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Abstract: The objective of this study was to model an adsorption column bed with biomass
residues using computational software to remove Pb (II) at the industrial level and analyse
the effects of parametric variation. For this purpose, several simulations of the adsorption
column were performed using Aspen Adsorption software, evaluating the effects of varied
height, inlet flow rate, and initial concentration on the adsorption process performance.
The Langmuir II and Freundlich models are established as isotherm models, and the linear
driving force (LDF) model is established as the kinetic model. The findings showed that
Freundlich-LDF obtained efficiencies of up to 99.9% and Langmuir II-LDF efficiencies of
up to 99.7%. The optimal simulation conditions were a column height of 4 m, an initial Pb
(IT) concentration of 3000 mg/L, and an inlet flow rate of 250 m3/d. This study presents
a novel engineering approach to predict the potential performance of columns packed
with organic waste-derived biomasses in multi-scale Pb (II) removal using computer-aided
engineering tools.

Keywords: adsorption isotherm; kinetic models; Aspen Adsorption; linear global resistance
model; electrolyte non-random two-liquid model

1. Introduction

The increasing pollution of water bodies is due to various factors but primarily gener-
ated by industries such as mining, textiles, paper manufacturing, fertilisers, paints, and
oil refining. These industries are considered key drivers of rapid industrialisation, which
boosts the economy and improves human well-being [1]. However, industrial activities
have significantly increased the production of wastewater containing various contaminants,
raising concerns about the pollution of water resources.

Among these contaminants are heavy metals, which, upon contact, exist in various
chemical states or forms and accumulate in different environmental zones, such as water
bodies, sediments, and soils, after being released into the environment. This occurs because
heavy metals possess a characteristic that makes them incapable of biodegradation. Con-
sequently, heavy metal ions generated by industrial waste have accumulated over time,
leading to their absorption by living organisms and causing adverse effects on human
health, animals, and the environment [2,3].

Lead (Pb) is a prevalent heavy metal that occurs naturally in the Earth’s crust as well as
in food, paints, and other materials. This heavy metal is strongly neurotoxic to the human
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body and can cause respiratory, digestive, and neurological problems. Additionally, due to
its high toxicity, it can induce cellular mutations, leading to the formation of cancerous cells
and various metabolic and physiological disorders in humans, animals, and plants [4,5].
Pb (II) is one of the most widely used elements in various industries, including electro-
plating, painting, steel production, batteries, smelting, inorganic fertilisers, pesticides, and
the food industry. The latter is a major contributor to lead consumption due to its canned
products and the leaching characteristics of canned foods [6]. In Colombia, Law 41 of 2020
stipulates that the maximum allowable lead concentration in water is 0.0005 mg/L [7].

One of the most important research topics investigated is wastewater treatment. Dif-
ferent techniques and processes have been developed which can be physical, chemical,
and/or biological to remove, eliminate, or neutralise a wide range of pollutants present
in effluent, such as suspended solids, colloid particles, organic matter, nutrients, and
dissolved contaminants such as heavy metals and organic compounds. Among the differ-
ent techniques for the treatment of wastewater loaded with heavy metals such as Pb (II)
are the following: The coagulation/flocculation process that implements coagulants or
flocculants, whether chemical or natural, that seek to destabilise and group suspended
particles—colloids, heavy metals, colorants, among others—present in the water, facili-
tating their elimination [8]. Electrocoagulation is an advanced water treatment technique
that involves the destabilisation and subsequent aggregation of suspended, emulsified,
or dissolved contaminants through the application of a low-voltage direct current across
sacrificial electrodes, commonly composed of aluminum or iron [9].

Among all these techniques, adsorption is presented as an effective method to remove
the desired contaminants, standing out for its ease of scalability and feasibility. This is a
process in which a solute (adsorbate) binds to the surface of a solid material (adsorbent) due
to the action of attractive forces until it reaches an equilibrium state in which the amount of
adsorbate retained stops increasing. It can also be described as forming an adsorbate layer
on the adsorbent, driven by interactions such as Van der Waals forces. This phenomenon
involves the preferential accumulation of adsorbate at the solid-liquid interface compared
to its concentration in the liquid phase. The adsorbent used in this process is a porous
material with a large surface area, favouring a higher retention capacity. This removal
technique has been widely employed in numerous studies to eliminate and recover heavy
metals from wastewater, even at low concentrations, due to its practicality and ease of
implementation compared to other water treatment methods [10,11].

