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Contamination of river sources in various rural areas of Colombia with mercury ions (Hg2+) has become an increasingly frequent problem, primarily associated with mining activities. This represents a significant environmental and public health issue, as these water bodies serve as drinking water sources. In this context, activated carbons (AC) synthesized from agricultural waste are emerging as promising alternatives for the valorization of vegetable residual biomass and the treatment of wastewater effluents containing mercury. This research aims to synthesize AC from cocoa husks in a tubular reactor and test it to remove Hg2+ ions in contaminated water. A 23 factorial design was used for obtain the synthesize better conditions: temperature (600 and 800 °C), activation time (0.5 and 1 h), and KOH impregnation ratio of the activated carbons (3:1 and 4:1) as factors. Surface area and ash content were selected as response variables for results analysis. ACs were characterized using analytical techniques, including nitrogen adsorption-desorption isotherms, Fourier transform infrared spectroscopy (FTIR-ATR), Raman spectroscopy, ICP-OES, and adsorption isotherms to evaluate Hg2+ adsorption capacity. The results indicated that AC with a high surface area of 815 m²/g was produced, mainly influenced by activation temperature, impregnation ratio, and reaction time, with optimal conditions of 600 °C, 4:1, and 60 min, respectively. FTIR-ATR analysis confirmed the presence of aromatic, alkoxy, and carbonyl functional groups. Furthermore, for effluents with initial Hg2+ ion concentrations of 100 and 120 ppm, removal efficiencies of 84.1% and 83.6%, respectively, were achieved. Finally, the Freundlich model provides the best fit for the multilayer adsorption behavior of activated carbons on heterogeneous surfaces.
Introduction
The contamination of aquatic ecosystems with mercury ions (Hg2+), mainly associated with artisanal and small-scale mining activities, is a major environmental and public health problem due to their high toxicity, persistence, and bioaccumulation (Esdaile & Chalker, 2018; Mulenga et al., 2024, Leon et al., 2025). Mercury exposure, even in trace concentrations, has caused severe adverse effects on the neurological, renal, and cardiovascular systems (Genchi et al., 2017). In addition, the continuous discharge of this contaminant into water sources compromises the quality of water intended for human consumption, especially in rural areas, increasing the vulnerability of local communities (Lora-Ariza et al., 2024). To mitigate this problem, various technologies have been developed for removing Hg2+ ions from aqueous media, including chemical oxidation, ion exchange, reverse osmosis, precipitation, and membrane separation processes. However, many of these techniques have limitations related to high operating costs, the generation of secondary by-products, and the complexity of their implementation (Castro & Abejón, 2024; Dagdag et al., 2023). In this context, adsorption processes using adsorbent materials have established themselves as a highly efficient and economically viable alternative due to their large surface areas, porous structures, and ease of regeneration (Sahu et al., 2024). One of the adsorbent materials studied recently is the activated carbon (AC), which can be obtained from residual biomass. This has sparked growing interest, as it enables the recovery of agro-industrial waste and the production of sustainable adsorbent materials (Wang et al., 2023). In Colombia, particularly in the department of Santander, cocoa cultivation is an agricultural activity of great economic importance. However, cocoa husks are a major by-product of the fruit, generating large volumes of waste whose final disposal is limited and, in many cases, inadequate, causing additional environmental impacts (Colmenares et al., 2025; Salcedo et al., 2025).
In this context, the use of cocoa shells as a precursor for AC synthesis is a promising strategy that integrates sustainable waste management with efficient contaminant removal. Therefore, the present research aims to synthesize and characterize ACs obtained from cocoa shells via KOH chemical activation, and to evaluate their performance in adsorbing Hg2+ from aqueous solutions. To this end, a 23 factorial design was used to identify the optimal conditions for temperature, activation time, and impregnation ratio during the synthesis process to maximize the material's surface area and adsorbent capacity. ACs obtained were characterized structurally by FTIR–ATR and Raman spectroscopy, and texturally by nitrogen adsorption–desorption isotherms. At the same time, the Hg2+ removal efficiency was determined by ICP-OES spectroscopy and analyzed using the Langmuir, Freundlich, and Temkin adsorption models. These results confirm the high potential of activated carbons derived from cocoa shells as efficient adsorbents for mercury removal in aqueous systems, thereby providing technologically viable, environmentally sustainable, and economically competitive alternatives for treating water contaminated with heavy metals.
