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ARTICLE INFO ABSTRACT

Editor: V. Victor In this work, the mathematical modeling of acetaminophen (ACT) removal in a fixed-bed adsorption column
using sugarcane bagasse (SB) as adsorbent was studied. Experimental data were fitted to six analytical models:
Thomas, modified dose-response, Yoon-Nelson, Bohart-Adams, Wang, and Wolborska. Three experimental tests
were carried out at 2.5 mL/min of flow rate, 57 mg/L of ACT concentration, and bed heights of 23, 33, and 43
cm. The predicted breakthrough curve by modified dose-response model agreed acceptably (R? > 0.91) with
experimental curves. Besides, a computational fluid dynamic (CFD) model was developed to simulate and
analyze the ACT concentration inside of the adsorption column and the wall channeling effect. The simulated
breakthrough curve had a good reproducibility with experimental data, the maximum error between experi-
mental and predicted points was 7.03%. In addition, the CFD model shows a high mass transfer zone and a slow
adsorption rate in all three tests of ACT adsorption; the mass transfer zone grew as the bed height increased,
whereas the wall channeling effects disappeared with increasing bed height. Also, the diffusion resistances and
axial dispersion phenomenon were relevant. The results of this research work demonstrate the usefulness of
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computational fluid dynamics analysis to understand better the adsorption process.

1. Introduction

Currently, the study of emerging pollutants is among the priority
research lines of the main agencies dedicated to the protection of public
health and the environment, such as the World Health Organization
(WHO), the Agency for the Protection of Environment (EPA), and the
European Commission [1,2].

The appearance of emerging pollutants and the variation in con-
centrations has its origin in the so-called water cycle. In concordance to
this cycle, the main way of entry of pollutants into the aquatic envi-
ronment is wastewater, which includes that of urban, industrial, agri-
cultural, or livestock origin [3,4]. The prevalence of one or other
depends largely on the type of contamination in question, as well as on
the level of purification or natural attenuation that they experience.
Somewhere in this cycle, in which different environmental compart-
ments and human activities converge, is where the alteration of water
quality occurs [5-7].

Pharmaceuticals are among the emerging pollutants that have
increased rapidly in recent decades, providing better quality health for
humans and animals. After use, large quantities of pharmaceutical

products are discharged into bodies of water and are therefore detected
in wastewater, increasing microbial resistance and bioaccumulation
[8-11].

Conventional wastewater treatments are ineffective in removing
and/or degrading most of the emerging contaminants. Particularly,
acetaminophen (ACT), is one of the most used pharmaceutical products
by the population, it has been found in surface and underground water
bodies: 186.5 pg/L in hospital wastewater, 15.7 pg/L in surface water of
rivers, and 417.5 pg/L in effluents from drug production plants [12-14].
In Scotland, ACT was found at the inlet and outlet of a wastewater
treatment plant at a concentration of 492-6924 ng/L, and 11.733 ng/L,
respectively. This indicates that although ACT presents a high percent-
age of removal, it is not completely eliminated with conventional
treatment. In the United States, it was detected in 24% of 139 analyzed
effluents[15-17].

In recent years, the use of both oxidation and membrane filtration
processes has been studied. Also, cheaper technologies such as subsur-
face flow wetlands and biosorption have been extensively studied [18].
The use of biosorption for the removal of pharmaceutical compounds
present in wastewaters is of special interest due to the abundant types of
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biomass y and high removal percentages. Currently, a large number of
low-cost biomaterials are being studied and have the potential to be used
as biosorbents, among which we can mention: vegetal remains, algae,
fungi, arthropod shells, bacteria, etc., which are found in great abun-
dance and are easily transformable to biosorbent agents [19-21].

Most of the studies on biosorption that appear in literature have been
carried out in discontinuous systems, although from a practical point of
view, biosorption processes on a large scale are carried out in a
continuous way, generally in fixed-bed columns. To design effective
packed bed units with solid adsorbent, mathematical models that can
successfully simulate experimentally obtained breakthrough curves are
required. These models must predict the dynamics of the adsorption or
ion exchange process to facilitate the development of novel applications,
such as the design of columns packed with biosorbent material to
remove pharmaceutical residues from industrial wastewater [22-28].

