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Heavy metal pollution significantly threatens aquatic ecosystems and life’s health. These have different characteristics that make them persistent, bioaccumulative, and non-biodegradable, negatively affecting the food chain of the area of influence. Hexavalent chromium is highly toxic and can cause various harmful effects on humans and ecosystems, depending on the potency and amount of exposure. This study aims to use Computer Aided Process Engineering (CAPE) to model an industrial-scale operating column for Cr (VI) adsorption in an aqueous solution, taking advantage of the biomass of Theobroma cacao L. For this, Aspen Adsorption software was used to perform various simulations of an industrial-scale adsorption column with different configurations to obtain a parametric sensitivity analysis. The results show that using the Langmuir-Quadratic lumped resistance (QDF) model to simulate the adsorption column for Cr (VI) removal yields up to 98% efficiencies. On the other hand, the best conditions for simulating the adsorption column were a bed height of 5 m, an initial concentration of 5000 mg/L, and an input flow of 100 m3/day. The present study is shown as a novel form of engineering prediction of the potential performance of adsorption columns packed with organic waste-based biomasses using computer-aided engineering.
Introduction
The environmental problems generated by the pollution of water bodies constitute an important challenge that directly affects the quality and availability of water resources. This phenomenon is caused by introducing pollutants into the water, which can take different forms, whether chemical, biological, or physical, generating negative impacts on the ecosystem (Saidon et al., 2024). These contaminants include heavy metals originating from different polluting sources such as mining, volcanic eruptions, industrial operations, among others. The contamination generated by these creates a significant concern, as they are generally toxic, non-biodegradable, and difficult to remove (Sahoo and Goswami, 2024). Among these heavy metals is chromium, which in its hexavalent state is considered a highly toxic pollutant (Mohanty et al., 2023). This metal can have different harmful effects on health, such as digestive, urinary, reproductive and immune system dysfunctions, which makes it a priority pollutant in different environmental regulations. (Murthy et al., 2023). It is widely used in various industries, such as tanning, textiles, electroplating, and pigments, among others (Irshad et al., 2023). The permissible limit for chromium in drinking water by the World Health Organization is 0.05 mg/L for Cr (Gupta et al., 2021). Multiple biological, physical or chemical techniques have been developed to remove pollutants from water bodies. Among them is adsorption, which is a simple and economical technique due to its remarkable capacity to remove different heavy metals in water bodies (Gao et al., 2024). Studies have been developed for the removal of heavy metals in solution using biomasses, among these is cocoa, in particular the shell, is an effective natural sorbent for the removal of heavy metal ions (Lara et al., 2016). But most of these studies have been conducted at the laboratory level therefore, ways have been sought to predict the behavior of the adsorption process on a large scale and how this change affects the efficiency of the material used as adsorbent. Considering the above, the purpose of this study is to model at industrial scale an operational adsorption column for Cr (VI) removal packed with Theobroma cacao L. biomass using experimental data previously obtained by the authors combined with parametric sensitivity analysis and simulation using computer aided process engineering. Presenting this study as a novel technique for predicting the performance of an industrial scale packaged adsorption column.
Methodology
Parametric study 
Parametric studies identified how modifying various independent variables in the packed bed process affects adsorption performance by analyzing the rupture curve profile in detail. This research employs a 33 experimental design, where 3 factors are examined: inlet flow rate, initial concentration and bed height, where the selected values were established after a literature review and preliminary analysis to establish the limit where the parameters present significant results. The operating ranges evaluated are shown in Table 1.
Table 1. Parametric studies on the effect of five parameters and the range of values used in this study.
	Parameters
	Range of values

	Flow rate, m3/day
	100
	150
	200

	Initial concentration, mg/L
	2000
	3500
	5000

	Bed height, m
	3
	4
	5



Packed bed column at industrial scale
Similar industrial-scale heavy metal adsorption columns in wastewater were used as a reference (Upadhyay et al., 2021; Hameed et al., 2024) for scaling the packed tower for the adsorption of Cr (VI) ions. 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


Mathematical Models.
The adsorption isotherm is established by bringing an adsorbate and an adsorbent into contact, which is affected by various factors such as pH, ionic strength and temperature. It is also affected by the nature of the adsorbed species (adsorbate) and the type of adsorbent. For this study, Langmuir was selected as the isothermal model, which assumes that adsorption occurs on a single layer of the adsorbate surface making the adsorption energy constant (Pereira et al., 2023). This model is described by equation 1.
	 
	(1)


