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Abstract: This study focuses on modeling an industrial-scale adsorption bed packed with cocoa 
waste for the removal of Cr (VI) from aqueous solutions using Computer-Aided Process Engineering 
(CAPE) tools. Simulations were conducted in Aspen Adsorption under varying conditions of bed height, 
inlet flow rate, and initial contaminant concentration. A parametric sensitivity analysis was performed 
based on the Quadratic Lumped Resistance (QDF) kinetic model in combination with both Langmuir 
and Freundlich isotherms. The results showed that both isotherm models, when applied with the 
QDF approach, achieved removal efficiencies of up to 98.4%. The optimal operating conditions were 
identified as a bed height of 5 m, an initial concentration of 5000 mg/L, and an inlet flow rate of 100 
m³/day. This study highlights a novel application in the field of engineering, demonstrating how com-
putational tools can effectively predict the performance of adsorption columns packed with organic 
waste-based biomasses.
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Predicción novedosa del comportamiento de columna empacada con 
mesocarpio de cacao para adsorber Cr (VI) mediante simulación dinámica

Resumen: Este estudio se centra en el modelado de un lecho de adsorción a escala industrial relleno 
con residuos de cacao para la eliminación de Cr (VI) en soluciones acuosas, utilizando herramientas 
de Ingeniería de Procesos Asistida por Ordenador (CAPE). Para ello, se realizaron simulaciones en 
Aspen Adsorption bajo condiciones variables de altura del lecho, caudal de entrada y concentración 
inicial del contaminante. Se realizó un análisis paramétrico de sensibilidad utilizando el modelo ciné-
tico de resistencia cuadrática (QDF), junto con las isotermas de Langmuir y Freundlich. Los resultados 
revelaron que ambos modelos isotérmicos, combinados con el enfoque QDF, alcanzaban eficacias de 
eliminación de hasta el 98,4%. Las condiciones óptimas de operación identificadas fueron una altura 
del lecho de 5 m, una concentración inicial de 5000 mg/L y un caudal de entrada de 100 m3/día. Este 
estudio se presenta como una forma novedosa en el campo de la ingeniería de cómo las herramien-
tas computacionales tienen la capacidad de predecir el posible comportamiento de columnas de 
adsorción rellenas con biomasas basadas en residuos orgánicos.

Palabras clave: Aspen Adsorption; Biomateriales; Cromo (VI); Simulación dinámica; Theobroma 
Cacao Linneo; Tratamiento del agua

Previsão inovadora do comportamento de coluna empacada com 
mesocarpo de cacau para adsorver Cr (VI) por meio de simulação 
dinâmica

Resumo: Este estudo concentra-se na modelagem de um leito de adsorção em escala industrial 
preenchido com resíduos de cacau para a remoção de Cr (VI) em soluções aquosas, utilizando fer-
ramentas de Engenharia de Processos Assistida por Computador (CAPE). Para isso, foram realiza-
das simulações no Aspen Adsorption sob condições variáveis de altura do leito, vazão de entrada e 
concentração inicial do contaminante. Foi realizada uma análise paramétrica de sensibilidade utili-
zando o modelo cinético de resistência quadrática (QDF), juntamente com as isotermas de Langmuir e 
Freundlich. Os resultados revelaram que ambos os modelos isotérmicos, combinados com a aborda-
gem QDF, alcançaram eficiências de remoção de até 98,4%. As condições ótimas de operação identi-
ficadas foram uma altura do leito de 5 m, uma concentração inicial de 5000 mg/L e uma vazão de en-
trada de 100 m³/dia. Este estudo apresenta-se como uma forma inovadora no campo da engenharia 
de demonstrar como as ferramentas computacionais têm a capacidade de prever o possível com-
portamento de colunas de adsorção preenchidas com biomassas baseadas em resíduos orgânicos.

Palavras-chave: Aspen Adsorption; biomateriais; cromo (VI); simulação dinâmica; Theobroma Cacao 
Linneo; tratamento de água
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Introduction
Water is one of the most essential resources for 
sustaining life. However, its quality has been 
increasingly compromised, resulting in shortages 
that threaten food security and the long-term 
sustainability of this vital resource. This deterio-
ration poses a significant challenge to achieving 
the Sustainable Development Goals (SDGs), 
particularly Goal 6: Clean Water and Sanitation. 
This goal emphasizes that access to safe drinking 
water, sanitation, and hygiene is a fundamental 
human need for health and well-being. The decline 
in water quality not only reduces availability but 
also increases pollution of water bodies, further 
limiting safe access to this resource [1], [2].