Several fixed-bed adsorption models with explicit equations have
been widely used to describe the behavior of the breakthrough curve,
including the Bohart-Adams, Thomas, Yoon-Nelson, Clark, Wolborska,
and Modified dose-response models. These simplified models are pri-
marily established according to the description of mass transfer within
adsorption systems and they can describe the experimental data satis-
factorily for most practical design purposes.

Computational modeling has become an essential part of science and
engineering. In recent years software capable of simulating many of the
physical and chemical processes that take place in laboratories, pilot
plants, and industrial processes have been developed. The use of
COMSOL Multiphysics allows profitable savings in operational processes
and predicts the behavior of the breakthrough curve by considering the
main phenomena in a fixed-bed column [29-32].

The main objective of this work was to evaluate the technical
viability of using sugarcane bagasse as an adsorbent in the removal of
ACT; the modeling of the breakthrough curve by applying different
mathematical models and simulation with a computational fluid dy-
namic model solved with COMSOL Multiphysics were also studied.

2. Materials and methods
2.1. Materials

Acetaminophen (ACT), (CgHgNO,), with a molecular weight of
151.17 g/mol, logarithmic of the dissociation constant (pK,) 9.5 and 5.7,
octanol-water partition coefficient (log Kow) equal to 0.89 was supplied
by Sigma Aldrich. All ACT solutions were prepared with distilled water
at an initial concentration of 57 mg/L, and with 1% of methanol (Sigma
Aldrich, HPLC grade). The pH of the ACT solutions was adjusted to 6
with HCI supplied by Merck in a 0.1 N solution. All chemical reagents
used in this study were of analytical grade.

Sugarcane bagasse (SB) was acquired at Yunguilla mills, Cuenca,
Azuay, Ecuador. The SB was chosen in good conditions of conservation
and the bark was separated from the pulp. The pulp was washed several
times with drinking water to remove all kinds of impurities, then it was
dried in the open air to decrease the amount of moisture, and then the
drying was completed in the oven at 60 °C for 8 h. Finally, it was crushed
with a manual mill and sieved through a N° 20 sieves, from which
particles with a diameter of 0.59 mm were obtained.

2.2. Adsorption experiments

The experimental adsorption test was performed using a glass
burette with an inner diameter of 1.5 cm and a height of 50 cm. The
column was packed with SB until reaching a bed height of 23, 33, and
43 cm. The solution was pumped at a flow rate of 2.5 mL/min controlled
by a peristaltic pump. All the samples concentration was measured using
a UV-Vis spectrophotometer. The breakthrough time and the saturation
time were established when the effluent ACT concentration reaches 5%
and 80% of the inlet concentration, respectively.
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2.3. Fixed-bed adsorption modeling

As one of the most prevalent techniques for separation and purifi-
cation, fixed-bed adsorption has been widely applied for its high effi-
ciency and easy operation. Given the fact that the experimental
determination of adsorption performance under various conditions is
often costly and time-consuming, the development of mathematical
models is necessary to predict fixed-bed adsorption.

The performance of a fixed-bed column can be predicted through a
mathematical modeling approach of breakthrough curves. Among the
most used mathematical models to describe the dynamic behavior of
pollutant removal in a fixed-bed column are the Bohart-Adams, Thomas,
Yoon-Nelson, Wang, Wolborska, and modified dose-response models.
These models were applied to the experimental data obtained for the
biosorption of ACT with SB.

2.3.1. Thomas model

The Thomas model is frequently applied to estimate the adsorptive
capacity of an adsorbent and predict breakthrough curves. It assumes
the second-order reversible reaction kinetics and the Langmuir
isotherm. Theoretically, it is suitable to estimate the adsorption process
where external and internal diffusion resistances are extremely small
[33,34]. The Thomas model is given by Eq. (1).
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Where, C is the ACT concentration at the outlet of the column (mg/L), C;
is the initial concentration of ACT (mg/L), t is the sampling time (min),
krp, is the Thomas rate constant, m is the adsorbent mass packed into the
column, and qr is the adsorption capacity (mg/g) The parameters ky
and qr were obtained from the slope and the intercept of the plot In [(C;/
C) — 1] versus t.

