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[ Abstract .

Acetaminophen (ACT), an antipyretic analgesic, is one of the emerging pollutants that has been found in high
concentrations in domestic and hospital wastewaters. This study compared the adsorption capacity of sugarcane
bagasse (SB) and corn cob (CC) for the ACT removal through the dynamic simulation of the adsorption column
using Aspen Adsorption® V10. The effects of flow rate (1.5-3.0 mL min~ 1, ACT initial concentration (40-80 mg L~ h,
and bed height (20-35 cm) on the breakthrough curves were studied. Finally, the simulation results were validated
with experimental studies, and analyzed by error functions, sum of squared errors (SSE), absolute average deviation

materials to remove ACT from wastewaters.

capacity

(AAD), and coefficient of determination (R?). Based on the predicted breakthrough curves, ACT is adsorbed in
greater quantity on CC, with saturation times and adsorption capacity greater than SB in all simulations. The
maximum adsorption capacity was 047 and 0.32mg g~ ' for CC and SB, respectively, under condition of flow rate
of 1.5mLmin~ ', bed height of 25 cm, and ACT initial concentration of 80 mg L™ . Breakthrough and saturation
times were higher when the column operated at low flow rates, large bed height, and low ACT concentrations, for
both adsorbents. The predicted and experimental breakthrough curves satisfactorily coincided with R? values
greater than 0.97, SSE and AAD values less than 5% and 0.2, respectively, for all studies. The experimental
adsorption capacity was greater for CC than for SB, thus confirming that the software is able to predict which
adsorbent may be more effective for ACT removal. The results of this study would speed up the search for effective
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Introduction

Pharmaceutical products are one of the emerging pollut-
ants that have been of particular concern. In recent
years, their presence has been detected in domestic and
hospital wastewaters [1]. Pharmaceutical products are
chemical compounds of complex structures of synthetic
or natural origin, they contain active ingredients
intended to counteract negative effects on the health of
human and animals. These drugs end up in wastewater
due to improper disposal of expired or unused drugs,
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through urine and feces of patients and animals, leachate
from soils, as well as domestic and hospital waste [2].
When these compounds reach the wastewater treatment
plants (WTPs), there is no effective technology that can
completely eliminate this type of pollutants, so their re-
moval is only partial [3]. As a result of this, traces of
these pollutants have been found in surface water,
groundwater, and even in drinking water from various
countries in concentrations of ng L™%, pg L™ ! and up to
mg L' [4, 5].

In particular, acetaminophen (ACT), better known as
paracetamol, is one of the most prescribed anti-
inflammatory and antipyretic drugs, and consequently,
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the most widely used in Latin America, Africa and the
Middle East [6]. In countries such as Spain, USA, France
and UK, ACT has been detected in the effluents of
WTPs in a concentration range of 0.10-150 ugL™' [7,
8]. In surface water, ACT has reached maximum con-
centrations of up to 15 ug L™', in Taiwan and Kenya [9,
10]. Likewise, in groundwater and drinking water of
USA, ACT has been found in concentrations of 0.12,
and 1.89 pug L™ ", respectively [11]. Although the concen-
trations detected in most countries are at a very low
level (ugL™"), recent researches have exposed negative
effects of some aquatic organisms exposed to these
levels, such as DNA and reproductive system damage,
oxidative stress, tissue accumulation, lipid peroxidation,
and behavioral changes observed in algae, microcrusta-
ceans, mollusks, and teleost fish [12].

All these adverse effects can be avoided if the domestic
and hospital wastewaters were properly treated. To
achieve this, it is necessary to research novel, efficient,
eco-friendly, and above all, economically viable technolo-
gies for their implementation in WTPs. Adsorption using
agricultural and agro-industrial residues as adsorbents, is
presented as an efficient, low-cost, and environmentally
sustainable alternative, compared to other available tech-
nologies such as membrane filtration, advanced oxidation,
photocatalysis, and others [13]. In addition, adsorption has
certain advantages such as ease in design, implementation
and operation, efficient with pollutants at low concentra-
tions, and it does not generate toxic by-products. There
are a large number of agricultural and agro-industrial ma-
terials that can be used as adsorbents, among these are,
grape stalks, rice husk, tea leaves, pineapple leaves, sugar-
cane bagasse (SB), peanut shell, corn cob (CC), coconut
shell and fiber, bamboo litter, ground coffee and banana
stalks [14—16]. SB and CC are two potential adsorbents
for the treatment of wastewaters laden with any type of
pollutant. In their natural state, they have been widely
used for the removal of dyes, heavy metals and pharma-
ceutical products [17-19].