The rapid evolution of human activities and 
improvements in quality of life have amplified 
water demand across multiple sectors, including 
households, mining, agriculture, hospitals, schools, 
and industries. This has resulted in the generation 
of large volumes of wastewater containing diverse 
contaminants. Industrial activities are among the 
largest contributors, as most industries depend 
heavily on water. For example, tanneries use water 
in hide rehydration, tanning, washing, and waste 
removal [3]; paint production industries use it 
for dissolving substances, transporting residues, 
and mixing raw materials [4]; textile industries 
rely on it for nearly all stages of production, from 
raw material preparation to washing, dyeing, and 
finishing [5]; and oil industries use water during 
both extraction and refining processes [6]. These 
and many other industrial activities discharge 
large amounts of wastewater contaminated with 
substances harmful to both human health and the 
environment [7].

Industrial wastewater originates from cooling 
systems, washing processes, and production lines. 
Depending on the industry, these effluents may 
be biodegradable or highly toxic. Unlike relatively 
clean natural water sources, industrial discharges 
often contain high concentrations of pollutants. 
Their toxicity depends on their chemical composi-
tion, which varies by industry, making wastewater 
treatment challenging and requiring tailored solu-
tions [8]. A major concern is the presence of heavy 

metals, which are highly toxic and pose serious 
risks to both the environment and public health 
[9]. Chromium (Cr) is particularly problematic: 
in aqueous environments it exists mainly as 
trivalent chromium [Cr(III)] and hexavalent 
chromium [Cr(VI)], with the latter being far more 
toxic [10]. Cr(VI) is highly soluble, resistant to 
biodegradation, and persistent in the environ-
ment, contaminating soil and water for extended 
periods. Once absorbed via inhalation, ingestion, 
or skin contact, it can cause severe health effects, 
including cancer, genetic mutations, ulcers, kidney 
damage, and skin and eye irritation [11].

Conventional wastewater treatment integrates 
physical, chemical, and biological processes to 
remove suspended solids, organic matter, nutri-
ents, and dissolved contaminants such as metals 
and organics. Among the techniques developed 
are coagulation–flocculation, which uses chemi-
cal or natural agents to destabilize and aggregate 
particles for easier removal [12], and electrocoag-
ulation, which applies low-voltage direct current 
through sacrificial aluminum or iron electrodes 
to destabilize and remove contaminants [13]. 
Adsorption, however, stands out as one of the most 
effective methods for removing contaminants due 
to its scalability, versatility, and ability to target 
inorganic pollutants. It can be applied in batch or 
column mode [14], and is recognized as a simple 
and economical approach for removing heavy 
metals with biodegradable materials [15].

Two main adsorption mechanisms are 
studied. Physisorption is driven by weak intermo-
lecular forces, such as Van der Waals interactions, 
typically releasing only a few kilojoules per 
mole—comparable to the heat of vaporization [16]. 
Chemisorption, on the other hand, involves the 
formation of stronger chemical bonds between the 
contaminant and the adsorbent, often resulting 
in monolayer coverage, higher selectivity, and 
less reversibility [17]. Adsorption offers several 
advantages: high efficiency even at trace concen-
trations (ppm or ppb) [18]; operation under mild 
temperature and pressure, unlike distillation or 
incineration; versatility across contaminants in 
liquid or gas phases [19]; potential for adsorbent 
regeneration and reuse [20]; rapid kinetics that 
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allow efficient removal in short times; and adapt-
ability for modular or large-scale designs [21].

Various adsorbents derived from natural 
sources—often agro-industrial residues—have 
been investigated due to their porosity, large 
surface areas, and biodegradability. They are 
economical and environmentally friendly, with 
examples including banana (Musa paradisiaca) 
[22], lemon (Citrus limon), and cassava (Manihot 
esculenta Crantz) [23]. Cocoa (Theobroma cacao L.) 
husks have gained attention as a sustainable adsor-
bent for aqueous contaminants because of their 
abundance, low cost, and lignocellulosic structure 
with functional groups that interact with heavy 
metals and organics. Their use aligns with circular 
economy principles by valorizing agricultural 
residues and reducing environmental impact. 
However, limitations such as low surface area, 
heterogeneity, and reduced mechanical stability 
necessitate physical or chemical modifications to 
enhance their adsorption performance for indus-
trial-scale applications [24].

Most studies of this type have been conducted 
in laboratories under simple, small-scale con-
ditions due to factors such as limited resources, 
space, and time, which restrict a comprehensive 
understanding of the process. Consequently, alter-
native approaches have been explored to conduct 
these studies on a larger scale despite these con-
straints. One such solution is the implementation 
of computational tools to analyze the potential 
behavior of these systems at an industrial level. 
Among these tools is Aspen Adsorption, a software 
developed by AspenTech for modeling and simu-
lating adsorption processes. This program offers 
significant advantages for exploring operating 
parameters—such as flow rate, bed height, and 
contaminant concentration—over a wide range, 
thereby facilitating process optimization prior to 
constructing pilot or industrial plants.