2.3.2. Modified dose-response model

This model has been commonly used in pharmacology to describe
different types of processes. It is currently being used to describe the
column biosorption processes, and its importance lies in describing the
complete breakthrough curve with great accuracy, as well as minimizing
the errors that result from using the Thomas model, especially at low or
high times of removal [35,36]. This model is expressed by Eq. (2).
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Representing In(C/C; —C) versus t, we can obtain the values of the
parameters of the model, a’ and gz, from the slope and the ordinate to
the origin. Where a is the model constant and g, is the maximum con-
centration of solute in the solid phase (mg/g).

2.3.3. Yoon-Nelson model

The Yoon-Nelson model is extremely concise in form, supposing that
the decrease in the probability of each adsorbate to be adsorbed is
proportional to the probability of its adsorption and breakthrough on
the adsorbent [37,38]. It can be represented by Eq. (3).

In (% — l) = KynT — Kynt 3

Where Kyy is the proportionality constant of Yoon-Nelson (min~1) and ©
is the time when C/C; = 0.5 (min).

2.3.4. Bohart-Adams model

The Bohart-Adams model [39] was developed based on the
assumption that the adsorption rate is proportional to the adsorbent’s
residual capacity and the adsorbate’s concentration [40]. This model
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has been extensively applied in other various systems [41,42]. The
expression is given as follows in Eq. (4).

i H
ln<97 1) _ Kt )
C u

Where, kg is the kinetic constant of the Bohart-Adams model (L/mg
min), H is the bed height (cm), g, is the adsorption capacity by per bed
volume (mg/L), and u is the superficial velocity of ACT solution within
the packed bed column (cm/min). The parameters kg and g, were

determined from the intercept and slope of the linear plot of In <% — )

against time (t), respectively.

2.3.5. Wang model

This model is relatively new, it was proposed by Wang et al. [43].
This model assumes an isothermal adsorption process, negligible axial
dispersion, and that the breakthrough curve is symmetric. It can be
expressed by Eq. (5).

1 X
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Where X is C/C; ratio, k,, is the kinetic constant (min’l), and 7 is the time
in which the adsorbate concentration at the outlet of the column reaches
half the feed concentration (min). The parameters k,, and t can be found
with the slope and intercept of the graph t versus In [X/(1-X)], respec-
tively. The disadvantage of this model is that, like the Yoon-Nelson
model, it does not provide complete information on the adsorption
process.

2.3.6. Wolborska model

Wolborska [44], and Pustelnik [46] analyzed the adsorption of
p-nitrophenol on activated carbon. They found that the initial segment
of the breakthrough curve is controlled by film diffusion with a constant
kinetic coefficient, and the concentration profile of the initial stage
moves axially in the column at a constant velocity. Moreover, the width
of the concentration profile in the column and the final breakthrough
curve was nearly constant. Based on the above observations, they
developed a model to describe the breakthrough at the low concentra-
tion region, which was written as shown in Eq. (6) [44-46].

n(S) -ttt
G Pqr u

(6)

Where, fy, is the film diffusivity (min~1), gr is the adsorption capacity
provide by the Wolborska model (mg/g), and ¢ is the bed void fraction.
The parameters gr and f;, were estimated through the slope and intercept
of the plot In (C/C;) vs. t with experimental data.

2.4. Computational fluid dynamic (CFD) model

The dynamic behavior of ACT molecule into the fixed-bed column of
SB was studied using an integrated CFD model. The following assump-
tions were considered to formulate the ACT-SB adsorption mechanism.

1) The CFD model includes expressions for fluid dynamics and ACT
mass transfer.

2) The adsorption system operates under isothermal conditions.

3) Plug flow with axial dispersion was considered in the behavior of
the fluid.

4) There is a concentration gradient of ACT only in the longitudinal
direction of the bed, and it is neglected in the radial direction.

