., 2019; Arivoli
etal., 2009). As shown in Table 6, optimized cocoa pod ACP exhibits superior Cu(ll) adsorption capacity compared
to numerous reported agricultural waste adsorbents.
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Figure 11. Influence of initial solution pH on Indigo Carmine (IC) adsorption onto ACP.
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Figure 12. Influence of initial solution pH on Copper(l1) ion adsorption onto ACP.
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Figure 13. Effect of initial adsorbate concentration on Indigo Carmine (IC) removal.
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Figure 14. Effect of initial metal concentration on Copper(l1) ion removal.

Table 6. Comparison of maximum experimental adsorption capacities (Qe) of IC and Cu(l1) ions on various bio-based

adsorbents.
Adsorbent Adsorbate Qe (mg/g) Reference
Ricinodendron heudelotii shells AC IC 133.47 Ankoro et al. (2020)
Cetyltrimethylammonium-modified palm oil fiber IC 128.44 Ngaha et al. (2019)
Carbonaceous material IC 92.83 Gutiérrez-Segura et al. (2009)
H3PO,-activated cocoa pod (ACP) IC 80.42 Present study
Pistia stratiotes dry biomass IC 41.20 Rachel et al. (2019)
Brazil nut shells IC 1.09 De Oliveira Brito et al. (2010)
Hs;POg-activated cocoa pod (ACP) Cu(ll) 167.50 Present study
Peanut hull Cu(In 21.25 Zhu et al. (2010)
Cashew nut shell Cu(ll) 20.00 SenthilKumar et al. (2010)
Cinnamomum camphora leaf powder Cu(ll) 16.76 Chen et al. (2010)
Rice shell Cu(ll) 1.85 Aydin et al. (2008)

3.4 Post-adsorption FTIR, isotherm, and kinetic modeling

Comparison of FTIR spectra before and after Cu(ll) (Figure 15) and IC (Figure 16) adsorption revealed
noticeable peak attenuation and the disappearance of the phosphate/ether band at 1070 cm, confirming direct
chemical coordination between surface oxygen/phosphorus groups and the adsorbed species. Equilibrium isotherms
(Figures 17-18 and Table 7) yielded favorable Freundlich exponents (1/n = 0.313 for IC; 0.681 for Cu(ll)), though
moderate R? values (0.504-0.768) indicate multi-step surface saturation across heterogeneous pores.
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Figure 15. FTIR spectra of ACP before and after Copper(ll) ion adsorption.
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Figure 16. FTIR spectra of ACP before and after Indigo Carmine (IC) adsorption.
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Figure 17. Nonlinear equilibrium isotherm fits for Indigo Carmine (IC) adsorption onto ACP.

180
160
140
120 /
= 100 —8—qe, exp
E —8— e, DK
< 80 )
o ®— e Langmuir
60 ge Freundlich
40 —@— qe Tempkin
20
0
400 600 800 1000 1200 1400 1600

Ce(mg/L)
Figure 18. Nonlinear equilibrium isotherm fits for Copper(ll) ion adsorption onto ACP.

Nonlinear kinetic fits (Figures 19-20 and Table 8) show that equilibrium was attained within 35 min for Cu(ll)
and 40 min for IC. The Elovich model yielded the highest determination coefficients (R? = 0.979 for IC; R? = 0.991
for Cu(Il)) and the lowest error functions (RMSE = 2.523 and 4.029; y2 = 1.172 and 1.280). The markedly higher
initial adsorption rate constants (o = 6152.14 and 4697.89 mg-g-1-min-1) relative to desorption constants (f = 0.176
and 0.062 g/mg) confirm irreversible surface chemisorption on energetically heterogeneous active sites (Ankoro et
al., 2020; Zaaboul et al., 2024).
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Table 7. Nonlinear equilibrium isotherm parameters for IC and Cu(ll) adsorption onto ACP.

Isotherm Model Parameter Indigo Carmine (IC) Copper(l1) lons (Cu2+)
Langmuir Qm (mg/g) 82.890 390.078
KL (L/mg) 0.269 0.001
R?/RMSE / 52 0.666 /8.204 / 4.278 0.512/35.391 / 4238.457
Freundlich KF ((mg/g)(L/mg)-1/n) 28.145 1.198
1/n 0.313 0.681
R%/RMSE /y2 0.768 /6.830/ 2.896 0.504 / 35.694 / 53.988
Temkin KT (L/mg) / bT (kd/mol) 3.503 / 3149.205 0.005/28.041
R%/RMSE /y2 0.718/7.541/3.497 0.528 / 34.810 / 52.500
Dubinin-Radushkevich Qm (mg/g) / E (ki/mol) 68.812 / 5.04x10-4 183.013 /0.059
R?/RMSE /2 0.512/6.038/9.910 0.556 / 48.589 / 33.746
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Figure 19. Nonlinear kinetic model fits for Copper(ll) ion adsorption onto ACP.
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Figure 20. Nonlinear kinetic model fits for Indigo Carmine (IC) adsorption onto ACP.
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Table 8. Nonlinear Kinetic parameters for 1C and Cu(ll) adsorption onto ACP.

Kinetic Model Parameter Indigo Carmine (IC) Copper (11) lons (Cu?)
Pseudo-First Order Qe,pred (mg/g) / k1 (min-1) 59.197 /0.364 147.710/0.293
R?/RMSE /52 0.934/4.383/3.599 0.942/10.312/8.160
Pseudo-Second Order Qe,pred (mg/g) / k2 (g/mg-min) 62.577 /0.010 156.994 / 0.003
R?/RMSE /%2 0.961/3.411/2.197 0.975/6.828/3.725
Elovich o (mg/g-min) / B (g/mg) 6152.137/0.176 4697.888 / 0.062
R?/RMSE /%2 0.979/2523/1.172 0.991/4.029/1.280
Intra-Particle Diffusion kid (mg/g-min0.5) / Ci (mg/g) 6.242 1 22.377 15.922 /52.899
R?/RMSE /%2 0.932/9.635/12.370 0.943/22.564 / 26.090
Conclusion

Activated carbon (ACP) was successfully synthesized from Cameroonian cocoa pod husks via HzPO4 chemical
activation optimized through a Box-Behnken experimental design. Optimal synthesis conditions were established at
an impregnation ratio of 1.3, carbonization temperature of 333 °C, and residence time of 1 hour. Physicochemical
characterization confirmed a rough, porous morphology (SEM), complete lignocellulosic conversion (TGA-DSC),
phosphorus- and oxygen-enriched surface functional groups (FTIR), and an acidic surface character (pHPZC = 3.55).
Batch adsorption tests achieved equilibrium within 35-40 min, yielding maximum removal capacities of 80.42 mg/g
for Indigo Carmine at pH 2.0 and 167.50 mg/g for Cu(ll) ions at pH 4.5. Kinetic modeling demonstrated that the
Elovich equation best describes the uptake of both pollutants (R? = 0.979-0.991), which together with post-adsorption
FTIR spectral shifts confirms chemisorption on an energetically heterogeneous surface as the dominant mechanism.
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