Aspen Adsorption is a specialized module 
capable of simulating processes in both gas 
and liquid phases. It allows the development 
of complete cycles such as PSA (Pressure Swing 
Adsorption), VSA (Vacuum Swing Adsorption), 
and TSA (Temperature Swing Adsorption), as well 
as fixed-bed column processes with or without 

regeneration. In addition, it includes a database 
containing numerous substances—such as heavy 
metals, hydrocarbons, and dyes—and incorpo-
rates various mathematical models, including 
isotherms and kinetic models. The software solves 
mass, energy, and momentum transfer equations 
to predict breakthrough curves, sorption and 
regeneration capacities, and to optimize the pro-
cess cycle.

Accordingly, this study aims to model an indus-
trial-scale packed column using computational 
tools and parametric evaluation to remove Cr(VI) 
from aqueous solutions with cocoa waste as an 
adsorbent. The simulation of packed columns with 
agro-industrial residues for heavy metal removal 
in aqueous media represents a novel and scientifi-
cally relevant approach, as it integrates agricultural 
waste valorization with advanced computational 
modeling. This methodology not only enables 
the prediction of dynamic system behavior and 
the optimization of operational variables without 
extensive experimental testing, but also contrib-
utes sustainable solutions to the environmental 
challenges posed by heavy metal pollution. Thus, 
the combination of waste-based biocomposites 
with simulation techniques creates an innovative 
pathway for designing more efficient, economical, 
and environmentally responsible water treatment 
processes.

Methodology
This study presents the simulation of an adsorption 
column packed with cocoa (Theobroma cacao L.) 
residues for the removal of Cr(VI) from aqueous 
solutions using Aspen Adsorption. This tool 
allows the modeling of multiscale adsorption 
columns by simulating key phenomena such as 
mass transfer, adsorption equilibrium, and fluid 
dynamics. It supports performance prediction at 
laboratory, pilot, and industrial scales, enabling 
the optimization of system design and operation 
based on experimental data. Its application in the 
treatment of chromium-contaminated water also 
demonstrates its capacity to evaluate diverse op-
erating conditions, improve process efficiency, and 
facilitate the scale-up from laboratory to industrial 
implementations. 
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Biomaterial preparation and 
experimental adsorption tests 
To simulate the adsorption process in a packed-bed 
column, one of the main factors considered was 
the selection of the adsorbent material capable of 
removing the contaminant present in the effluent. 
For this purpose, cocoa (Theobroma cacao Linneo) 
was chosen as the packing material for the removal 
of hexavalent chromium (Cr(VI)), given that it is one 
of the most widely cultivated plants in Colombia. 
Cocoa production generates substantial amounts 
of residual biomass, primarily composed of husks, 
shells, and pulp. Among these by-products, cocoa 
shells stand out due to their abundance, low cost, 
and renewable nature—qualities that make them 
suitable for use in adsorption columns. Their 
high cellulose, hemicellulose, and lignin content 
provides a strong adsorption capacity, positioning 
them as a sustainable and effective alternative for 
water decontamination.

The cocoa waste was subjected to a rigorous pre-
treatment process. First, it was thoroughly washed 
to remove residual impurities. It was then dried at 
95 °C for 24 hours in an Esco Isotherm® OFA-32-8 
laboratory oven to eliminate excess moisture. The 
dried material was subsequently ground using a 
conventional stainless-steel hand mill and sieved 
with an AISI 316 stainless-steel laboratory sieve to 
obtain a particle size of 0.5 mm. All preparation 
procedures were carried out in the Physical Chem-
istry Laboratory at Universidad de Cartagena, 
Piedra de Bolívar, Cartagena (Colombia).

The experimental setup followed a typical 
configuration for continuous-flow adsorption 
studies of heavy metals. Unlike batch adsorption 
tests, where the solution and adsorbent are mixed 
in a closed container, continuous adsorption better 
simulates real conditions, as the contaminated 
solution flows steadily through a fixed bed packed 
with cocoa waste. The column used had a diame-
ter of 6.6 cm and was operated under controlled 
conditions: temperature of 25 °C, pH 6, and an 
initial contaminant concentration of 100 ppm. A 
plug-type peristaltic pump maintained a constant 
flow rate of 1 mL/s. Two packed-bed depths, 4 cm 

and 7.5 cm, were tested to evaluate their effect on 
adsorption performance.

Samples were collected from the column 
outlet at time intervals of 10, 30, 60, 90, 120, 150, 
180, 210, 240, and 270 minutes. Contaminant 
concentrations were determined using UV-Vis 
spectroscopy to construct breakthrough curves, 
with the breakthrough point defined at 5% of the 
initial concentration (C/Co = 0.05), corresponding 
to 95% removal efficiency. Concentration mea-
surements by UV-Vis spectroscopy were performed 
in duplicate in previous studies, which served as 
the baseline for the simulations developed [25].

Simulation considerations, 
physical properties and 
column size configuration
In configuring the packed adsorption column for 
contaminant removal, it is necessary to establish 
specific criteria for developing the simulations in 
Aspen Adsorption. The first step involves deter-
mining the physical properties relevant to the 
contaminant removal process. For this purpose, 
the Aspen Properties® database was consulted to 
select the most suitable mathematical method. In 
this case, the electrolyte non-random two-liquid 
(ELECNRTL) model was chosen, as it is capable of 
handling electrolyte solutions at both low and high 
concentrations [26].