5) The rate of adsorption of ACT is described by the linear driving
force model (LDF).

6) The adsorption equilibrium is described by the Langmuir
nonlinear isotherm.
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7) The global mass transfer coefficient includes external fluid film
resistance and macropore diffusion.

8) The SB pore diameter is considered to be slightly larger than the
ACT molecule (5.48 > 0.46 nm), therefore Knudsen diffusion
was taken into account [64].

9) The particle bed has a constant cross-section throughout the bed.

10) The SB particles are considered spherical, and homogeneous in
size and density.

2.4.1. Fluid dynamics

The Brinkman-Forchheimer model was used to simulate the flow of
the ACT solution in the SB porous medium. This model includes conti-
nuity and Navier-Stokes equations, and these are described as shown in
Egs. (7) and (8), respectively.

d(ewp)

=S4 V) =0 7
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In these equations, p is the dynamic viscosity of the ACT solution
(kg/m.s), u is the velocity vector (m/s), p is the density of the ACT so-
lution (kg/m3), P is the pressure (Pa), ¢, is the bed void fraction, « is the
permeability tensor of the SB porous medium (m?), and F stands for the
volume force of the regions (kg/m?2s?). Permeability was obtained from
Ergun’s equation [47,48].

2.4.2. ACT transport and adsorption

The general mass balance equation for the transport and adsorption
of diluted species in porous media when the pore space is primarily filled
with liquid but also contains pockets or immobile gas is described as
shown in Eq. (9).

AeC) , Apa)

ot ot
On the left side, the first two terms correspond to the ACT concen-
tration within the liquid and solid phase, the following term introduces
the dispersion (D), and volatilization (D,) phenomenon in the x, y, and z
directions. While the last term describes convection. On the right-hand
side, R describes the rate of the adsorption reaction. The volatilization
and reaction adsorption were neglected (D = 0, R = 0) for being a little
influential in aqueous phase adsorption. Also, in Eq. (9), C is ACT con-
centration in the liquid phase (mol/m®), p, is the bulk density (kg/m>),
and D, is the axial dispersion coefficient (m?/s).
The mass transfer rate was described using the linear driving force
(LDF) model:

dq
E - Ki <qe - q) (10)

Where K; is the global mass transfer coefficient (s’l), ge is the ACT
concentration in the solid phase at equilibrium (mol/kg). The parameter
g. was calculated from the Langmuir nonlinear isotherm, Eq. (11).
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Where, k; and gmq, are the Langmuir constant (m®/mol) and the
maximum adsorption of the solid phase in monolayer (mol/kg),
respectively. These parameters were obtained by previous batch studies.

The missing parameters: K;,Dz, Knudsen diffusion coefficient (Dy),
and ACT molecular diffusion coefficient (D,,), were estimated by
empirical correlations drawn from different studies [32,49-51], and are
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Fig. 1. Reduction of 3D to 2D geometry of the adsorption column.

shown in Egs. (12)-(15), respectively.
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Where, kj is the external film mass transfer coefficient (m/s), D, is the
effective pore diffusivity coefficient (m?/s), &p is the particle porosity, dj
is the adsorbent particle diameter (m), M, (g/mol), 5, (kg/m.s) and aa
are the molecular weight, the dynamic viscosity, and the solvent asso-
ciation factor, respectively; V, is the solute molar volume at its normal
boiling point (cm3/mol), T is the solution temperature (K), R, is the
radius of the adsorbent particle (m), and r, is the pore radius (m).

Additionally, the CFD model analyzed the wall channeling effect. A
space-depended function was used to describe the bed porosity distri-
bution, namely, the bed porosity varies with radial distance from the
column according to Eq. (16) [52].

1— 1
e(r) = [1+—22(1

_ e—Z(R—r)) 12
Ep

(16)

Where, R is the radius of the fixed-bed column (m), and r is the radial
distance from the center of the bed (m).