In a continuous adsorption system, the adsorption cap-
acity of an adsorbent depends on the operating conditions
of the column like bed height, flow rate, pollutant concen-
tration in the feed, and pH of the solution. The physico-
chemical properties of the system adsorbate-adsorbent
also influence the adsorption capacity, such as the porosity
and the specific surface area of the adsorbent, as well as
the chemical properties like the point of zero charge, the
dissociation constant pK,, and the functional groups of
the adsorbate and adsorbent. Even if all these properties
were known, in most cases it is difficult to theoretically
predict which adsorbent is more effective for a specific ad-
sorbate, therefore it is essential to carry out experimenta-
tion, and obviously that adsorption tests consume an
undesirable expenditure of resources and time.
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One way to predict the dynamic behavior of an adsorp-
tion column is through the approach of mathematical
models; these models generally consist of a set of equa-
tions from the conservation of mass, kinetic models, and
equilibrium adsorption. A mathematical model that in-
cludes these equations is capable of estimating the adsorb-
ate concentration at the outlet of the column, as well as
the concentration of the adsorbate in the adsorbed phase.
Aspen Adsorption® is a software that includes mathemat-
ical models with a complete set of fairly complex partial
differential equations, ordinary differential equations, and
algebraic equations [20]. These equations together with
the appropriate initial and boundary conditions, are solved
simultaneously through numerical methods, to fully de-
scribe the dynamic behavior of an adsorption column.
Aspen Adsorption® has typically been used to simulate gas
phase adsorption processes, such as CO, and CO adsorp-
tion, H, and He purification [21, 22]. As for the aqueous
systems, the adsorption of Cd*?, Cu*?, phenol and mela-
noidin has been simulated [23, 24], however, as of yet
there are no previous studies of the simulation of pharma-
ceutical products using Aspen Adsorption®.

In this study, the adsorption capacity of SB and CC for
the ACT removal was compared through predicted
breakthrough curves by a model proposed in Aspen Ad-
sorption” V10. The model studied breakthrough curves
in both adsorbents, at different operating conditions of
the adsorption column (feed flow, bed height and ACT
concentration). The simulation results were validated
with experimental studies.

Materials and methods

Experimental information

The simulation of the ACT adsorption in fixed bed col-
umns using SB and CC was performed using Aspen Ad-
sorption® V10. The physical properties of the adsorbents
were obtained from the study by Vera et al. [19] as shown
in Table 1. Also, Fig. 1 shows the morphological structure
of SB and CC obtained by scanning electron microscopy.

Simulation in Aspen adsorption® V10

General considerations

Liquid phase adsorption was chosen as the process for
the ACT removal. The assumptions for bed model of
the ACT adsorption were:

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

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

3) The rate of adsorption of ACT on the adsorbents is
described by the linear driving force model (LDF).
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Table 1 Physicochemical properties of adsorbents [19, 25]

Property Adsorbent

CcC SB
Bed bulk density (kg m™?) 334 150
Particle density (kgm™ ) 816 1078
Bed void fraction 0.71 0.86
Average particle diameter (m) 59%x 1074 59%x 1074
Average pore radius (m) 548x107° 326x 1078
Particle porosity 0.59 0.21
Specific surface area (m”g~ ") 53+08 48+07
Specific pore volume (cm®g™ ") 0.006 0.005
Tortuosity factor 1.21 140
Point of zero charge pHpz- 6.3 52
Total acid groups (meqg™") 225 233
Total basic groups (meqg™") 0.25 0.55

4) The adsorption equilibrium is described by the
Langmuir nonlinear isotherm, according to studies
by other [25, 26].

5) Due to the existence of large pores in the
adsorbents, surface diffusion was neglected and
pore diffusion was assumed (see Table 1).

