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Nickel is a heavy metal used in different industries, such as electroplating, catalysis, electronics, pigments, and bacteria. It generates different harmful effects in the human body, such as in the cardiovascular or digestive system, when there is exposure in large amounts. The aim of this study is to use Computer Aided Process Engineering (CAPE) to model an industrial-scale operative column for Ni (II) adsorption in an aqueous solution, taking advantage of the biomass of Theobroma cacao L. For this reason, Aspen Adsorption software was used to carry out multiple simulations of an adsorption column using various industrial configurations to perform a parametric sensitivity analysis. The results show that the Langmuir II – Lumped Linear Resistance (LDF) model to simulate the adsorption column for Ni (II) removal yields efficiencies of up to 96.4%. The best conditions for simulation in the adsorption column were an input flow of 300 m3/day, a bed height of 5 m, and an initial concentration of 2000 mg/L. The present study is shown as a novel way of engineering prediction of the potential performance of adsorption columns packed with organic waste-based biomasses using computer-aided engineering.
Introduction
Due to the high demand for the implementation of water resources by industries and agricultural activities, among others, different sources of wastewater loaded with different pollutants have been generated (Yuan et al., 2024), which have been related to the generation of various diseases that are transmitted by water, negatively affecting the physical and mental health, being the most affected the older people because they are more susceptible to contracting any disease (Bochynska et al., 2024). Among the pollutants in wastewater, we find heavy metals characterized by their high resistance to degradation and high toxicity levels. These pollutants generally accumulate rapidly in soil, water, and sediments due to different processes (adsorption, precipitation, or flocculation) (Zou et al., 2024). Heavy metals are transmitted to water bodies through various natural processes and anthropogenic activities (Ahirvar et al., 2023). Nickel is a heavy metal found in different parts of nature (soil, water, and air), is one of the most abundant elements, and is released into the atmosphere through various natural phenomena (Huang, He and Wu, 2022). Due to the growing importance and demand for Ni, it has been used in different commercial and industrial applications such as electroplating, catalysis, electronics, pigments, and batteries, among others (Begum et al., 2022). Exposure to Ni (II) generates different harmful effects on health, affecting some cardiovascular and respiratory systems. According to the World Health Organization, the maximum permitted amount of Ni (II) in drinking water is 0.02 mg/L (Organization, 2023).
Adsorption is a technique for removing contaminants from water bodies that generates a layer of adsorbate on the surface of the adsorbent. It can be of two types: physisorption where adsorption occurs due to nonspecific van der Waals force and chemisorption which assumes that adsorption occurs by attractive forces formed by ionic or covalent bonds through chemical reactions (Raji et al., 2023). Adsorption studies of heavy metals have mostly been conducted at the laboratory level, so ways to anticipate large-scale performance have been sought to evaluate how change affects the efficiency of the adsorbent material. Therefore, this study aimed to model an industrially operational packed column for the adsorption of Ni (II) on Theobroma cacao L as adsorbent using computational tools in combination with experimental data previously obtained by the authors and parametric studies. This study is presented as a technique for predicting the performance and behavior of a packed adsorption column on an industrial scale.
Methodology
Assumptions and mathematical fundamentals
For the simulations of the packed adsorption column using Aspen adsorption, it was considered that the fluid passing through the column has no pressure drop or axial dispersion; the surface velocity and mass transfer coefficient are constant; the energy balance is isothermal; the physical properties to develop the adsorption process in Aspen Adsorption were determined using the non-random two-liquid solution model, with a correction for use in electrolytes (ELECNRTL); the adsorption isotherm was described by the Langmuir II model, which is described by Equations 1 and 2 (Shen et al., 2018):
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The adsorption kinetics was described using the Lumped Linear Resistance (LDF) kinetic model, which is described by equation 3 (Ahmed et al., 2020):
	 
	(3)


Parametric study of the column
To evaluate the effect of inlet flow rate, initial concentration and bed height on adsorption performance, a parametric study was performed by varying these parameters and applying a breakthrough curve profile analysis. Table 1 shows the values of each parameter to be analyzed.
Table 1. Values of study parameters
	Parameters
	Range of values

	Bed height, m
	4
	5
	6

	Initial concentration, mg/L
	1000
	2000
	3000

	Flow rate, m3/day
	100
	200
	300



Parameters required for column modeling
To perform the modeling of the packed adsorption column in the Aspen Adsorption software different parametric specifications are required, therefore, several studies of industrial scale heavy metal adsorption columns were taken into account as a reference for the scaling of the packed column for Ni (II) ion adsorption. The parameters of the industrial-scale packed column for this study are presented in Table 2.
Table 2. Adsorption column parameters for simulation
	Parameters
	Values