Subsequently, the operating conditions required 
for setting up the packed bed were defined. Aspen 
Adsorption provides different configuration 
tabs that allow for accurate column setup. These 
include General, Material/Momentum Balance, 
Kinetic Model, Isotherms, and Energy Balance.

General tab 
In the General tab, the partial differential equations 
required to configure the numerical options for 
the liquid adsorption process are defined. In this 
section, the numerical discretization method and 
the number of nodes for the selected method are 
specified. For this study, the Upwind Differencing 
Scheme 1 (UDS1) was selected, with 10 nodes.
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Material/Momentum Balance tab 
The Material/Momentum Balance tab defines the 
fundamental assumptions regarding axial disper-
sion in the liquid phase, establishes the approach 
for handling pressure drop within the bed, and 
indicates whether the fluid velocity remains con-
stant or varies along the column. In this study, 
it was assumed that there is no axial dispersion, 
no pressure drop, and that the velocity remains 
constant.

Kinetic Model tab 
The Kinetic Model tab specifies whether the film 
model is solid or liquid in nature, defines the 
kinetic model to be used for predicting the rate 
of contaminant removal and the time evolution 
of the adsorbate in solution [27], and determines 
whether the mass transfer coefficient is constant or 
variable. In this study, a liquid film and a constant 
mass transfer coefficient were considered. Further-
more, the Quadratic Driving Force (QDF) model 
was selected as the kinetic model.

Isotherms tab
The Isotherms tab defines the isotherm model used 
to describe the interactions between the adsorbate 
and the adsorbent, as well as the feasibility of 
the adsorption process. For this study, both the 
Langmuir and Freundlich isotherm models were 
selected [28].

Energy Balance tab 
The Energy Balance tab defines how the energy 
conditions of the process will be considered. 
In this case, an isothermal energy balance was 
applied; therefore, the energy balance was ignored, 
and both the fluid and solid temperatures were 
assumed to remain constant.

Finally, to complete the packed-bed configu-
ration, several key parameters must be specified. 
These include the column diameter, bed porosity, 
void fraction, mass transfer coefficient, bulk den-
sity of the adsorbent material, and the constants 
of the Langmuir and Freundlich models. Table 1 
summarizes the parameters required to configure 

the column, along with the values assigned to each 
of them.

Table 1. 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

Mass transfer coefficient (1/s) 1.37x10-4

Bulk density (g/cm3) 0.0365

Langmuir isotherm model

qmax (mg/g) 227.348

b (L/mg) 0.0112

Freundlich isotherm model

KF ((mg/g) (Lm/g)n) 8.6931

1/n 1.53

Source: The authors

Parametric evaluation
To evaluate the effect of varying different param-
eters on the adsorption process, a parametric 
study was conducted by analyzing the impact on 
the breakthrough curve profile when three key 
variables were modified: bed height, inlet flow 
rate, and initial contaminant concentration. The 
analysis focused on breakthrough and saturation 
times, as well as the overall performance of the 
adsorption process. Table 2 presents the values of 
the parameters considered in this study.

Table 2. Study parameter and range of values.

Parameters Units Range of values

Flow rate m3/day 100 150

Initial concentration mg/L 3500 5000

Bed height m 4 5

Source: The authors

Mathematical fundamentals
Aspen Adsorption uses different formulas incor-
porated into its database to simulate adsorption 
processes. This program performs the mass 
balance of the adsorption column using a partial 
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differential equation, as shown in Equation 1, 
which expresses the concentration of metal ions 
in a small control volume within the adsorbent 
column [29]. 

 

𝜺𝜺𝒊𝒊𝑬𝑬𝒊𝒊
𝜹𝜹𝟐𝟐𝑪𝑪𝒊𝒊
𝜹𝜹𝒛𝒛𝟐𝟐 +

𝜹𝜹
𝜹𝜹𝜹𝜹
(𝒗𝒗𝒊𝒊𝒄𝒄𝒊𝒊) + 𝜺𝜺𝒊𝒊

𝜹𝜹𝑪𝑪𝒊𝒊
𝜹𝜹𝜹𝜹 + 𝝆𝝆𝒔𝒔

𝜹𝜹𝜹𝜹
𝜹𝜹𝜹𝜹 = 𝟎𝟎 (1) 

 

 

𝒒𝒒𝒆𝒆 =
𝒒𝒒𝒎𝒎𝒎𝒎𝒎𝒎𝒃𝒃𝑪𝑪𝒆𝒆
𝟏𝟏 + 𝒃𝒃𝑪𝑪𝒆𝒆

 (2) 

 

 

𝒒𝒒𝒆𝒆 = 𝒌𝒌𝒇𝒇𝑪𝑪𝒆𝒆
𝟏𝟏/𝒏𝒏 (3) 