MATERIALS AND METHODS
2.1. Materials
Cocoa husks were selected from the Santander region in Colombia. Biomass was initially ground to obtain particles between 10 and 80 mesh. The crushed material was sun-dried for 3 days to reduce moisture, then oven-dried at 105 °C for 8 h. 
Analytical-grade mercury chloride (HgCl2) with 99.5% purity was purchased from Sigma-Aldrich. 
2.2. Activated carbon synthesis
The activation process was performed in two steps: firstly, biomass was subjected in a in a tubular reactor to a thermochemical treatment in a nitrogen (N2) atmosphere at a flow rate of 20 mL/min for different temperatures (600 or 800 °C) and times (0.5 or 1 h). Afterward, the carbonized material was impregnated with a KOH solution at different ratios (3:1 and 4:1) for 2 h and oven-dried at 110 °C for 24 h. The impregnated material was subjected to a second thermochemical process in a N2 atmosphere at a flow rate of 10 mL/min under the same pre-established temperature and reaction-time conditions. The resulting activated carbon (AC) was washed with hot water until the pH reached neutrality, then dried in an oven at 100–105 °C for 24 h (Basta et al., 2009; Alfatah et al., 2021).
2.3. Characterization of activated carbon
ACs were characterized by determining their ash content, textural properties, and spectroscopic analysis. The ash content was evaluated by muffle furnace calcination at 800 °C for 45 minutes, comparing the mass of the samples before and after heat treatment. The textural properties, including specific surface area, total pore volume, and pore size, were determined from nitrogen adsorption–desorption isotherms at 77 K, applying the BET method. Prior to analysis, the samples were degassed at 200 °C and 6 Pa for 8 h. The isotherms were recorded in a relative pressure range of 0.0025 to 0.9999, and the data were processed using the equipment software, adjusting the BET interval according to Rouquerol's criterion. Qualitative identification of surface functional groups was performed using Fourier transform infrared spectroscopy with attenuated total reflectance (FTIR-ATR) on a Thermo Scientific Nicolet Summit X spectrophotometer. Spectra were acquired in the range of 600 to 4,000 cm-1, with 32 scans and a resolution of 4 cm-1. Finally, the structure of the carbonaceous material was analyzed by Raman spectroscopy using a 532 nm laser (882 μW), a 600 lines/mm grating, 50X optical magnification, and an integration time of 1 s with a LabRAM HR Evolution spectrometer.
2.4. Evaluation of the Adsorption Capacity of Activated Carbons
[bookmark: _Hlk226060296]Mercury chloride (HgCl2) was used to prepare the synthetic waters. First, a 1000 ppm stock solution was prepared, and from this, different dilutions were prepared. The solutions were adjusted to pH 6.0 to stabilize the metal ions and the adsorption process conditions. The adsorption capacity of ACs for Hg2+ was evaluated using synthetic solutions concentration range from 100 to 200 ppm was used, adding 0.1 g of AC to 5 mL of each solution in 15 mL Falcon tubes. The mixtures were stirred at 150 rpm for 24 h. Mercury concentrations exceeding 100 µg/L have been reported in Colombian rivers (Cordoba et al., 2023). In this study, a wide range of mercury concentrations was selected in synthetic water to analyze critical scenarios of contaminated water and the removal efficiency of activated carbons. Subsequently, the solid was separated by centrifugation at 6000 rpm for 10 min, and the supernatant was filtered for analysis. The residual concentration of Hg2+ was determined by inductively coupled plasma optical emission spectroscopy (ICP-OES), after acidifying the samples to pH < 2 with ultrapure HNO3. Quantification was performed using a calibration curve constructed from standards ranging from 0.0048 to 1 ppm, prepared from a certified HgCl2 standard solution, and using a PerkinElmer Avio 220 Max® ICP-OES instrument. The experimental data were fitted to the Langmuir, Freundlich, and Temkin isothermal models, using the correlation coefficient (R2) as the criterion to evaluate which model best described the adsorption behavior of the material.
3. Results and discussion
For the 2³ factorial design, the selected variables were temperature (T), time (t), and impregnation ratio (IR) with KOH and their levels were 600–800 °C, 30–60 minutes, and 3–4, respectively. Figure 1 shows the Pareto diagram for the surface area and ash content variables. Figure 1a shows that temperature (A) has the greatest influence on surface area during activated carbon preparation, followed by the impregnation ratio (B). Time (C) is a variable that did not produce significant changes. The diagram shows that temperature and impregnation ratio have negative and positive effects, respectively.
