C. Tejada-Tovar, A. Villabona-Ortiz, A. Gonzalez-Delgado, H. Bonilla-Mancilla & J. Vergara-Villadiego /
INGE CUC, vol 21 no. 2, pp. 158-167. July- December, 2025

Remocion de Cr (VI) en solucién utilizando Theobroma cacao L.:
Simulacion de columna empacada a escala industrial

Removal of Cr (VI) in solution using Theobroma cacao L.:
Simulation of an industrial-scale packed column
DOI: https://dx.doi.org/10.17981/ingecuc.21.2.2025.02

Scientific Research Article.

Date of Receipt: 28/12/2024, Date of Acceptance: 11/02/2025.

Candelaria Tejada-Tovar

Universidad de Cartagena. Cartagena, (Colombia)

ctejadat@unicartagena.edu.co

Angel Villabona-Ortiz

Universidad de Cartagena. Cartagena, (Colombia)

avillabonao@unicartagena.edu.co

Angel Gonzalez-Delgado

Universidad de Cartagena. Cartagena, (Colombia)

agonzalezdl@unicartagena.edu.co

To cite this paper

Humberto Bonilla-Mancilla
Universidad Nacional del Centro del Pert.
Huancayo, (Pert)
hbonilla@uncp.edu.pe

Juan Vergara-Villadiego

Universidad de Cartagena. Cartagena, (Colombia)

jvergaravl@unicartagena.edu.co

C. Tejada-Tovar, A. Villabona-Ortiz, A. Gonzalez-Delgado, H. Bonilla-Mancilla & J. Vergara-Villadiego
“Removal of Cr (VI) in solution using Theobroma cacao L. in a simulated packed column at industrial
scale,” INGE CUC, vol. 21, no. 1, 2025. DOI: https://dx.doi.org/10.17981/ingecuc.21.2.2025.02

Resumen

Introduccion: Se han desarrollado muchos
estudios donde utilizan técnicas para eliminar
contaminantes en cuerpos de agua. Entre estas
técnicas se encuentra la adsorcién, técnica de
superficie que utiliza adsorbente a base de residuos
agricolas para remover dichos contaminantes,
como los metales pesados pero estos estudios en su
mayoria se han realizado a escala laboratorio, son
pocas las investigaciones que han buscado anticipar
la eficacia del adsorbente a nivel industrial.
Objetivo: Simular la remocion de Cr (VI) en
soluciéon mediante una columna empacada a escala
industrial utilizando biomasa de Theobroma cacao
L. como adsorbente.

Metodologia: Se wutilizo un método del tipo
de modelado y simulacion donde se empled el
mstrumento informatico Aspen Adsorption, para
simular la columna de adsorciéon empleando diversas
configuraciones combinadas con una evaluacion
paramétrica.

Resultados: Con los descubrimientos realizados
se obtuvo que, usando los modelos matematicos
Langmuir y Fuerza Motriz Lineal (LDF) se
presentaron eficiencias del proceso de adsorcion
hasta un 97% de remocién de Cr (VI). Ademas, los
mejores valores paramétricos fueron una altura de
la columna de 5m, un caudal de 100 m3/dia y una
concentracion inicial de 3500 mg/L.
Conclusiones: Estos hallazgos permiten presentar
este estudio como una forma novedosa en el
campo de la ingenieria de cémo las herramientas
computacionales tienen la capacidad de predecir el
posible comportamiento de columnas de adsorcién
rellenas con biomasas basadas en residuos
organicos.

Palabras clave: Cromo (VI), Curvas de ruptura,
Parametros, Simulacion, Tratamiento de Aguas.

Abstract

Introduction: Many studies have been developed
using techniques to remove pollutants in water
bodies. Among these techniques is adsorption, a
surface technique that uses an adsorbent based
on agricultural residues to remove pollutants such
as heavy metals. However, these studies have
mostly been conducted at a laboratory scale, and
few investigations have sought to anticipate the
effectiveness of the adsorbent at an industrial scale.
Objective: To simulate the removal of Cr(VI) in
solution by a packed column at industrial scale
using Theobroma cacao L. biomass as adsorbent.
Method: A modeling and simulation type method
was used where the computer tool Aspen Adsorption
was employed to simulate the adsorption column
using different configurations combined with a
parametric evaluation.

Results: From the findings it was obtained that,
using the Langmuir and Linear Driving Force
(LDF) mathematical models, adsorption process
efficiencies of up to 97% Cr (VI) removal were
presented. In addition, the best parametric values
were a column height of 5m, a flow rate of 100 m3/
day and an initial concentration of 3500 mg/L.
Conclusions: These findings allow presenting this
study as a novel way in the engineering field of how
computational tools have the ability to predict the
possible behavior of adsorption columns packed
with organic waste-based biomasses.