6) The pore diameter of the adsorbents is considered
to be slightly larger than the diameter of the ACT
molecule (~ 0.46 nm) [27], therefore Knudsen
diffusion was taken into account.

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

8) The adsorption system operates under isothermal
conditions.

9) The linear velocity of the fluid phase varies along
the column, but is neglected in the radial direction.

10) The particles of the adsorbents are considered
spherical with homogeneous in size and density.
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Physical and chemical properties of ACT

Aspen Properties® V10 provided the physical and chem-
ical properties of the ACT solution. The Non-Random
Two Liquid Segment Activity Coefficients (NRTL-SAC)
model was used to estimate the thermodynamic proper-
ties of the solution [28]. The molecular structure and
the physicochemical properties of ACT can be found in
the Supporting Information Fig. S1.

Simulation parameters

The process flowsheet of the adsorption process consists
of 3 blocks: feed block, adsorption column block, and
product block (see Supporting Information Fig. S2).
Within the feed block, ACT initial concentration C; (mg
LY, temperature 7 (°C), flow rate Q (mL min~ D, and
pressure P; (Pa) of the feed stream were controlled. T
(18°C) and P; (0.1 MPa) were fixed specifications
throughout the study, whereas, Q and C; were variable
specifications, and are detailed in Table 2.

Within the adsorption column block, the bed orienta-
tion was assumed as vertical with downward flow. The
model was defined as a set of equations for the adsorbent
bed layer, the equations are based on the momentum bal-
ance, mass balance, kinetic model, and adsorption
isotherm.

Momentum balance

The pressure drop across the adsorption bed was
expressed through the Carman-Kozeny equation, which
is valid for laminar flows in porous media as shown in

Eq. (1).

oP 2Ry,
ozv(1-¢g,)

-1.5x10" 3/4(1 - €p)
2Ryy

(1)

Where, P is the pressure across the bed (Pa), y is the
form factor of the adsorbent particle, 4 is the dynamic
viscosity of the solution (kg m s, £, is the particle

an
0% BSE BIM

Fig. 1 Morphological structure of SB (a) and CC (b), adapted from Ref. [19]
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Table 2 Column operation parameters in ACT removal using SB

and CC

Simulation Experimental

Q* HP m€ G HP me cd
SB cC SB CcC

1.5 20 531 1179 20 15 20 660 - 60.08

2 25 663 1474 40 1.5 20 - 1470 60.11

25 30 79 1769 60 265 23 6.10 - 50.27

3 35 929 2063 80 265 23 - 1350  50.24

Q2 =flow rate (mLmin™")

Hy® = bed height (cm)

m€ = adsorbent mass (g)

G = ACT initial concentration (mg L™ b

porosity, R, is the particle radius (m), and v, is the
superficial velocity of fluid through the bed (ms™).

Mass balance

The partial mass balance in a volume element of the col-
umn for the ACT concentration is expressed by the fol-
lowing partial differential Eq. (2) [29].

*C  a(viC) oC oq
+€b—+pa§

—eD. —
e T T o ot

=0 2)

Eq. (2) includes the phenomena of axial dispersion (1st
term), mass transfer by convection (2nd term), accumulation
of ACT in adsorbents (3rd term), and the last term caused
by the process of adsorption of ACT on adsorbent
particles. Where, D is the axial dispersion coefficient
(m*s™ 1), ¢ is the concentration of ACT adsorbed in
the solid phase (mgg '), C is ACT concentration in
the liquid phase (mgL™'), z is the distance along the
bed (m), v; is the interstitial velocity of fluid through
the bed (ms™ 1), &, is the bed void fraction, and Pa is
the bed bulk density (kgm™?). D, was estimated with
Eq. (3) [23].

Vl'dp

Re 0.48
=0.2+0.011 ( —sb> (3)

z

Where, d,, is the diameter of the adsorbent particle (m),
and Re is the Reynolds number. The corresponding
values of D used in this study can be found in the Sup-
porting Information.

Kinetic model

The assumed kinetic model was linear lumped resist-
ance, it was proposed by Glueckauf and Coates [30], and
it is based on the LDF model in solid phase where the
mass transfer phenomena are grouped as a single global
factor, Eq. (4).
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Where, ¢, is the instantaneous equilibrium concentration
(mgg ') and K; is the global mass transfer coefficient
(s™'). When the external fluid film resistance, and pore

diffusional resistance are considered, K; can be estimated
by Eq. (5) [31].