2.4.3. Numerical solution

The CFD model was implemented and solved numerically in COM-
SOL Multiphysics V5.4. The column geometry was reduced from 3D to
2D axisymmetric model, as can be seen in Fig. 1. The transport of diluted
species in porous media module was used to represent the ACT transport
equation, and the PDE module was used to describe the LDF model.
Additionally, the Brinkman equations module was used to describe the

1.0
0.6 —
) ]
@)
0.4 —
] H=23cme oo
0.2 — H=33cmms=ma
H=43 cm &%=
/X/>
0.0 ‘P/ , ‘ T | T l T
0 20 40 60 80 100
Time (min)

Fig. 2. ACT breakthrough curve with sugarcane bagasse.

flow of the ACT solution in the SB. Finally, the 2D axisymmetric model
was meshed by free triangular mesh [53-55]. Additionally, to analyze
the wall channeling effect, the mesh was refined manually at the wall, as
can be seen in Fig. 1. A mesh-size independence study was carried out
using a systematic mesh refinement and analyzing ACT concentration
difference (%). A grid-independent solution was obtained with a total
mesh of 9 483 elements, 0.031% of concentration difference, and a
computational time of 4.52 min, which was eventually used in the CFD
simulations.

3. Results and discussion
3.1. Biosorption tests in columns: Analysis of the breakthrough curve

To analyze the removal of ACT in a fixed-bed column, the final and
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Table 1
Parameters of Analytical models.
Model Parameter H=23cm H=33cm H=43cm
Experimental qr (mg/g) 0.447 0.553 0.647
T (min) 20.59 24.67 41.24
Yoon Nelson kyn (min~1) 0.095 0.066 0.059
T (min) 23.25 39.23 52.41
Thomas krp (mL/mg 1.668 1.150 1.040
min)
qr (mg/g) 0.549 0.663 0.680
Modified dose- a 3.243 2.684 3.082
response qr (mg/g) 0.439 0.539 0.606
Bohart-Adams kg (mL/mg 1.668 1.150 1.040
min)
Qqm (mg/L) 81.11 96.22 98.66
Wolborska B (min~1) 0.108 0.107 0.089
qr (mg/g) 1.359 1.011 0.923
Wang kw (min’l) 0.104 0.089 0.073
T (min) 24.65 40.29 53.00

initial concentration ratio (C/C;) was plotted versus time (min), with an
initial concentration of 57 mg/L, flow through the column of 2.5 mL/
min, pH of 6, and bed heights of 23, 33 and 43 cm. The results are
illustrated in Fig. 2.

The breakthrough curve obtained for ACT is similar to the break-
through curve reported in Lorphensri [56]. From the breakthrough
curve, several data that are necessary for mathematical modeling are
obtained. An increase in bed height significantly prolongs the
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breakthrough and saturation time of the column. For instance, satura-
tion and breakthrough times at 23 cm were around 6 and 42 min,
respectively, whereas at 43 cm these were 17 and 66 min, respectively.
This is because at 43 cm there is more SB, and hence more active sites
available to remove ACT [56]. As a consequence, the adsorption ca-
pacity increased with bed height (Table 1). The experimental break-
through curves obtained have a sigmoidal shape, which indicates that
the ACT adsorption into SB is an ideal system. Furthermore, the three
breakthrough curves have a low slope and are similar to each other,
which indicates that the mass transfer mechanism is controlled by
diffusion, as proposed in the CFD model.

The removal of ACT has been studied by using coconut mesocarp in a
batch process, obtaining satisfactory results [57]. In the study carried
out by Flores [58], the ACT removal efficiency in a fixed-bed column
was evaluated, using SB and vegetal sponge against activated carbon.
The results showed that SB is more convenient than activated carbon in
terms of price and efficiency, with 60% adsorption against 45%
adsorption of activated carbon, while the sponge was responsible for
eliminating 40% of the ACT dissolved in enriched water samples [58].

3.2. Adjustment of experimental data to the mathematical models

In this work, six analytical models have been applied to reproduce
the experimental breakthrough curve, Thomas, Bohart-Adams, modified
dose-response, Yoon-Nelson, Wolborska, and Wang models. The corre-
sponding linear plot and breakthrough curves are shown in Figs. 3-5.