Keywords: Chromium (VI), Rupture curves,
Parameters, Simulation, Water treatment
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INTRODUCTION

The constant progress of civilization, industrialization, and urbanization, associated with
multiple anthropogenic activities, have led to the emission of harmful substances into the
environment, [1], added to natural processes, such as rock erosion and climatic changes,
generate negative effects that affect water quality [2]. Heavy metals in water bodies come
from different pollution sources, such as mining, agricultural, industrial, and metallurgical
activities. The pollution generated by these metals causes great concern, as they are toxic,
non-biodegradable, and challenging to remove [3]. Chromium is a heavy metal that, in its
natural form, can occur as trivalent chromium in the form of chromium oxides and hydroxides
or hexavalent chromium in the form of chromate salts [4]. Chromium (VI) is characterized as
poisonous, mutagenic, highly soluble, and carcinogenic, while Chromium (III) is an essential
trace element for human well-being [5]. Hexavalent chromium is used in various fields, mainly
in the tanning, textile, electroplating, and pigment industries, among others [6]. The World
Health Organization’s permitted limit for Cr in drinking water is 0.05 mg/L [7]. In Colombia,
the allowable limit for chromium in drinking water, as dictated in Law 0631 of 2015, 1s 0.5
mg/L [8]. The adsorption process is a surface technique where adsorbates are transferred to
adsorbents. This technique has been used to treat water sources and wastewater because it
1s an inexpensive, simple, effective, and environmentally friendly process [9]. Different types
of natural residues have been used to remove heavy metals. Among these, cocoa shells have
proven to be an efficient adsorbent [10]. However, adsorption experiments have mostly been
kept at the laboratory scale; therefore, methods have been sought to predict the behavior
and performance of adsorption processes at the industrial scale, for which specialized
computational tools have been developed to perform simulations of different processes and/
or equipment, software such as Aspen Plus [11] or ChemCAD [12] where accurate results
have been demonstrated in predicting the performance of a complete equipment or process.
However, the parameterization of packed columns is still at an early stage. Therefore,
this study seeks to model an industrial-level packed column with cocoa shell waste as an
adsorbent using a computational tool and parametric evaluation to remove Cr (VI) in solution
based on experimental data previously obtained by the authors [13], [14]. Demonstrating
the potential of computational tools for predicting the performance of an adsorption column
and contributing quantitative information regarding the scaling and parameterization of an
industrial-scale column packed with Theobroma Cacao L.

METHODOLOGY

Physical properties of the metal ion.

In order to perform the simulations of the packed adsorption column for the removal of
Cr (VI) in solution using the Aspen Adsorption V12 software, it is necessary to add the list
of components to be adsorbed, in this case chromium, using the database provided by Aspen
Properties®. Subsequently, it is necessary to select the physical properties package that fits the
type of solution that is entering the bed. Therefore, the Electrolyte Non-Random Two-Liquid
Properties (ELECNTRL) method was selected for this study because this package allows
operating with aqueous solutions of liquid electrolytes with low and high concentrations, as
long as there is no vapor phase in the mixture [15].

Parameters required by Aspen Adsorption.

Once the components and physical properties have been defined, the packed column
configuration must be set up to simulate the adsorption process. This requires the specification
of several parameters necessary for Aspen Adsorption. Therefore, similar studies of adsorption
processes using packed columns at industrial level for the removal of heavy metals were
taken as a basis, establishing different variables such as column diameter, column porosity,
total void porosity, adsorbent bulk density and mass transfer coefficient, which are required
for the packed column configuration. In turn, it is necessary to establish the values of the
constants of the selected isothermal mathematical model, in this case, the Langmuir model,
since the values are necessary for the simulation process. Table 1 shows the parameters used
to perform the simulation and the data source.
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TABLE 1. PARAMETERS USED TO SIMULATE THE COLUMN

Required parameter Unit Values Source
mg/g 227.348 [16]
L/mg 0.0112
Column diameter m 1 [15]
Column porosity m3 vacuum / m3 bedding 0.67
: . . [17], [18]
Total void porosity m3 vacuum / m3 bedding 0.4
Bulk density g/em3 0.0365 [10]
Constant mass transfer Us 1.37%10-4 [19]
coefficient

Ontheother hand, the software requires defining the conditions under which the simulations
will be carried out, which includes the selection of calculation methods, operating conditions,
kinetic and isothermal models, among other parameters. First, the Upwind Differencing
Scheme 1 (UDS1) discretization method, a numerical scheme used to solve mass transport
equations, 1s established. Also, a constant number of 10 nodes i1s set in order to ensure
accuracy and stability in the simulations. Next, it is assumed that the fluid flowing through
the column presents only convective transport, without axial dispersion, and that its velocity
1s constant. Furthermore, it is considered that the film is liquid and that the mass transfer
coefficient remains constant. Subsequently, the kinetic model and the isothermal model used
in the study are defined: the Linear Driving Force (LDF) model to describe the velocity of the
adsorption process, and the Langmuir isothermal model, already mentioned, to represent the
interactions between the adsorbate and the adsorbent. Finally, it 1s assumed that the process
takes place under isothermal conditions.