The adsorption mechanism begins when the contaminated solution transports the
adsorbate molecules to the boundary layer of the adsorbent. Then, diffusion occurs from
the boundary layer to the outer surface of the adsorbent. Finally, the contaminant molecules
are transported from the outer surface to the active sites within the adsorbent’s pores, where
the contaminant ions are fixed [12]. Adsorption is classified into physical (physisorption)
and chemical (chemisorption) types. In physisorption, the process is driven by short-range
electrostatic forces, such as Van der Waals interactions, which generate a weak attraction
between the adsorbate and the adsorbent. In chemisorption, on the other hand, adsorption
involves the formation of chemical bonds between the two species, resulting in a stronger
and more specific interaction. This chemical bonding is more challenging to reverse and
requires more energy to desorb the molecules than physical adsorption [13].

To understand the interactions that arise between adsorbate and adsorbent during
the adsorption process, mathematical models (Isothermal models) have been developed,
which play a crucial role in optimising the use of any adsorbent [14]. Among the different
models are Langmuir’s isothermal model, which describes how a solute binds to a solid
surface, generating a monolayer with homogeneous active sites [15], and Freundlich’s
isothermal model, which establishes adsorption as a process that occurs on a multilayer
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surface with homogeneous active sites [16]. Most adsorption studies have been conducted
at the laboratory scale. Consequently, efforts have been made to predict adsorption process
behaviour on a larger scale and understand how these changes affect the efficiency of the
adsorbent material. Studies have been carried out using computational tools to model
industrial-scale adsorption columns. However, research on this topic remains limited,
indicating that it is still in its early stages.

Therefore, this study seeks to remove Pb (II), which poses a serious risk to human
health and the environment, and exposure to which can cause severe damage to the nervous
system, kidneys, and blood and is especially harmful to children and pregnant women. To
achieve this, Cacao (Theobroma cacao L.) was selected as a packing material for the Pb (II)
removal column for its wide production in Colombia and the significant residual biomass
it generates. This biomass mainly comprises the husk of the cob, the husk of the bean,
and the pulp. Among these by-products, cocoa husk stands out for its availability, low
cost, and renewable nature, making it suitable for adsorption columns. Its high cellulose
(19.82%), hemicellulose (9.45%), and lignin (12.66%) content gives it a high adsorbent
capacity, which makes it a sustainable and effective alternative for the removal of pollutants
in aqueous media.

To find ways to mitigate the impact caused by this pollutant, this study aims to model
an industrial-scale packed adsorption column for Pb (II) using computational software and
analyse the effects of parametric variation based on experimental data previously obtained
by the authors using Theobroma cacao L. as adsorbent material. It will present the simulation
of Pb (II) adsorption processes in a column using Aspen Adsorption, which models the
behavior of multiscale adsorption columns, facilitating the prediction of performance at
the laboratory, pilot, and industrial scales in the removal of contaminants, simulating
key phenomena such as mass transfer, adsorption equilibrium and fluid dynamics and
optimising the design and operation of the system based on experimental parameters. Its
application in treating lead-contaminated water allows for evaluating different operating
conditions, improving process efficiency, and transitioning effectively from multi-scale
studies, i.e., from laboratory- to industrial-scale implementation.

2. Materials and Methods
2.1. Biomaterial Preparation and Experimental Adsorption Tests

The cocoa residues were rigorously washed to eliminate dirt. They were then dried at
95 °C for 24 h using in an Isotherm® OFA-32-8 forced convection laboratory oven manufac-
tured by ESCO, Singapore-Southeast Asia, to eliminate excess moisture. Subsequently, the
dry material was ground using a conventional stainless steel hand mill and then sieved
on an AISI 316 stainless steel laboratory sieve manufactured by FILTRA VIBRACION, S.L,
Barcelona, Spain, with a particle size of 0.5 mm. All of this equipment was located in
the Physical Chemistry Laboratory of the Universidad de Cartagena, Piedra de Bolivar,
Cartagena, Colombia.