1 R R

K; 3k;  15¢,D,

(5)

Where, kg; is the external film mass transfer coefficient of
adsorbate i (ms™!) and D, is the effective pore diffusiv-
ity coefficient (m”s™'). The missing parameters: kg, D,
Knudsen diffusion coefficient D; (m?s™ 1), and ACT mo-
lecular diffusion coefficient D,, (m?s™ 1), were estimated
by empirical correlations (See Supporting Information
for details Table S1, Table S3 and Table S4).

Adsorption isotherm

The equilibrium model for the adsorption of ACT on SB
and CC used in this study was described by the Langmuir
isotherm [25, 26]. Langmuir’s model is expressed in Eq. (6).

_IPIP,.C

_ ImarkiC - IPLIP,.C
' 141P,.C

= 6
e 1+ k.C (6)

The equation on the left side is the common form of the
Langmuir isotherm, while on the right side it is the form
that Aspen Adsorption® presents this isotherm. Where, g,
and w; are the amount of solute removed per unit mass of
adsorbent (mgg™ ' and kmol kg™, respectively), g, and
IP; are the maximum adsorption of the solid phase in
monolayer (mgg ' and kmol kg ' respectively), k; and
IP, are the energy constant related to the heat of adsorp-
tion (L mg ' and m® kmol ™, respectively). The values of
IP; and IP, can be obtained from Eq. (7), where M is the
molecular weight of ACT (g moL~ 1). The k;, and g,,4x pa-
rameters are 0.051 and 0.253 for ACT-SB, and 0.048 and
0.314 for ACT-CC, respectively [25, 26].

qmzzx

~ 1000 M’

P, IP, = 1000k, M 7)

In the adsorption column block, the bed height H,
(cm) was a variable specification (Table 2). Furthermore,
in the product block, the flow rate and temperature in
this stream were kept at the same values as the feed
stream, while the pressure was estimated with Eq. (1).
Finally, the discretization method Upwind Differencing
Scheme 1 with 20 nodes was assumed as the method for
solving the set of equations of the model.

Study of column performance
Column performance for SB and CC was studied by esti-
mating the breakthrough time #j,¢,x (min), the saturation
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time £, (min), the total treated volume V4 (mL), the total
amount of ACT adsorbed ¢, (mg), and the adsorption
capacity of the adsorbent g, (gmg™'). The parameters Ve
Grota and g, were estimated using Egs. (8), (9) and (10),
respectively. While ¢, and £, were established when
C/C; is equal to 0.05 and 0.9, respectively.

Veﬁ’ = Qtsat (8)
Q t=tsa

=— Crdt 9

total 1000 /,_, R ( )

= Ll (10)

Where, Cy, is concentration of ACT adsorbed (C-C) (mgL~ D)
and m represents the mass of adsorbent used in the
column (g).

Model validation with experimental studies

The simulation results were validated against four ex-
perimental studies. The experimental operating parame-
ters for each adsorbate-adsorbent system are shown in
Table 2. The studies were carried out in a glass burette
with an internal diameter of 1.5 cm, and a height of 50
cm. The operation of the system was carried out with
downward flow, and at a temperature of 18 °C.
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The ACT solution was prepared using ACT from
Sigma-Aldrich (St Louis, MO, USA) with 1% methanol
from Sigma-Aldrich, HPLC grade. The pH of the solu-
tion was adjusted to 6, using 0.1 N HCI or NaOH solu-
tions. 0.5 cm thick of gravel (5 mm diameter) was placed
at the bottom and top of the adsorbent bed as dispersion
media to prevent channeling and ensure even distribu-
tion of the solution, as well as it helps sustain liquid
flow, promote good hydraulic flow through the porous
media, and reduce clogging issues [32]. The solution was
pumped using a peristaltic pump, as illustrated in Fig. 2.
The samples were collected at the exit of the column
until saturation of the adsorbent was reached. ACT con-
centrations were determined using a Thermo SCIENTIF
IC Genesys 10S UV-Visible spectrophotometer at a
wavelength of 243 nm.