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Figure 1: Pareto diagram: (a) surface area and (b) ash content.

In general, temperature and impregnation ratio variables favor pore formation and surface area of ​​activated carbons. Reaction time (C) is a factor that affects the pyrolysis process, but it did not produce significant changes in surface area. Furthermore, the interaction of BC and AB effects also has a significant impact. The analysis of variance for surface area showed that five (5) effects had p-values ​​less than the confidence level of α=0.05 (95.0% confidence level). The significant effects were temperature (α=0.028), impregnation ratio (α=0.032), the interaction of temperature with the impregnation ratio (α=0.043), and the interaction of the impregnation ratio with time (α=0.035). Figure 1b shows that the interaction among the variables temperature (A), impregnation ratio (B), and time (C) influences ash content. This indicates that as the temperature increases, more organic matter decomposes, resulting in a greater number of inorganic compounds present in the ash content. With the established conditions of temperature, time, and H3PO4 ratio, surface area values in the range of 420–815 m2/g were obtained. On the other hand, the ash content ranged from 5.5 to 16.3% by weight. In this study, the P-values was less than the confidence level of α=0.05. The significant effects were temperature (α=0.038), impregnation ratio (α=0.032), the interaction of temperature with the impregnation ratio (α=0.027), and the interaction of the impregnation ratio with time (α=0.039).

Figure 2 shows the FTIR-ATR spectra of the cocoa shell biomass and the AC obtained at 600 °C during 1 hour of reaction. The cocoa shell spectrum shows a broad band centered at 3,200 cm-1, associated with hydroxyl (- OH) functional groups. The weak intensity at around 2,950 cm-1 is likely due to the C-H stretching mode of the alkyl chains. The band at 1,600 cm-1 is associated with the stretching mode of the aromatic C=C bonds in lignocellulosic compounds. On the other hand, the intensity observed around 1,050 cm-1 is due to the stretching vibration of the C–O group, possibly arising from alcohol, phenol, ether, or ester species. Additionally, this intensity may be associated with carboxylic acids and phenols (Saka, 2012). The out-of-plane bending vibrations of the -OH group between 600 and 800 cm-1 are associated with the presence of alcohols and phenols. AC spectrum shows a band around 1,100 cm-1, which can be attributed to stretching vibrations of the alkoxy group (C-O) and the C-C group. The intensity observed in the region between 1,600-1,700 cm-1 is associated with the stretching vibrations of carbonyl groups (C=O) and the stretching of C=C groups in aromatic rings. AC obtained at 800 °C showed weaker bands, indicating that, as the temperature increases, carboxyl groups are eliminated through decomposition reactions.
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[bookmark: _Ref223464002]Figure 2: FTIR-ATR spectra of the cocoa shell biomass and AC.

In general, the AC spectrum shows the volatilization or breakdown of functional groups, such as alkyl chains, hydroxyl groups, and double bonds in aromatic rings. This is mainly due to the decomposition of cellulose and hemicellulose carbohydrates, as well as the phenolic polymer lignin. As already mentioned, the C=O and C-O groups are due to activation with KOH and not to their presence in the biomass.
Figure 3 shows the Raman spectra of ACs obtained from cocoa shells. ACs are mainly composed of carbon, which has relative amounts of sp3 and sp2 hybridized carbons. Likewise, ACs have both graphitic (crystalline) and amorphous structures. These amorphous carbon compounds with a certain degree of crystallinity have bands in the first-order region, also known as the D band (disorder) and G band (graphitic). The D and G bands have peaks at approximately 1,350 cm-1 and 1,600 cm-1, respectively.
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[bookmark: _Ref223464083]Figure 3: Raman spectra of ACs.

The Raman spectra trends show that the width of the D band is greater than the width of the G peak band. This behavior indicates that amorphous carbon contains a ring structure with sp2 bonds and distorted bond angles (Vali et al., 2024). Finally, the intensity ratio (ID/IG) values for the carbons obtained at 600 and 800 °C were 0.9975 and 1.0011, respectively. This indicates that higher temperatures lead to a more amorphous structure, whereas lower pyrolysis temperatures lead to greater ordering in ACs.