The experimental setup was based on a typical configuration for studying heavy metal
adsorption in a continuous flow system. Unlike batch adsorption experiments, in which the
solution and adsorbent are mixed in a closed vessel, continuous adsorption studies simulate
more realistic conditions in which the contaminated solution constantly flows through a
packed bed column filled with cocoa waste. The experiment was conducted using a fixed
packed bed of 6.6 cm diameter operating at 25 °C with pH 6 and an initial concentration of
Pb (II) of 100 ppm prepared using lead salts (Lead Nitrate (Pb(NOj3);)—analytical grade
99%, manufactured by Loba chemie-Bombay, India) to generate synthetic contaminated
water. In addition, a plug-type peristaltic flow pump was used to maintain a constant flow
rate with a value of 1 mL/s.
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On the other hand, packed column depth ranges of 4 and 7.5 cm were used to evaluate
their effects on the performance of the adsorption process. Samples were taken from
the bottom of the packed bed at 10, 30, 60, 90, 120, 150, 180, 210, 240, and 270 min.
Finally, contaminant concentrations were determined by UV-Vis spectroscopy to evaluate
the performance of the adsorption bed through breakthrough curves analysis using a
breakthrough point defined at 5% of the initial concentration (C/Co = 0.05) corresponding
to the process efficiency of 95% [17].

Subsequently, the reusability and regeneration capacity of the adsorbent for the pollu-
tant were evaluated by performing a cyclic adsorption—desorption process using NaOH
and HCl solutions. The desorption process started by taking a mass quantity of 0.5 g of the
biomass recovered from the adsorption processes and placing it in contact with acid and
base solutions of 0.2 M HCl and 0.2 M NaOH in a mechanical stirrer for 2 h at 140 rpm. The
adsorbent material was washed with distilled water and left to dry in an oven at 100 °C for
20 min. Then, the adsorption process was repeated in a Pb (II) solution at 100 mg/L and
mounted in rotating equipment for 2 h at 140 rpm. Finally, the material was filtered, and
the absorbance was measured in a UV-vis spectrophotometer [18].

2.2. Simulation and Adsorption Column Configuration

To simulate the packed column for Pb (II) adsorption, the necessary thermodynamic
package must first be established to calculate the physical properties of the substance
entering the column. For this study, the ELECNRTL (electrolyte non-random two-liquid)
method was employed to determine the physical properties of the feed stream in the
adsorption column. This method allows the handling of aqueous electrolyte solutions
at both low and high concentrations provided that no vapour phase is present in the
mixture [19].

Next, the adsorption column was configured in Aspen Adsorption, which consists of
various sections essential for correctly defining the simulation conditions:

e  General: This section requires selecting the discretisation method to run the adsorption
process simulation. This study employed the Upwind Differencing Scheme 1 (UDS1)
method, which utilised 10 nodes.

e  Mass/Momentum Balance: Here, the basic assumptions regarding axial dispersion in
the liquid phase are defined, as well as how pressure drop is handled in the adsorption
column model and whether velocity remains constant or varies along the column. For
this study, it was assumed that there is no pressure drop, convection occurs solely in
the liquid phase, and velocity remains constant.

e  Kinetic Model: This section determines the kinetic model used to describe the rate of
the adsorption process. In this case, the linear driving force (LDF) model was selected.
This model assumes that mass transfer is driven by a function of concentration and
describes the rate at which the contaminant is adsorbed [20].

e Isotherm Model: This section establishes the model used to describe interactions
between the adsorbate and the adsorbent. For this study, the Freundlich and Langmuir
II isotherm models were selected [21-23].

e  Energy Balance: This section defines how the energy balance is performed. For this
case, an isothermal energy balance was applied.

2.3. Parametric Evaluation in the Adsorption Column

Using Aspen Adsorption as a simulation tool for the adsorption column to remove
Pb (II) from wastewater, a parametric evaluation was conducted to assess the impact of
varying the following parameters:

e Initial concentration (2000 mg/L and 3000 mg/L) [24,25];
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e  Adsorption column height (3 m and 4 m) [26];
e Inlet flow rate (150 m3/d and 250 m3/d) [26].

Figure 1 summarises the methodology presented above for implementing the Aspen

Adsorption V11 software and developing the packed column for Pb (II) adsorption.
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Figure 1. Methodology implemented for the simulation of the adsorption column in Aspen Adsorption.

2.4. Mathematical Fundamentals

Aspen Adsorption uses different equations embedded in its database to perform
the calculations necessary for adsorption process simulation. This software performs the
mass balance of the adsorption column using a partial difference equation, as shown in
Equation (1), to express the metal ion concentration in a small control volume within the
adsorbent column [27].