1.0
(b)
0.8
0.6 1
A 23cm
0.4 + 33cm
O 43cm
——MDR 23 cm
0.2 ——MDR 33 cm
——MDR 43 cm
0.0 T T T T
0 20 40 60 80 100
Time (min)
1.0
| @
0.8 A
0.6
o
© A 23cm
0.4 1 + 33cm
1 O 43cm
0.2 - ——Y-N23cm
7 O
—Y- cm
0.0 Q—é T T T T T T T T

0 20 40 60 80 100

Time (min)

Fig. 3. Linear plot and breakthrough curves for modified dose-response (a and b) and Yoon Nelson models (c and d).
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Fig. 4. Linear plot and breakthrough curves for Thomas (a and b) and Wolborska models (¢ and d).

As can be seen, the modified dose-response (MDR) model was the
best that reproduced the experimental data. The correlation coefficient
(RZ) for this model was greater than 0.9 in all three studies. For the
Thomas, Yoon-Nelson (Y-N), Bohart-Adams (B-A), and Wang models, 1
values were similar in each test, and are in the range of 0.72-0.91. The
fact that the values of R? were similar is due to the fact that the equations
of these four models are mathematically equivalent [59]. The worst
adjustments with the experimental data were obtained with the Wol-
borska model with R? < 0.72.

Fig. 3a and b show the linear plots and breakthrough curves obtained
with the modified dose-response model. This model was the one that
best described the experimental data suggesting its suitability to be used
for the design and scaleup purpose. Its importance is that it describes the
complete breakthrough curve with great accuracy, and can also mini-
mize the errors that result from using the Thomas model, especially at
low or high removal times. Table 1 shows the parameters of the modified
dose-response model. The maximum concentration of solute in the solid
phase gqr (mg/g) increased as the bed height increased, which was very
similar to experimental behavior. Through the parameters found with
this model, it is possible to obtain an expression that reproduces the
behavior of the columns in other experimental conditions, without the
need to carry out other experiments.

As for the rest of the models, their low fit can be mainly due to two
reasons: First, the assumptions of the models do not agree with the
actual adsorption mechanisms of ACT and therefore these fail in predict

the breakthrough curve. This may be the case of the Wolborska, Bohart-
Adams, and Thomas models. Second, the model does not take into ac-
count information on the adsorbate and adsorbent properties, and
therefore it is less accurate in predicting the breakthrough curve under a
variety of conditions [23]. This may be the case with the Yoon Nelson
and Wang models.

The breakthrough curve obtained with the Wolborska model had a
low fit to the experimental curve. Although this model was initially
proposed to describe the initial part of the breakthrough curve, its fit is
not good even in this section for the present study as can be seen in
Fig. 4d. This model assumes that the adsorption is controlled by film
diffusion with a constant kinetic coefficient. As will be discussed later,
the CFD simulation shows that film diffusion is irrelevant, whereas the
external and internal diffusion resistances are predominant. The pa-
rameters, f; and gr of the Wolborska model are shown in Table 1. Due to
the low fit, the adsorption capacity predicted by this model has an
opposite effect to that observed in experimentation, since qr decreases
with increasing bed height.

On the other hand, the Bohart-Adams model assumes negligible axial
dispersion and mass transfer; therefore, similar assumptions are
considered in the Thomas model. Basically, it assumes pseudo-second-
order kinetics, insignificant axial dispersion, and a Langmuir isotherm.
Also, this model considers extremely small external and internal diffu-
sion resistances. Their low R? values again indicate that the assumptions
of these models do not fully agree with the actual adsorption process of



M. Vera et al.
5
| + A23 cm (a)
37 A +0O - +33cm
| 043 cm
— 11
& ]
= -1 A1
O] e}
E]
-3 4
1 R2=0.810
-5 4 R2=0.910
4 R2=0.734
-7 ——
0 20 40 60 80 100
Time (min)
8
1 (¢) R2=0.810
6 R2=0.910
~ 4 T
o,
g = O
5 1
O .
] A23 cm
2 4 o +33 cm
| A +0O 043 cm
+
-4 T T T — r r r r
0 20 40 60 80 100