 

 

𝝏𝝏𝒘𝒘𝒌𝒌(𝒕𝒕)
𝝏𝝏𝝏𝝏 = 𝑴𝑴𝑴𝑴𝑪𝑪𝑸𝑸𝑸𝑸𝑸𝑸 7

𝒘𝒘𝒌𝒌
∗ (𝒕𝒕)𝟐𝟐 − 𝒘𝒘𝒌𝒌(𝒕𝒕)𝟐𝟐

𝟐𝟐𝟐𝟐𝒌𝒌(𝒕𝒕)
: (4) 

 
 

(1)

Where εᵢ represents the column porosity, Eᵢ 
is the longitudinal dispersion coefficient (m²/s), z 
denotes the bed length (m), q refers to the amount 
of metal ions adsorbed by the adsorbent (mg/g), 
cᵢ is the contaminant concentration in the liquid 
phase, ρs is the apparent density of the adsorbent, 
and vᵢ is the velocity at which the fluid passes 
through the bed.

Adsorption isotherms describe how the 
adsorption process occurs when an adsorbate and 
an adsorbent are in contact. They are influenced 
by parameters such as solution pH, temperature, 
and the characteristics and type of both the adsor-
bate and adsorbent. For this study, two isotherm 
models were selected: the Langmuir model, which 
assumes that adsorption occurs in a single layer 
on the adsorbent surface with constant adsorption 
energy [30], represented mathematically in Equa-
tion 2.
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(2)

Where qₑ represents the amount of pollut-
ant adsorbed by the adsorbent (mg/g), qmax is 
the maximum adsorption capacity (mg/g), b is the 
Langmuir constant (L/mg), and Cₑ is the equi-
librium concentration of the contaminant in the 
solution.

The Freundlich model, on the other hand, 
describes adsorption as occurring on a heteroge-
neous, multilayer surface, where the distribution 
of adsorbed components is influenced by both the 
duration of contact and the energy of the available 
adsorption sites. This model is commonly applied 
to represent nonlinear adsorption behavior [31] 
and is expressed mathematically in Equation 3.
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𝟐𝟐𝟐𝟐𝒌𝒌(𝒕𝒕)
: (4) 

 
 

(3)

Where qₑ represents the amount of pollutant 
adsorbed by the adsorbent (mg/g), k_f is the 

Freundlich constant indicating adsorption ca-
pacity [((mg/g)(mL/g)ⁿ)], Cₑ is the equilibrium 
contaminant concentration in solution, and n is 
the adsorption intensity coefficient.

Similarly, to better understand the rate at 
which contaminants are removed, various kinetic 
models have been developed to describe adsorp-
tion behavior, estimate removal rates, assess the 
effectiveness of the selected adsorbent, and analyze 
the mass transfer mechanisms involved. For this 
study, the QDF model available in Aspen Adsorp-
tion was selected, as it accounts for a mass transfer 
coefficient that varies with concentration [32], and 
is expressed in Equation 4.
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𝒒𝒒𝒎𝒎𝒎𝒎𝒎𝒎𝒃𝒃𝑪𝑪𝒆𝒆
𝟏𝟏 + 𝒃𝒃𝑪𝑪𝒆𝒆

 (2) 

 

 

𝒒𝒒𝒆𝒆 = 𝒌𝒌𝒇𝒇𝑪𝑪𝒆𝒆
𝟏𝟏/𝒏𝒏 (3) 

 

 

𝝏𝝏𝒘𝒘𝒌𝒌(𝒕𝒕)
𝝏𝝏𝝏𝝏 = 𝑴𝑴𝑴𝑴𝑪𝑪𝑸𝑸𝑸𝑸𝑸𝑸 7

𝒘𝒘𝒌𝒌
∗ (𝒕𝒕)𝟐𝟐 − 𝒘𝒘𝒌𝒌(𝒕𝒕)𝟐𝟐

𝟐𝟐𝟐𝟐𝒌𝒌(𝒕𝒕)
: (4) 

 
 

(4)

Where wk(t) is the concentration of component 
k adsorbed on the solid as a function of time (mol/
kg), wk*(t) is the equilibrium concentration of com-
ponent k in the solid—i.e., the amount that would 
be adsorbed if the system were in instantaneous 
equilibrium with the fluid phase (mol/kg)—and 
MTC₍QDF₎ is the mass transfer coefficient (1/s).

Anova statistical study
To assess how the operating parameters (column 
height, feed flow rate, and initial adsorbate con-
centration) influence the fit of the Freundlich and 
Langmuir models, a one-way analysis of variance 
(ANOVA) was performed. This statistical procedure 
evaluates whether significant differences exist 
among the results obtained under each condition, 
using the F statistic, the critical F value (Fc), and 
the p-value as decision criteria.