#C ¢ 6C;

1)
+ *(ZJ,’Ci) +&—— +0s q_ 0

ebiga ty; ot St

)

On the other hand, adsorption isotherms are those that describe how the adsorption
process takes place when an adsorbate and an adsorbent are put in contact. For this study,
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the Freundlich (Equation (2)) [16] and Langmuir II (Equations (3) and (4)) [21,23] models
were selected.

ge = kCo/" 2)
_ Gm,ibiP;
9= 14bp ®)
b = bo,iexp(—AH/(R gTS)) 4)

To describe the speed at which contaminant removal occurs, the software uses models
describing the adsorption kinetics to predict the removal rate, evaluate the efficiency of the
adsorbent used, and understand the mass transfer process. Among the models handled by
Aspen Adsorption, one model was selected for this study, the LDF model, which expresses
that the mass transfer driving agent possessed by the components is represented by a linear
function of the concentration of the component in solid or liquid state [28]. This model is
described by Equation (5):

awk

N = MTC4 (wk — wk> (5)

3. Results and Discussion
3.1. Establishment of Baseline Conditions for Column Simulation

A baseline simulation was established to configure the adsorption column for Pb (II)
removal using Theobroma cacao L. waste. Table 1 presents the specification values required
for the adsorption column in Aspen Adsorption. These values remained fixed for all
configurations used in the adsorption process simulation.

Table 1. Specification values required for the adsorption column.

Parameter Value Reference
Adsorption column diameter (m) 1 [19]
Adsorption column porosity (m? of
void/m?3 of column) 0.67 [29]
Bulk density (g/cm?) 0.0365 [30]
Mass transfer coefficient (1/5s) 1.88 x 1077 [31]
Total void porosity 0.4 [29]
Freundlich Isotherm Model Parameters
Kr (mg g~! (mgL~1)/m) 0.453 [32]
1/n 1.476 [32]
Langmuir II Isotherm Model Parameters
Gmi (Mg/g) 46930.9 [21,23]
bo; (bar™1) 8.18 x 1077 [21,23]
—AH/Rg (J/mol) (J/mol*K)~* 1072.83 [21,23]
b; (bar™ 1) 0.0000318 [21,23]
Ts (K) 303.15 [21,23]
P; (bar) 1 [21,23]

Figure 2 illustrates the packed column flow diagram for the adsorption process and
the concentration ratio profile at the outlet when using residues of Theobroma cacao L. as the
adsorbent material.
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Figure 2. Flow diagram of the adsorption process and Pb (II) concentration curve profile for the

adsorbent material.

3.2. Data Obtained from the Adsorption Process Simulation

Using the baseline simulation conditions configured in Aspen Adsorption, multiple

large-scale packed column simulations were executed for Pb (II) removal, testing various

parametric configurations of column height, initial concentration, and inlet flow rate. The

adsorption process was modelled using the Langmuir II and Freundlich isotherm models

and the linear driving force (LDF) kinetic model. The breakthrough and saturation times

obtained for the Freundlich-LDF model are presented in Table 2.

Table 2. Simulation results for the Freundlich-LDF model.

Flow Rate Column Concentration = Breakthrough Saturation
(m3/d) Height (m) (mg/L) Time (min) Time (min)

150 3 2000 492 2253

4 2000 658 2936

3 3000 935 1971

4 3000 1244 2560

250 3 2000 294 1371

4 2000 393 1823

3 3000 563 1223

4 3000 749 1609

On the other hand, Table 3 presents the breakthrough and saturation times obtained

for the Langmuir II-LDF model.
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Table 3. Simulation results for the Langmuir II-LDF model.
Flow Rate Column Concentration  Breakthrough Saturation
(m3/d) Height (m) (mg/L) Time (min) Time (min)
150 3 2000 492 2256
4 2000 659 2938
3 3000 449 1962
4 3000 601 2548
250 3 2000 294 1370
4 2000 393 1825
3 3000 267 1216
4 3000 358 1596

3.3. Effect of Initial Pb (II) Concentration Variation
The impact of changing the initial Pb (II) concentration on adsorption was analysed

using concentrations of 2000 mg/L and 3000 mg/L, with a flow rate of 250 m3/d and
an adsorption column height of 3 m. Figure 3 presents the breakthrough curves for the
Freundlich and Langmuir II isotherms combined with the LDF kinetic model.
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Figure 3. Breakthrough profiles for initial Pb (II) concentration variation in: (a) Freundlich-LDF; and

(b) Langmuir II-LDFE.
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It can be observed that increasing the initial contaminant concentration prolonged
the breakthrough time but reduced the saturation time. This behaviour is evident in
Tables 2 and 3 and in Figure 2, where, for the Freundlich-LDF model at 2000 mg/L, the
breakthrough time was 294 min, and the saturation time was 1371 min. However, at
3000 mg/L, the breakthrough and saturation times were 563 and 1223 min, respectively.