Finally, the results of the experimental and simulation
breakthrough curves were compared using the error
functions sum of squared errors (SSE), absolute average
deviation (AAD), and the coefficient of determination (R?)
(see Supporting Information Egs. (11), (12), and (13)).

Results and discussion

The effects of Q, H, and C; on the breakthrough curves
were studied using the adsorbents SB and CC. The range
of the variable parameters both SB and CC are detailed

Acetominophen molecule

H

Q=1.5-3.0 mL min’!
C;=20-80 mg mL"!

@| Glass burete

Hy
20-35 cm

@

ACT solution Peristaltic pump

Fig. 2 Diagram of the experimental adsorption process

Collection glass
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in Table 2. Only one parameter was varied at a time,
while the remaining two remained constant.

Effect of flow rate

Figure 3 shows the breakthrough curves when SB and
CC are used for ACT adsorption at feed flow rates of
1.5, 2.0, 2.5, and 3.0mL min"', a bed height of 25 cm,
and ACT initial concentration of 40 mg L',

The breakthrough times and saturation times for both
adsorbents are shown in Table 3. The results show that
the breakthrough and saturation time increases as the
flow rate decreases, as in practice [33]. It is well known
that the flow rate determines the interstitial velocity (vel-
ocity of the solution between the pores of the adsorbent
particles), and thus the time that the ACT remains in
contact with the adsorbent. The higher the flow rate, the
greater the interstitial velocity, and the residence time of
the ACT in the column is less and less. It is evident that
the less time the ACT remains inside the column, the
less opportunities the ACT will have to reach the meso
and micropores of the adsorbent, and deposit on them.
For this reason, the amount of ACT adsorbed ¢z, de-
creases as the flow rate increases, as seen in Table 3. In
other words, if the residence time of the ACT in the bed
column is not long enough, the adsorption equilibrium
within the column is not reached, and the ACT solution
leaves the column before this occurs, leading to shorter
saturation times and lower g, values, for SB and CC
[34]. Similar behavior is observed in other simulations
performed for other pollutants [23]. A favorable advan-
tage of working at high flow rates is that the volume of

Page 6 of 13

the treated effluent increases considerably, the increase
from 1.5 to 3.0mL min~ ' means that it is possible to
treat 12 mL more for SB, and 30 mL more for CC, with-
out drastically affecting the value of g,.. This fact can be
beneficial when the process is carried out on an indus-
trial scale.

On the other hand, it is observed that in all cases, £,
and ¢, are much greater when CC is used than SB, this
could indicate that ACT has a higher affinity for CC
than for SB. This fact can be attributed to different fac-
tors, such as physical and chemicals properties of SB
and CC, electrostatic and non-electrostatic interactions
between adsorbate-adsorbent. In terms of physical prop-
erties, the bulk density of CC is higher than SB, this
means that for the same bed height, a greater quantity of
CC is required than of SB (Table 2), which implies that
CC will have a greater number of active sites available to
be occupied by ACT. Also, the specific pore volume and
the specific surface area of CC are greater than those in
SB, these factors could explain the fact that Vg groan
and ¢, are greater when CC is used (Table 3). The
greater specific surface area of CC is due to its smaller
pore size and its higher particle porosity compared to
SB. This can be seen in the irregular and porous morph-
ology of CC, while SB has a laminar surface that does
not favor the ACT adsorption (Fig. 1).

Regarding the chemical properties, the functional
groups present on the surface of SB and CC prevail. SB
have functional groups hydroxyl (-OH), alkyl (-CHjs,
—-CH,), carbonyl (-COOH), and aromatic rings, all re-
lated to the presence of cellulose, hemicellulose and

-

1.0
0.8
CCl.5mLminlee e
®¢’ CC2.0mL min!' & & 8
. 0.6 o CC2.5mL min! ¢ ¢ ¢
@ CC 3.0 mL min"! > > &
(@) SB 1.5 mL min"!
04 SB 2.0 mL min"' ——
SB 2.5 mL min! ——
SB 3.0 mL min!
0.2
OO | | | | |
80 120 160
Time (min)
Fig. 3 Breakthrough curves of ACT adsorption on SB and CC by varying the feed flow rate
J
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Table 3 Column parameters obtained at various flow rates, inlet concentrations, and bed heights
Q Hy" ¢ threak (Min) tsar (Min) Verr (mL) Grotal (MQ) 9e (mgg™")