Time (min)

C/C;

C/C;

Journal of Environmental Chemical Engineering 9 (2021) 105056

1.0
(b)
0.8 1
0.6 A
23 cm
0.4 1 + 33cm
O 43cm
0.2 1 ——B-A23cm
——B-A 33 cm
——B-A43cm
00 —&—r— v
0 20 40 60 80 100
Time (min)
1.0
1@
0.8 A
0.6 A
A 23 cm
0.4 + 33cm
| O 43cm
——Wang 23 cm
0.2 A1
—— Wang 33 cm
1 —— Wang 43 cm
0.0 —o T T T . T v r

40 60
Time (min)

80 100

Fig. 5. Linear plot and breakthrough curves for Bohart-Adams (a and b) and Wang models (¢ and d).

ACT in SB. The diffusion resistance and axial dispersion phenomenon
are very relevant in the ACT adsorption into SB, as will be seen later. The
parameters of these models are shown in Table 1; it was observed that
the kinetic constant of both models (k1 and kg) was similar in all three
studies, and it decreased with increasing bed height, which means that
the speed with which ACT passes from the liquid to the solid phase
decreases when there is a greater amount of SB [56,57].

Regarding the Yoon-Nelson and Wang models, these models are
similar in their form with similar parameters. Although equal values of
R? were obtained in both models, the values of T and the rate constant
(k7n and ky,) were different (Table 1). The time required for 50% ACT
adsorption with the Yoon Nelson model was very close to the experi-
mental value, and it was lower than that obtained by the Wang model in
all three tests. Similarly, the kinetic constant of the Wang model was
higher than the Yoon-Nelson model, and its effect with bed height is
similar to that of the Bohart-Adams and Thomas models. Finally, the
predicted breakthrough curves of the Wang model were slightly
different from those of the Yoon-Nelson, Bohart-Adams, and Thomas
models although equal values of R? were obtained.

3.3. CFD simulation

The breakthrough curves predicted by the CFD model were
compared with experimental data obtained at a flow rate of 2.5 mL/min,
ACT initial concentration of 57 mg/L, bed heights of 23, 33, and 43 cm,
as shown in Fig. 6.

Based on the results, the predicted data demonstrated a good

agreement with experimental data. The simulated and experimental
breakthrough curves converge in almost the entire trajectory with slight
variations in the final region, especially at 33 and 43 cm of bed height,
hence the saturation time varies significantly from the experimental
value. On average, the error between the experimental and predicted
points was 1.5% for 23 cm, 7.03% for 33 cm, and 5.98% for 43 cm. For
the predicted breakthrough curves at 33 and 43 cm, the error was higher
than 5%, which means that the model does not accurately correlate with
breakthrough data, especially in the final region. This deviation could be
due to two possible reasons. The main justification is due to the fact that
at these bed heights, the experimental breakthrough curves show
asymmetric tail behavior (i.e., a slow approach of C/C; toward unity).
However, the presented CFD model does not take into account any
consideration for this phenomenon; so, for further refinement of the
model, the factors responsible for the tailing behavior should be
considered [60]. Similar behavior was found in a mechanistic model for
the copper adsorption [61]. The second reason with less likely could be
the axial dispersion; at these bed heights, this effect could be not sig-
nificant, so the assumptions of the model fail at these conditions [62].
Despite the deviations, the CFD model, the assumptions, and the cor-
relations used are quite consistent in the initial and transition region of
the curves, which could be useful when in practice the adsorbent bed is
replaced before a breakthrough of more than 50%. The axial dispersion
coefficient and the global mass transfer coefficient estimated by
empirical correlations, and were 0.0291 s7!, and 3.68 x 1077 m?/s,
respectively. Also, the Knudsen diffusion coefficient had a significant
value compared to pore diffusion (1.07 x 107® > 4.95 x 1071% m?/s).
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This is because the pore size of SB is only slightly greater than the
diameter of the ACT molecule, which implies that Knudsen diffusion
plays a more significant role in ACT adsorption with SB [66].