ICP-OES analysis was used to determine Hg²⁺ content in water treated with the ACs (with a surface area of ​​815 m²/g). The adsorption capacity and mercury removal efficiency were calculated using equations 1 and 2.
		(1)
		(2)
Where qe, Ci, Cf, W, V and % RE are the adsorption capacity (mg/g), initial concentration (mg/L), final concentration (mg/L), mass of activated carbon (g), volume of solution (L) and percentage of removal efficiency, respectively. Figure 4 shows the removal capacity and efficiency. The results show that the removal efficiency of Hg²⁺ with activated cocoa shell charcoal decreases as the initial concentration of the cation in the solution increases. Figure 4 shows the removal capacity and efficiency. The results show that the removal efficiency of Hg²⁺ with activated cocoa shell charcoal decreases as the initial concentration of the cation in the solution increases.
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Figure 4: Removal of Hg2+ using activated carbon from cocoa husk.

The results of the mercury adsorption behavior were fitted to the Freundlich isotherm. The model proposes that the strongest binding sites are occupied first and that the strength of adsorption decreases with the degree of occupation. Consequently, the adsorption model is related to multilayer adsorption at active sites. The Freundlich model and the linearized model are represented by equations 3 and 4.
		(3)
		(4)
Where kf and nf are the equilibrium constant and the constant related to the affinity between mercury (Hg2+) and activated carbon. These constants are obtained by linearization of Ln(qe) vs Ln(Ce) (Kalam et al., 2021). The experimental data yielded constants of kf and nf with values ​​of 1.56 and 14.53, with a correlation coefficient of R2 of 0.97. This indicates that CA exhibited multilayer adsorption in heterogeneous sites, both in the surface layer and in other internal layers. In general, the Freundlich model assumes that active sites with higher adsorption energy are occupied first, but as sites in the AC are occupied, the adsorption strength decreases. Therefore, the Freundlich isotherm results show that at low Hg2+ concentrations between 100-160 mg/L, greater removal occurs, while at values ​​between 160-200 mg/L, the removal capacity decreases. These adsorption capacity values ​​are comparable to the results reported by other authors, where the removal efficiency is greater than 99% for concentrations around 10 ppm. For concentrations above 100 ppm, the removal efficiency decreases due to the saturation of active sites (Liu et al., 2018). The above indicates that available sites are occupied as concentration increases. Furthermore, the obtained value of 1/n falls between 0 < 1/n < 1, indicating that the adsorption process is more chemical than physical. In this sense, there is a greater tendency to form an electronic bond (covalent, ionic) between Hg2+ and CA than to generate interactions (Van der Waals), thus adsorption is considered favorable. The results of this work confirm that the synthesized activated carbons have suitable textural properties for treating water contaminated with high concentrations of mercury. Currently, in other research projects at the University, we are designing a pilot adsorption system. In future work, we will use this prototype to evaluate the development of adsorbent materials for the removal of heavy metals from water under dynamic conditions and their regeneration. These new investigations will allow the identification of the removal stages, breakpoint, and saturation point in each cycle. Subsequently, this information will be used to analyze regeneration methods using heat treatment and chemical washing, as reported by other authors (Bentley et al., 2013).

Conclusions
Better conditions for AC synthesis from residual cocoa shell biomass corresponded to a pyrolysis temperature of 600 °C, a KOH impregnation ratio of 4:1, and a residence time of 60 min, under which the highest specific surface area was obtained, with a value of 815 m2/g. Statistical analysis established that pyrolysis temperature and impregnation ratio are the variables with the greatest influence on surface area and material porosity.
The AC synthesized presented C–C and C–O functional groups associated with alkoxy structures, as well as signals corresponding to carbonyl groups (C=O) and C=C bonds in the materials obtained at 600 °C. These results show that increasing the pyrolysis temperature promotes the volatilization and breakdown of oxygenated groups, as well as the elimination of unsaturated bonds through multiple thermal reactions. Also, the progressive disappearance of hydroxyl groups, aromatic bonds, and C–H bonds was observed, confirming the degradation of carbohydrates and polymers present in the biomass. Likewise, structural analyses indicated a higher degree of ordering in the materials obtained at lower pyrolysis temperatures.
The AC (with a surface area of ​​815 m²/g) exhibited a high Hg2+ adsorption capacity, with behavior consistent with Freundlich's isothermal model, suggesting a multilayer adsorption process on a heterogeneous surface, dominated by chemical interactions and characterized by favorable adsorption.
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