For this analysis, the null hypothesis (H₀) 
assumed that no significant differences exist 
between the models under the conditions evalu-
ated. If the calculated F value exceeded Fc and the 
p-value was less than 0.05, the null hypothesis was 
rejected, indicating that the differences were statis-
tically significant. Otherwise, the null hypothesis 
was accepted, suggesting that the models behaved 
in a statistically similar manner under the condi-
tions studied [33].
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Comparative study
To establish reference parameters and contextual-
ize the performance of cocoa waste in heavy metal 
adsorption, a comparative study was conducted 
between the results obtained in this research and 
those reported by other authors. These studies 
employed different biomasses and, in general, 
heavy metal adsorption systems under similar 
experimental conditions.

The comparison focused primarily on the 
breakthrough and saturation times of the col-
umns, which are key parameters for evaluating the 
efficiency of an adsorbent material. This approach 
enabled the behavior of agro-industrial waste to be 
contrasted with that of other reported adsorbents, 
strengthening the interpretation of the results 
and highlighting its potential for water treatment 
applications. Furthermore, conventional adsor-
bents were also compared with the biomass used 
in this study in terms of sustainability, efficiency, 
and cost.

Results and discussions
Data obtained from the simulation 
and analysis of the impact 
generated by the parametric 
variation on the adsorption process 
Once the packed adsorption bed simulations were 
completed using the different configurations of 
bed height, initial contaminant concentration, 
and inlet flow rate, the results were analyzed 
for rupture time (T.R.)—the point at which the 
adsorbent begins to lose its capacity to retain the 
contaminant—and saturation time (T.S.)—the 
point at which the biomass can no longer remove 
the contaminant because all active sites are fully 
occupied.

It is important to note that the simulation 
process was carried out using both the Langmuir 
and Freundlich isotherm models in combination 
with the QDF kinetic model. The results obtained 
are summarized in Table 3.

Table 3. Results obtained from the different column simulations.

Model Initial concentration (mg/L) Bed height (m) Inlet flow rate (m3/day) R.T. (min) S.T. (min)

Langmuir

5000

4
150 282 2716

100 381 3510

5
150 579 5048

100 777 6491

3500

4
150 198 2634

100 402 3309

5
150 611 4870

100 821 6265

Freundlich

5000

4
150 282 2717

100 381 3509

5
150 598 5041

100 777 6493

3500

4
150 298 2634

100 402 3406

5
150 611 4863

100 821 6261

Confidence interval for: Langmuir: ± 140.61 for R.T and ± 951.66 for S.T; Freundlich: ± 130.81 for R.T and ± 945.57 for S.T. 

Source: The authors
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Evaluation of effect of inlet flow rate
The impact of altering the inlet flow rate was 
evaluated using values of 150 and 100 m³/day, 
while maintaining a bed height of 5 m and an inlet 
concentration of 5000 mg/L.

The results indicate that both models exhibited 
similar trends during the adsorption process: as the 
inlet flow rate increased, both rupture time (R.T.) 
and saturation time (S.T.) decreased, while over-
all adsorption efficiency improved. Conversely, 
when the flow rate was reduced, R.T. and S.T. were 
extended, but system efficiency decreased. This 
suggests an inverse relationship between flow rate 
and breakthrough/saturation times, and a direct 
correlation between flow rate and efficiency.

This behavior may be attributed to higher flow 
rates introducing a greater number of pollutants 
into the bed, thereby enhancing mass transfer 
and accelerating equilibrium due to a more pro-
nounced Cr (VI) concentration gradient. However, 
this occurs at the expense of shorter contact times 
between the adsorbent and the fluid, which limits 
their interaction.

These trends were consistent for both Lang-
muir-QDF (Figure 1a) and Freundlich-QDF (Figure 
1b). Adsorption efficiencies for Langmuir-QDF 
were 95.4% at 150 m³/day and 93.4% at 100 m³/day, 
while Freundlich-QDF achieved 95.6% and 93.5% 
under the same conditions, respectively [34].

Overall, the results reveal no significant 
differences between the Langmuir-QDF and Freun-
dlich-QDF models, confirming that both effectively 
describe the adsorption process.

Evaluation of effect of initial 
concentration
A parametric evaluation was conducted to analyze 
the effect of varying the initial concentration in 
the adsorption process, using values of 5000 mg/L 
and 3500 mg/L, while maintaining a constant inlet 
head of 5 m and a flow rate of 100 m³/day. The 
simulation results indicate that, for both the Lang-
muir-QDF (Figure 2a) and Freundlich-QDF (Figure 
2b) models, a reduction in the initial contaminant 
concentration led to an increase in breakthrough 
time but a decrease in saturation time, whereas 
the overall process efficiency remained unaffected. 
This behavior may be attributed to the number of 
active sites available in the adsorbent or to the high 
affinity between the adsorbent and the adsorbate, 
which allowed a rapid adsorption equilibrium to 
be achieved. The efficiencies obtained for both 
models were 93.4% at both 5000 mg/L and 3500 
mg/L [35].