The variation of ACT concentration in the longitudinal and radial
direction inside of the fixed-bed column was studied with the CFD
model, and it is shown in Fig. 6b, d, and f, for 23, 33, and 43 cm of bed
height, respectively. For a bed height of 23 cm, the ACT concentration
profile was studied at 0, 5, 10, 15, 20, 30, and 40 min. A color scale is
shown to indicate the ACT concentration value through the SB fixed-
bed, where 0.377 mol/m® is the initial concentration. The figures
show the saturated zone (carmine red color), the adsorption zone, and
the fresh adsorbent zone (navy color) of the column. At the beginning of
the process, the entire SB bed is unsaturated, but only 5 min five after,
the ACT molecule has been displaced over much of the column. A rapid
increase in the ACT concentration is observed within the bed, and it can
be seen that approximately 1 cm of bed has been saturated, the mass
transfer zone (MTZ) is approximately 13 cm, and there is approximately
9 cm of fresh bed, as seen in the Fig. 6a. At 15 min, the saturated zone
grows to 2.5 cm, and the MTZ has reached the end of the column, and
the breakthrough time occurs approximately at that time. At 20 and
30 min, the saturated zone is around 4.5 and 14 cm, respectively. It can
be seen that this zone grows slowly at first, but between 20 and 30 min,
it shows accelerated growth; this happens because in this time interval
the slope of the breakthrough curve is formed. Therefore, the saturation
of the bed occurred gradually as the mass transfer zone proceeds
through the bed at the beginning of the operation. Similar behavior was
observed for bed heights of 33 and 43 cm, where the MTZ value was
roughly 16.5 and 23 cm, respectively. This shows that MTZ grows as the
bed height increases. Also, The MTZ values show that the ACT adsorp-
tion rate is slow because the intra and interparticle resistances are
considerable [63]. Additionally, due to the CFD model includes the axial
dispersion phenomenon, and the simulated breakthrough curves were
very similar to the experimental ones, this indicates that this phenom-
enon is significant, at least at a bed height of 23 cm.

The wall channeling effect was studied with the CFD model. An
exponential expression, which expresses the variation bed porosity with
radial distance, was added to the CFD model. As can be seen in Fig. 7, the
bed porosity increases exponentially as it reaches the wall, this happens
since as the SB particles approach the wall of the column, its geometry of
packing is interrupted there [54]. This porosity behavior affects the flow
distribution of the ACT solution, which causes the velocity near the wall
to be higher than in the center region. As a consequence of this

phenomenon, the adsorbent SB near the wall reaches saturation much
quicker than the center region, as can be seen in Fig. 7. The wall effect is
predominant in this adsorption process because the fixed-bed column
diameter to SB diameter ratio is low than 30 [53]. In addition, it was
observed that the wall channeling effect decreased with the increase of
the bed height to SB diameter ratio (H/d,); at 43 cm of bed height, the
difference between the ACT concentration on the wall and the center
region was insignificant.

4. Conclusions

Fixed-bed column tests were combined with breakthrough curve
modeling to describe the breakthrough curves. The conclusions are as
follows:

The analytic models Thomas, Yoon Nelson, Wolborska, Bohart
Adams, Wang, and modified dose-response were fitted to the experi-
mental data. The best fit was obtained with the modified dose-response
model, and the Wolborska model was the worst model to predict the
breakthrough curve. The simulated breakthrough curve by the CFD
model was very similar to the experimental breakthrough curve, espe-
cially in the initial and transitory region, which could be useful since in
practice the adsorbent bed is replaced before a breakthrough of more
than 50%. Also, a CFD analysis showed that the fixed-bed column for
ACT adsorption in SB has a high mass transfer zone with a slow
adsorption rate due to intra and interparticle resistances are consider-
able, and the mass transfer zone grows as the bed height increases. The
CFD simulation showed that the diffusion resistances and axial disper-
sion phenomenon are relevant in the ACT adsorption into SB, and these
must be taken into account in the design of the adsorption columns. In
particular, the Knudsen diffusion was more significant compared to the
pore diffusion. Finally, the wall channeling effect was relevant with low
bed heights but it decreases with higher ones.
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