Similarly, for the Langmuir II-LDF model, the breakthrough and saturation times
were 294 and 1370 min, respectively, for an initial Pb (II) concentration of 2000 mg/L. At
3000 mg/L, these times decreased to 267 and 1216 min, respectively.

The Freundlich-LDF model’s adsorption efficiencies were 99.9% at 2000 mg/L and
3000 mg/L. Meanwhile, the Langmuir II-LDF model achieved an efficiency of 99.7% for
both concentrations [33,34].

This trend can be attributed to the increased contaminant load, which leads to a higher
occupation of active adsorption sites on the adsorbent. As a result, equilibrium is reached
more rapidly, causing earlier saturation of the adsorption column.

These findings indicate that there are no significant differences in the efficiencies
obtained with the Langmuir II and Freundlich models, suggesting that both models are
suitable for describing the adsorption process.

3.4. Effect of Inlet Flow Rate Variation

The effect of varying the inlet flow rate on adsorption was analysed using flow
rates of 150 and 250 m3/d, with a constant initial Pb (II) concentration of 3000 mg/L
and an adsorption column height of 3 m. The results, presented in Tables 2 and 3 and
Figure 4, which shows the breakthrough curve profile for the Langmuir II and Freundlich
models with the LDF kinetic model, reveal that increasing the inlet flow rate reduces both
breakthrough and saturation times.

This can be seen in the data: for the Freundlich—-LDF model, at an inlet flow rate of
150 m3/d, the breakthrough time was 935 min, and the saturation time was 1971 min.
However, for a flow rate of 250 m3/d, the breakthrough and saturation times decreased to
563 and 1223 min, respectively. A similar trend was observed with the Langmuir II-LDF
model: for 150 m3/d, the breakthrough time was 449 min, and the saturation time was
1962. In contrast, for 250 m3/d, the breakthrough and saturation times were reduced to 563
and 1223 min, respectively.

This time reduction can be attributed to the increased flow velocity, which leads to
faster saturation of the adsorbent pores.

The Freundlich-LDF model’s adsorption efficiencies were 99.9% for 250 m3/d and
99.5% for 150 m3/d, while the Langmuir II-LDF model’s efficiencies were 99.7% for
250 m3/d and 98.9% for 150 m3/d [35,36].

These results indicate no significant differences in the efficiencies obtained using the
Langmuir I and Freundlich models, suggesting that both models are suitable for describing
adsorption processes.
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Figure 4. Breakthrough profiles for inlet flow rate variation in (a) Freundlich-LDF and (b) Langmuir

II-LDF.
3.5. Effect of Column Height Variation
An analysis was conducted on the impact generated by variation in the height of the
adsorption column in the adsorption process, employing column heights of 3 and 4 m
with constant initial concentration and inlet flow rate, with magnitudes of 3000 mg/L and
250 m3/d, respectively, for the Freundlich and Langmuir Il models combined with the LDF
model. It was demonstrated that reducing the height of the adsorption column resulted
in decreased break and saturation times. This can be seen in Tables 2 and 3, and Figure 5,
where, for Freundlich-LDF using a column height of 4 m, the break and saturation times

were 749 and 1609 min, respectively, while with a height of 3 m, the break time was 563 min
and the saturation time was 1223 min. This behaviour was repeated for the Langmuir