Likewise, it is essential to analyze the adsorption kinetics which allows to predict the rate of contaminant removal, establish the time evolution of the adsorbate remaining in solution, showing the efficiency of the adsorbate used and the mass transfer process for this study, the Quadratic lumped resistance (QDF) kinetic model that estimates the rate of mass transfer from a single adsorbate (k) to the adsorbent particle was used (Ragadhita, Bayu and Nandiyanto, 2022). This model is described by equation 2.
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Results and discussions
Evaluation of mathematical models of kinetics and molecular adsorption isotherms using Aspen Adsorption software
[bookmark: _Hlk191554543]Using Aspen Adsorption, a packed column was modelled by implementing the Langmuir isotherm model and the QDF kinetic model with different distributions of the parameters inlet flow rate, bed height and initial Cr (VI) 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 2000 mg/L, while Figure 1.b presents the T.R and T.S values obtained for a concentration of 3500 mg/L and finally, Figure 1.c shows the T.R and T.S values obtained for a concentration of 5000 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.
[image: ]
[bookmark: _Hlk191554608]Figure 1. Results of rupture time (R.T) and saturation time (S.T) obtained from simulations for initial Cr (VI) concentrations of (a) 2000 mg/L, (b) 3500 mg/L and 5000 mg/L, with a confidence interval of ± 16.31 for R.T values and ± 143.16 for S.T values.
Parametric sensitivity analysis
Parametric sensitivity analysis for inlet flow rate
The analysis of the alteration of the flow entering the bed was carried out, evaluating flow rates in a range of 200, 150 and 100 m3/day, maintaining the initial concentration at 5000 mg/L and the bed height at 5 m. After the simulation process, the results obtained from the breakthrough curves were taken, where the values of breakthrough time, saturation time and efficiency of the adsorption process were obtained. Figure 2 shows the breakthrough curve profile. It is observed that, as the initial flow rate into the column increases, there is a decrease in the T.R and T.S but an increase in the efficiency of the process. This behavior seems to be due to the fact that, as a greater amount of flow enters the equipment, a positive effect is generated in the mass transfer of the process, which causes an acceleration in the time it takes for the bioadsorbent to begin to lose its removal capacities, generating a decrease in the times. On the other hand, the efficiencies obtained are 96.2% for 200 m3/day, 95.5% for 150 m3/day and 93.4% for 100 m3/day (Mansa, Ting and Patrick, 2021).
[image: ]
Figure 2. Rupture curves at different inlet flow rates for Langmuir - QDF.
Parametric sensitivity analysis for the initial concentration
A parametric analysis of the alteration of the initial concentration of Cr (VI) was developed. For this purpose, initial concentration of pollutant ranges of 5000, 3500 and 2000 mg/L were used, leaving the inlet flow rate and the bed height fixed at 100 m3/day and 5 m, respectively. Once the simulation process of the packed adsorption column was completed, the profiles of the breakthrough curves were obtained, where the results of T.R, T.S and efficiency of the adsorption process were taken. Figure 3 shows the breakthrough curve profile. The results show that, as the initial concentration of the contaminant increases, a decrease in T.R and T.S. is generated. This behavior may be due to the presence of a greater amount of pollutant entering the adsorption column, since the active sites of the adsorbent material used as bed filler are occupied and saturated at a higher rate, causing the biomass to lose its removal capacity at an accelerated rate, resulting in a decrease in T. R and T.S. On the other hand, the efficiency of the process for the concentrations of 5000, 3500 and 2000 mg/L was 93%, showing that the variation of this parameter does not significantly affect the efficiency of the process (Bahrun et al., 2021). 
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[bookmark: _Toc134023945]Figure 3. Rupture curves at different initial concentrations for Langmuir – QDF.
Parametric sensitivity analysis for bed height.
A parametric analysis of the alteration of the column height was developed. For this purpose, we worked with heights of 3, 4 and 5 meters, leaving the inlet flow and the initial concentration fixed at 100 m3/day and 5000 mg/L, respectively. After the development of the packed adsorption column simulation, profiles of the breakthrough curves were obtained, where the results of T.R, T.S and efficiency of the adsorption process were taken. Figure 4 shows the penetration curve profile. It is evident that, by increasing the bed height, a prolongation in T.R and T.S is generated but a decrease in the efficiency of the process. This behavior is attributed to the presence of a larger bed size, which causes the flow entering the column to take longer to leave the equipment, thus resulting in an increase in times. On the other hand, the efficiency obtained for the different bed height conditions was 96% for 3 meters, 94.6% for 4 meters and 93.4% for 5 meters (Patel, 2020).
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Figure 4. Rupture curves at different bed heights for Langmuir – QDF.
The results obtained from the simulation of the packed bed with Theobroma Cacao L at industrial scale have been compared with studies found in the literature. It should be noted that the data and comparisons reported only have relative significance because each study was carried out under different conditions of inlet flow, inlet concentration and bed height, as well as the adsorbent biomaterial used. The present study shows that Theobroma Cacao L in an industrial scale packed bed presents reasonable results in the removal of Cr (VI) in aqueous solutions. The comparison of the values reported in literature with this study is presented in Table 3.
Table 3. Comparison of result with literature
	Contaminant
	Pb (II)
	Cd (II)
	Cr (VI)

	Adsorbent
	Olive tree pruning 
	Dolochar
	Theobroma Cacao L

	Initial concentration (mg/L)
	100
	55
	5000

	Inlet flow rate (m3/day)
	128.04
	75
	100

	Bed height (m)
	2.26
	0.65
	5

	Rupture time (min)
	201.6
	666
	315

	Saturation time (min)
	530
	1140
	2993

	Source
	(Ronda et al., 2018)	(Upadhyay et al., 2021)	This study


Conclusions
This study presents the modeling of an adsorption column packed with cocoa waste using Aspen adsorption software and how the alteration of the parameters of bed height, inlet flow rate and initial concentration of Cr (VI) affect the performance of the equipment by means of a parametric sensitivity analysis.  The results showed that, for this study, increasing the inlet flow rate and decreasing the height improved the performance of the equipment, whereas, altering the initial concentration did not significantly affect the efficiency of the process. These findings provide a novel way to anticipate the possible behavior of a packed column with Theobroma Cacao L residues to adsorb Cr (VI) on an industrial scale.
Nomenclature

b - Langmuir parameter related to the affinity of binding sites for the contaminant, L/mg
Ce - Concentration of contaminant in solution at equilibrium, mg/L
Cf/C0 - Efficiency.
MTC - Overall mass transfer coefficient, m/s
n - Effect of initial concentration on adsorption capacity
QDF - Kinetic model of Quadratic Lumped Resistance
qmax - Maximum amount of solute in solid phase, mg/g
R.T. - Rupture Time, min
S.T. - Saturation time, min
wk - Instantaneous equilibrium loading of adsorbate on the adsorbent, mg/g
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