Stipulation of the conditions for the sensitivity analysis.

To evaluate the performance of the packed adsorption column for the removal of Cr (VI),
three scenarios were established to carry out the simulation process of the bed. That 1is,
three main parameters were assessed to determine their effect on the adsorption process
through a parametric evaluation. Therefore, the column height, inlet flow rate, and initial
contaminant concentration were varied. The different simulations were conducted under
dynamic conditions by plotting breakthrough curves over time to observe how changes in these
parameters impact breakthrough time, saturation time, and overall process performance.To
verify the impact of height variation on time and process performance, this parameter was
varied within a range of 3, 4, and 5 m, keeping the initial concentration and inlet flow rate
constant. Likewise, the impact of inlet flow rate variation on the breakthrough curve profile
and process performance was studied using flow rates of 100, 150, and 200 m?/day, while
keeping the column height and initial concentration fixed [20]. Finally, the effect of varying
the initial concentration parameter on adsorption was analyzed using values of 1000, 2000,
and 3500, keeping the column height and inlet flow rate constant [7], [21]

Mathematical fundamentals

Aspen Adsorption uses different equations embedded in its database to perform the
calculations necessary for adsorption process simulation processes. This software performs
the mass balance of the adsorption column using a partial difference equation (Eq.1) to express
the metal ion concentration in a small control volume within the adsorbent column [22]:

2
_giEi<SST(;i) + %(Vi X Ci) + 8168—(51 + Psss_(tl =0 (1

Where ¢, is the porosity of the bed, 1s the axial dispersion coefficient (m*s), 1s the distance
along the bed (m), is the number of metal 1ons adsorbed by the adsorbent (mg/g), c, 1s the
concentration of cadmium ions in the liquid phase, is the bulk density and is the interstitial
velocity of the fluid through the adsorbent bed. The Langmuir isotherm model shows that
adsorption usually occurs with numerous monolayer adsorption processes, and the desired

adsorption takes place at defined active sites on the adsorbent surface [23], [24]. It is described
by the following equation (2):
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Therefore, its homologous used by the software presented was sought for the following
expression (3):

L IPliXIPQXCi
Wi = T3P, ©)

Where a comparison between the equation found in the literature and the one presented
by the software can be determined that , i.e. the maximum amount of solute in the solid
phase (mg/g), , 1.e. it 1s the Langmuir constant that expresses the affinity of the active sites
for the pollutant (L/mg), , i.e., it is the equilibrium concentration of the contaminant present
in the solution. On the other hand, the Linear Driving Force (LDF) kinetic model employed
by the software describes the rate of adsorption using the global mass transfer coefficient; it
assumes that the mass transfer of the components is driven by a linear expression expressed
in terms of the concentration, either in the liquid or solid state [20], [25]. This model is
described by equation (4):

where MTC is the global coefficient of mass transfer (m/s), and is the instantaneous
equilibrium adsorbate loading on the adsorbent (mg*g).

RESULTS AND DISCUSSIONS

Data obtained from the simulation of the packed adsorption column using Aspen Adsorption

Using the Aspen Adsorption computational tool, a packed column was modeled for the
removal of Cr (VI), using the Langmuir isothermal model and the LDF kinetic model with
different distributions of the input flow parameters, the initial concentration and the bed
height, obtaining results of the Rupture Time (R.T.), which refers to the moment in which the
sorbent begins to reduce its capacity to remove the contaminant, and the Saturation Time
(S.T.), which is the moment when the sorbent reaches its maximum capacity to retain the
contaminant. These results are presented in Table 2.

TABLE 2. DATA OBTAINED FROM SIMULATIONS

Initial concentration Inlet flow rate (m3/ Bed height R.T. S.T.
(mg/L) day) (m) (min) (min)
3 143 1408
200 4 195 1820
5 247 2215
3 195 1820
3500 150 4 264 2348
5 334 2869
3 299 2608
100 4 403 3367
5 507 4107
3 157 1341
200 4 214 1732
5 271 2105
3 214 1732
2000 150 4 289 2232
5 365 2791
3 327 2481
100 4 441 3186
5 553 3865
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3 179 1253

200 4 242 1619

5 306 1962

3 242 1619

1000 150 4 327 079
5 413 2516

3 370 2299

100 4 498 2942

5 626 3544

Parametric sensitivity analysis
The impact of altering the parameters of column height, inlet flow rate, and initial Cr (VI)
concentration on the Cr (VI) adsorption process was analyzed.