II-LDF model, where, with a height of 4 m, the break time was 358 min and the saturation
time was 1596 min, whereas for a height of 3 m, these times were 267 and 1216 min for
the break and saturation times, respectively. This occurs because, with a decrease in the
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height of the adsorption column, there is a smaller surface area of the adsorbent biomaterial,
leading to the rapid occupation of the active sites present in the adsorbent, which results in
a reduction in the breakthrough and saturation times. The adsorption process efficiencies
for Freundlich-LDF were 99.9% for 3 m and 99.7% for 4 m. On the other hand, Langmuir
II-LDF achieved an efficiency of 99.7% for 3 m and 99.1% for 4 m [37]. These results indicate
no significant differences in the efficiencies obtained by the Langmuir II and Freundlich

models, suggesting that both models are suitable for describing adsorption processes.
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Figure 5. Breakthrough profiles of the alteration in column height for (a) Freundlich-LDF and

(b) Langmuir II-LDEF.
The results obtained from changes in the inlet flow rate, column height, and initial
concentration confirm that the inlet flow rate was the parameter that most significantly
affected the process, followed by the column height and, finally, the initial concentration of

Pb (10).

3.6. Comparison with Other Results Found in the Literature
The results of the industrial-scale simulation of the packed bed with Theobroma cacao L.

have been contrasted with studies reported in the literature. It is important to note that this
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comparison has relative value, since each study was carried out under different conditions
of inlet flow, initial concentration, bed height, and type of adsorbent biomaterial used. The
findings of this work indicate that Theobroma cacao L. in an industrial-scale packed bed
shows acceptable performance in removing Pb (II) in aqueous solutions. Table 4 compares
the values obtained in this study with those reported in the literature.

Table 4. Comparison of the results with the literature.

Parameter Pb (I1) Pb (1) Pb (I1)
Adsorbent Ohvg tree Activated carbons  Theobroma cacao L.
pruning
Initial concentration (mg/L) 100 500 3000
Inlet flow rate (m3/day) 128.04 42.68 250
Bed height (m) 2.26 0.4 3
Rupture time (min) 201.6 18 563
Saturation time (min) 503 - 1223
Source [38] [37] This study

The results presented in this study contribute significantly to the scientific literature by
providing relevant information on the development of the simulation of packed biomass
columns for the removal of pollutants in water bodies, highlighting its novelty in the
simulation of processes to reduce the existing gap in the use of agro-industrial waste at
the industrial scale—in this case, the implementation of Theobroma cacao L. as adsorbent
material—to affect the removal of Pb (II) present in wastewater. In addition, cocoa residues
present significant advantages such as high abundance, low cost, good versatility, low
environmental impact, and excellent adsorption capacity, making them a good raw material
for producing adsorbent materials. The potential of Aspen Adsorption software as a
computational tool for predicting the performance of packed adsorption columns is also
demonstrated, highlighting that, in addition to metal ions, dyes and emerging contaminants
can also be simulated in the software [39].

4. Conclusions

This study is presented as a valuable contribution to the scientific literature, offering a
novel approach to predicting the behaviour of adsorption columns. It provides useful data
for developing packed biomass column simulations to remove contaminants from water
bodies. A parametric sensitivity analysis was conducted using break curve profiles derived
from data obtained through multiple adsorption column simulations developed with Aspen
Adsorption. The study investigated the influence of variations in initial concentration,
inlet flow rate, and column height on break time, saturation time, and the efficiency of the
adsorption process using the Langmuir II-LDF and Freundlich-LDF mathematical models.
The results demonstrated excellent adsorption efficiency for Pb (II).
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Abbreviations

e Adsorption capacity of contaminant (mg/g)

kg Freundlich constant indicating adsorption capacity ((mg/g) (mL/g)")
Ce Concentration of contaminant in solution at equilibrium (mg/L)
1/n Effect of initial concentration on adsorption capacity.

q Adsorption capacity (mg/g)

Gm,i Maximum adsorption capacity (mg/g)

b;and byp; Langmuir II affinity constants (bar™ 1)

AH Isosteric heat of adsorption of the solution (J/mol)

Rg Gas constant (J/mol*K)

P; system pressure (bar)

Ts Solution temperature (K)

g Porosity of the column

E; Longitudinal dispersion coefficient (m? /s)

Bed length (m)

Amount of metal ions adsorbed by the adsorbent (mg/g)

=

Ci Contaminant concentration in the liquid phase (mg/L)
Ps Apparent density of the adsorbent (g/cm3)
v; Speed at which the fluid passes through the bed (m/s).
Wy Concentration adsorbed on the solid for component k (mg/g).
N Amount that should be adsorbed if the system were in instantaneous equilibrium
w
k with the fluid phase (mg/g).
MTCyy Mass transfer coefficient (1/5s).
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