Evaluation of effect of bed height
The impact of altering the bed height on the 
adsorption process was analyzed by evaluating 
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Figure 1. Breakthrough curves of inlet flow variation for (a) Langmuir-QDF and (b) Freundlich-QDF.

Source: The authors
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heights of 4 m and 5 m, while maintaining the 
initial concentration and inlet flow rate constant 
at 5000 mg/L and 100 m³/day, respectively. The 
results show that, for both the Langmuir-QDF 
model (Figure 3a) and the Freundlich-QDF model 
(Figure 3b), the adsorption curves exhibited 
similar behavior across the two mathematical 
approaches. Increasing the bed height directly 
influenced the breakthrough characteristics: as 
the column height increased, both breakthrough 
and saturation times were extended, whereas the 
overall efficiency of Cr(VI) removal decreased. This 
behavior can be explained by the longer residence 
time of the fluid within the column, since a greater 
height prolongs the passage of the influent through 
the system. The adsorption efficiencies obtained 

with the Langmuir-QDF model were 94.6% for 4 m 
and 93.3% for 5 m, while the Freundlich-QDF model 
yielded 94.7% for 4 m and 93.4% for 5 m [36]. These 
results reveal no significant differences between 
the behaviors predicted by the Langmuir-QDF and 
Freundlich-QDF models, indicating that both are 
effective for describing the adsorption process.

These findings provide evidence of the impact 
generated by varying the evaluated parameters, 
with the inlet flow rate identified as the factor 
exerting the greatest influence on the adsorption 
process, followed by the packed column height. In 
contrast, the initial concentration, as previously 
discussed, proved to be the parameter with the 
least effect on the adsorption of Cr(VI).

Figure 2. Breakthrough curves of variation of initial concentration for (a) Langmuir-QDF and (b) Freundlich-QDF.
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Analysis ANOVA
Table 4 presents the results of the analysis of vari-
ance (ANOVA) performed to evaluate the influence 
of the operating parameters. These values reflect 
the statistical response of the Freundlich and 
Langmuir models under the different operating 
conditions analyzed, allowing the identification 
of whether variations in bed height, flow rate, and 
initial concentration produce significant differ-
ences in the fit of the models.

The ANOVA results indicate that, under all ana-
lyzed conditions, the F statistic values were lower 
than the critical value (Fc), and the significance 
levels (p) were greater than 0.05. Consequently, the 
null hypothesis (H0) is not rejected. This demon-
strates that variations in bed height, flow rate, and 
initial concentration do not produce statistically 
significant differences in the performance of the 
Freundlich and Langmuir models. Therefore, both 
models exhibit an equivalent statistical fit for the 
adsorption process within the evaluated opera-
ting ranges, suggesting that changes in operating 
parameters do not substantially affect their predic-
tive capacity and reinforcing their applicability for 
system simulation without one model presenting 
significant advantages over the other.

Comparison with preliminary studies
Several simulations of an adsorption column 
packed with Theobroma cacao L. biomass were 
conducted for the removal of Cr (VI) under diffe-
rent configurations. The Langmuir and Freundlich 
isotherm models were applied in combination 
with the QDF kinetic model. The results were 
compared with those reported in the literature. 
It should be emphasized that these comparisons 
are only relatively significant, as each study was 
performed under different operating conditions, 
including inlet flow rate, initial concentration, 
bed height, and the type of adsorbent material 
used. The comparison of the reported values with 
those obtained in this work is presented in Table 
5. The findings of this study demonstrate that 
Theobroma cacao L. in a packed bed at industrial 
scale achieves satisfactory results for the removal 
of Cr (VI) from aqueous solutions. Furthermore, 
in comparison with previous studies, the data 
obtained using the Langmuir and Freundlich 
models combined with the QDF model provide 
parameters that more closely reflect actual system 
behavior. This enhances the feasibility of indus-
trial scaling of adsorption columns, as the base 
parameters applied—such as inlet flow rate, initial 

Table 4. Results obtained from the ANOVA analysis

Parameter Value Isotherm ANOVA

Bed height (m)

5
Freundlich

F = 7.884*10-4, p = 0.977, Fc = 3.842
Langmuir

4
Freundlich F = 6.535*10-4, p = 0.979 

Fc = 3.843Langmuir

Inlet flow (m3/day)

150
Freundlich F = 5.982*10-4, p =0.980 

Fc = 3.843Langmuir

100
Freundlich F = 7.884*10-4, p = 0.981 

Fc = 3.844Langmuir

Initial concentration 
(mg/L)

5000
Freundlich F = 7.884*10-4, p = 0.978 

Fc = 3.844Langmuir

3500
Freundlich F = 1.341*10-4, p = 0.971 

Fc = 3.845Langmuir

Source: The authors
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concentration, and bed height—were reviewed and 
selected based on industrial values reported in the 
literature.

Table 6 presents a comparison between con-
ventional adsorbents and the biomass employed 
in this study, considering aspects of sustainability, 
efficiency, and cost.