Analysis of the effect caused by bed height variation

The evaluation of the variation in bed height during the adsorption process was carried
out using a height range of 3, 4, and 5 meters, while keeping the initial concentration fixed
at 3500 mg/Li and the inlet flow rate at 100 m?®day. Figure 1 shows the behavior of the
breakthrough curves obtained after completing the bed simulation process. It was observed
that decreasing the bed height leads to a reduction in breakthrough and saturation times,
but an increase in efficiency. This is because, with a smaller column, the fluid will need less
time to pass through the equipment, obtaining a reduction in residence time. In addition, the
efficiencies obtained for each height were 92.4% for 3 meters, 90% for 4 meters, and 87.7%
for 5 meters. [27], [28].
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Figure 1. Breakthrough curves profiles of column height variation for the Langmuir - LDF model.

Analysis of the effect caused by the variation of the inlet flow rate

The inlet flow rate parameter was evaluated using magnitudes of 200, 150, and 100 m?3/
day working at a head of 5 m and an initial concentration of 3500 mg/L. Figure 2 shows the
behavior of the breakthrough curves obtained after completing the bed simulation process. It
was observed that, as the flow rate increased, there was an increase in the efficiency obtained
but a decrease in the rupture and saturation times (Figure 2). This is because there is a
positive effect on mass transfer and mass transfer resistance since there is a more significant
effluent input per unit of time, causing a reduction in time and an increase in the efficiency
of the adsorption process. For each flow rate, the following efficiencies were obtained: 93,7%
for 200 m®day, 91,6% for 150 m?®day, and 87,7% for 100 m?/day [29].
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Figure 2. Breakthrough curves profiles of Inlet flow variation for the Langmuir - LDF model.

Analysis of the effect caused by the variation of the initial Cr (VI) concentration
The variation of the initial concentration parameter was analyzed with values of 3500,
2000, and 1000 mg/L, leaving fixed with a height of 5 m and an inlet flow rate of 100 m?/
day. Figure 3 shows the behavior of the breakthrough curves obtained after completing the
bed simulation process, observing that decreasing or increasing the initial concentration did
not significantly affect the process efficiency or the rupture and saturation times suggests
that this parameter alters the adsorption process (Figure 3). This may be due to the number
of active sites in the adsorbent or the adsorbent’s affinity with the adsorbate, which allows
a rapid adsorption equilibrium. The following efficiencies were obtained for each initial
concentration: 87,7% for 3500 mg/L, 87,8% for 2000 mg/L, and 88,1% for 1000 mg/L. It was
observed that this parameter does not significantly affect the adsorption process [30].
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Figure 3. Breakthrough curves profiles of the variation of the initial concentration of Cr (VI) for the Langmuir - LDF
model.

Comparative studies

The results obtained from the different simulations of the packed column for Cr (VI)
removal were compared with data reported in scientific literature. It should be noted that
this comparison is of a relative nature since the studies present differences in the operating
conditions used. Table 3 shows the values compared between the results obtained in this
study and those found in the literature.
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TABLE 3. COMPARISON OF THE RESULTS WITH THE LITERATURE.

Contaminant Pb (IT) Cr (VI Pb (IT) Cr (VI)
Eichhornia Litchi chinensis  Bambusa Theobroma
Adsorbent .
crassipes sonn spp. cacao L.
Initial concentration 20 20 20 3500
(mg/L)
Ll oy e (e 17.28 0.0864 1.728 100
day)
Bed height (m) 1 0.7 1 5
Rupture time (min) 558 5.583 52 507
Saturati.on time 4107
(min)
Source [30] [31] [32] This study
CONCLUSION

A parametric evaluation was conducted to analyze the impact of altering the bed height,
the inlet flow rate, and the initial concentration on the process’s efficiency, rupture time,
and saturation time. The bed height parameter was studied in magnitudes of 3 meters, 4
meters, and 5 meters. When using the highest value, the R.T. and S.T. increased, but the
efficiency obtained decreased. A range of inlet flow rates of 100, 150, and 200 m3/day, where
using the higher flow rate decreases rupture and saturation times but increases adsorption
performance. In addition, initial concentrations of 3500, 2000, and 1000 mg/L were used,
whereby by changing the concentration, the adsorption efficiency is not noticeably influenced.
This study presents a novel way of predicting the behavior of adsorption columns at an
industrial scale, showing a contribution to the scientific literature of relevant data for the
development of modeling and simulation of packed columns to adsorb pollutants in water
bodies to reduce the existing gap in the development of industrial adsorption processes using
agro-industrial wastes for the removal of pollutants such as Cr (VI) using Theobroma cacao
L. as adsorbent packing material. The next steps in the short term will include an economic
evaluation to determine the financial viability and long-term sustainability of the adsorption
column, with the objective of identifying the associated operating and investment costs,
evaluating the performance of the system under different operating and economic conditions,
and contributing to decision making in real-world contexts.
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