	Bed diameter, m
	1

	Bed porosity, m3 of vacuum / m3 of bed
	0.67

	Total vacuum, porosity m3 of vacuum / m3 of bed
	0.4

	Constant mass transfer coefficient, 1/s
	1.37x10-4

	Bulk density, g/cm3
	0.0365


Results and discussions
Data obtained from the simulation of a packed column for Ni (II) adsorption
Using Aspen Adsorption, different simulations of the adsorption column for Ni (II) removal were carried out, performing a parametric variation study of the inlet flow rate, bed height and initial contaminant concentration. Subsequent to the development of the multiple simulations, values of the time to rupture (T.R) and time to saturation (T.S) were obtained. The results are shown in Figure 1, where Figure 1.a represents the T.R and T.S values obtained for a concentration of 3000 mg/L, while Figure 1.b presents the T.R and T.S values obtained for a concentration of 2000 mg/L and finally, Figure 1.c shows the T.R and T.S values obtained for a concentration of 1000 mg/L. It should be noted that the figures show bars of different colors which represent a type of net flow configuration with bed height at that initial concentration.
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Figure 1. Results of rupture time (R.T) and saturation time (S.T) obtained from simulations for initial Cr (VI) concentrations of (a) 3000 mg/L, (b) 2000 mg/L and (c) 1000 mg/L, with a confidence interval of ± 72.66 for R.T values and ± 436.16 for S.T values.
Parametric evaluation
Parametric evaluation for initial concentration
The impact generated by the variation of the initial concentration in the Ni (II) adsorption process in solution on a column was evaluated. The initial concentrations used were 1000 mg/L, 2000 mg/L and 3000 mg/L. Figure 2 shows that, by increasing the Ni (II) concentration, the saturation time increases, but the rupture time remains the same. This change is due to a greater presence of pollutants, which accelerates the adsorption equilibrium and decreases the number of active sites available over time, slowing down the adsorption process in its final stages. On the other hand, the process efficiency obtained for 1000 mg/L, 2000 mg/L and 3000 mg/L was 95.5% for all concentrations, showing that this parameter does not significantly affect the adsorption process. (Guan et al., 2022).
[image: ]
Figure 2. Rupture curves at different initial concentrations for Langmuir II - LDF.
Parametric evaluation for the inlet flow rate
It evaluated the impact generated by the variation of the inlet flow rate on the Ni (II) adsorption process in solution in an adsorption column. The inlet flow rates used were 100 m3/day, 200 m3/day and 300 m3/day. Figure 3 shows that when working with high flow rates, low rupture times and low saturation times were observed, while high rupture times and high saturation times were observed when using lower flow rates. The above is due to the increase in pollutants entering the column produced by the increase in flow rate, which increases the mass transfer of the system, resulting in a faster equilibrium at higher flow rates. The above is reflected in a decrease in the residence time in the biomass and, therefore, a reduction in the useful lifetime of the biomass, thus presenting lower values concerning the rupture and saturation times at higher flow rates. Similarly, the graph shows that a higher flow rate presents higher efficiencies, in this case: 95,5% for 300 m3/day, 93,4% for 200 m3/day and 87.3% for 100 m3/day (Zhang et al., 2019).
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[bookmark: _Toc134023945]Figure 3. Rupture curves at different intel flow rates for Langmuir II - LDF.
Parametric evaluation for bed height.
The impact of bed height variation on the adsorption process of Ni (II) in solution on an adsorption column was evaluated. The bed heights used in this study were 4, 5 and 6 meters. It is observed in Figure 4 that when high heights are used, higher rupture times and saturation times are presented, while when working with low heights, rupture times and saturation times decrease. The above is because with an increase in bed height, there is an increase in the number of active sites available to adsorb the pollutant. Therefore, an increase in height allows a greater adsorption capacity of Ni (II) in the biomass-based on Theobroma cacao L. However, it is important to note that the efficiency tends to be lower at higher heights. Also, as shown in Figure 3, the efficiency is higher at lower heights, being 96.4% for 4 meters, 95.5% for 5 meters and 94.7% for 6 meters (Yildiz, 2017).
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Figure 4. Rupture curves at different bed heights for Langmuir II - LDF.
These results allow observing how the variation of the parameters of the inlet flow rate, bed height and initial concentration of Ni (II) affects the adsorption process developed in an adsorption column packed with Theobroma cacao L., being the parameter of the inlet flow rate the one that most affects the process, followed by the height of the column and finally the initial concentration. 
Conclusions
Evaluating the effect caused by altering the inlet flow rate, bed height and initial concentration on Ni (II) adsorption using a parametric evaluation, it was found that, varying the inlet flow rate by 300, 200 and 100 m3/day, there was a reduction of R.T. and S.T. and an increase in the efficiency obtained by increasing the inlet flow rate. On the other hand, changing the bed height in magnitudes of 4, 5 and 6 meters, a prolongation of R.T. and S.T. was observed, but a decrease in efficiency with increasing height. Finally, altering the initial concentration in ranges of 3000, 2000 and 1000 mg/L did not significantly affect the efficiency of the process. This study presents a significant contribution in practical applications because it allows anticipating different conditions such as the useful life of the adsorbent biomaterial, reporting values such as the breakthrough time, which indicates the moment when the adsorbent begins to saturate, and the saturation time, which is when the adsorbent is completely saturated. In addition, they predict the possible behavior and allow determining the optimal packed bed conditions. Therefore, these results show a way to predict the possible performance of a packed column with Theobroma Cacao L residues to adsorb Ni (II) on an industrial scale.
Nomenclature

 and  - Langmuir affinity constants (L/mg).
Cf/C0 - Efficiency.
 - Isothermal heat of solution adsorption.
LDF - Kinetic model of Lumped Linear Resistance.
MTC - Global mass transfer coefficient (m/s).
 - Gas constant.
 - Adsorption capacity (mg/g).
 - Maximum adsorption capacity (mg/g).
: Solution temperature.
T.R. - Rupture Time (min).
S.T. - Saturation Time (min).
 - Instantaneous equilibrium adsorbate loading on the adsorbent (mg/g).
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