Compared to zeolites, one of the most widely 
used conventional adsorbents, cocoa biomass 
stands out as a more sustainable and cost-effective 
alternative, as it utilizes an abundant agro-indus-
trial by-product, thereby reducing waste disposal 
issues and fostering the circular economy. In 

contrast to zeolites, whose availability depends on 
mineral deposits, cocoa biomass offers a renew-
able, biodegradable, and readily accessible option, 
with the added value of transforming agricultural 
residues into a useful resource for water treatment.

Sources of bias
Sources of bias may arise from several factors, 
including variability in the input parameters of 
mathematical models, heterogeneity in biomass 
composition, and uncertainty in kinetic and 
equilibrium constants, all of which influence 
the adsorption process. The isothermal model 

Table 5. Comparison of data from different studies

Source [37] [38] [39] This study

Contaminant Pb (II) Cd (II) Cr (VI) Cr (VI)

Adsorbent Olive tree pruning Dolochar Litchi chinensis Theobroma cacao L.

Initial concentration (mg/L) 100 55 20 5000

Inlet flow rate (m3/day) 128.04 75 0.0864 100

Bed height (m) 2.26 0.65 0.7 5

Rupture time (min) 201.6 666 6
777

777

Saturation time (min) 530 1140 -
6491

6493

Source: The authors

Table 6. Comparison of adsorbents

Biomass Comparison Source

Theobroma 
cacao L.

	◾ Efficiency: Bioadsorbents derived from this material achieve removal efficiencies above 90% for heavy 
metals such as Cr (VI).

	◾ Costs: Since they are obtained from agricultural residues, there are no raw material acquisition 
costs, which strengthens their economic feasibility and supports the valorization of agro-industrial 
by-products.

	◾ Sustainability: Their use reduces agro-industrial waste accumulation, substitutes conventional 
non-renewable adsorbents, and fosters a circular economy, thereby contributing to the Sustainable 
Development Goals (SDGs), particularly SDG 6 on clean water and sanitation.

[40], [41]

Zeolite

	◾ Efficiency: The microporous structure of zeolites provides a high adsorption capacity, making them 
effective for contaminant removal, particularly heavy metals.

	◾ Costs: Natural zeolites are produced at relatively low cost, whereas synthetic zeolites require greater 
resources due to their controlled production process; however, both types present economically 
viable regeneration.

	◾ Sustainability: Zeolites are abundant, non-toxic minerals that can be reused multiple times. Although 
synthetic zeolite production is more expensive due to higher energy and chemical consumption, it 
enhances material selectivity and uniformity.

[42], [43]

Source: The authors
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constants used in this study were obtained from 
the scientific literature and depend on multiple 
factors affecting the adsorbent–adsorbate system, 
such as the characteristics of the selected biomass, 
the contaminant removed, the experimental con-
ditions established, and the chemical interactions 
between adsorbent and contaminant.

To mitigate these effects, confidence intervals 
were incorporated, and a sensitivity analysis of crit-
ical variables—including flow rate, column height, 
and contaminant concentration—was conducted. 
This approach minimized error propagation and 
provided greater insight into the behavior of the 
process.

Additional sources of bias may also emerge 
during the experimental setup. Examples include:

	◾ Fluctuations in ambient temperature, which 
may affect adsorption performance. This can 
be controlled by periodically calibrating tem-
perature measurement equipment to ensure 
stable regulation.

	◾ Variations in the characteristics of prepared 
solutions, which can introduce measurement 
errors or reduce adsorbent efficiency. To pre-
vent this, equipment should be kept clean and 
free of impurities, avoiding cross-contamina-
tion or unwanted reactions.

	◾ Impurities in the biomaterial, which may re-
duce adsorption efficiency. Pretreatment of 

the biomass is therefore necessary to eliminate 
such impurities before use.

Conclusions
This study contributes significantly to the scientific 
literature by providing relevant data on the simula-
tion of packed biomass columns for water pollutant 
removal. Its novelty lies in modeling processes that 
address the current gap in scaling agro-industrial 
waste—specifically cocoa residues—as an adsor-
bent material for Cr (VI) removal.

The effects of varying initial concentration, 
inlet flow rate, and bed height on breakthrough 
time (R.T.), saturation time (S.T.), and adsorption 
efficiency were evaluated. For bed height (4 and 5 
m), results showed that increasing column height 
prolonged R.T. and S.T. but reduced adsorption 
efficiency. For inlet flow rates (100 and 150 m³/
day), higher flow rates decreased both R.T. and S.T., 
but enhanced efficiency. For initial concentrations 
(5000 and 3500 mg/L), changes did not signifi-
cantly affect breakthrough or saturation times.

Furthermore, the study demonstrates the capa-
city of Aspen Adsorption to predict the behavior 
of packed-bed adsorption systems. Overall, the 
results highlight the key variables influencing the 
process, with inlet flow rate being the most critical, 
followed by bed height and, to a lesser extent, ini-
tial Cr (VI) concentration.
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