SB CcC SB CcC SB CcC SB (de SB CcC
15 25 40 153 276 43.0 105.7 64.5 158.6 1.66 420 0.25 0.29
20 25 40 104 187 34.1 85.7 68.3 1714 1.63 4.16 0.24 0.28
25 25 40 8.1 142 29.1 714 727 1786 162 41 0.24 027
30 25 40 6.6 114 253 629 758 188.6 1.62 4.09 0.24 0.28
15 20 40 1.1 204 354 88.6 53.1 1328 1.32 335 0.25 0.28
15 30 40 18.3 359 493 120.0 739 180.0 2.00 5.06 0.25 0.29
15 35 40 216 453 556 137.1 83.5 205.7 2.33 5.90 0.25 0.29
15 25 20 155 282 544 1314 81.6 197.2 1.00 2.59 0.15 0.18
15 25 60 14.2 273 379 914 56.9 137.1 2.28 553 0.34 0.36
15 25 80 14.2 271 34.1 829 51.2 1243 2.87 7.00 043 047

Q? =flow rate (mLmin™")
Hy? = bed height (cm)
Cid = ACT initial concentration (mg L™

lignin [25, 26]. Although the functional groups of CC
are the same as SB, since both are lignocellulosic mate-
rials, the proportion in which they are found could
change, due to the percentage content of cellulose,
hemicellulose and lignin changes. This factor could also
be responsible for the better adsorption capacity that CC
has over ACT, however, to verify such an event, deep
studies with tools such as Fourier transform infrared
spectroscopy are necessary, therefore this analysis is out-
side the scope of this study.

Electrostatic interactions depend on the charge
density of ACT, as well as SB and CC. The point of
zero charge (pHpzc) can express the net surface
charge of the adsorbent. The adsorbent surface will
tend to charge positively when pH <pHpzc, but if
pH > pHpzc, the adsorbent surface will be negatively
charged [35]. The pHpzc is 5.2 for SB and 6.3 for
CC. This means that if all ACT solutions are in pH 6,
SB has an overall negative charge on its surface, and
the CC surface is positively charged. Similarly, ad-
sorbate can proton in aqueous solution, one way to
know if a compound can dissociate is through the
pK,. In the case of ACT, its pK, is 9.38, at this pH,

half of the ACT molecules are in the protonated form
and half are in the deprotonated form, see Fig. 4 [36].
But if pH<pK, (in the range of 0-9.38) protonated
or neutral form will predominate, while the deproto-
nated form will be mostly present when pH >9.38.
Thus, the protonated ACT will be present in all solu-
tions of this study, and also the surface of the adsor-
bents is positively charged (CC) and negatively
charged (SB), which means that within the process
there are not electrostatic interactions of attraction or
repulsion between ACT and both adsorbents. This
fact about protonated ACT was also observed on the
surface of activated carbon with positive charge [36,
37]. Thus, non-electrostatic interactions such as dis-
persive interactions by m electrons, and hydrogen
bond formation may be involved.

Likewise, Bernal et al. [36] argue that adsorbents with
high concentration of basic groups exhibit highest ad-
sorption capacities due to 7 interactions, however SB
and CC have more acid groups than basic groups (Table
1). This fact could be the cause of the low adsorption
capacity of SB and CC compared to other commercial
adsorbents [33].

2T

Protonated form

Fig. 4 Protonated and deprotonated form of ACT molecule

2T

Deprotonated form
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Effect of bed height

The influence of the bed height of SB and CC on ACT
adsorption was studied through the breakthrough curves
at bed heights of 20, 25, 30, and 35cm while the flow
rate and ACT initial concentration remain constant at
1.5 mL min~ " and 40 mg L™ %, respectively.

As shown in Fig. 5, when the fixed bed is SB, an
increase in the bed height significantly prolongs the
breakthrough and saturation time of the column, for
example for SB, the saturation time is 35.4 min for a
bed height of 20 cm, but it is 55.6 min when the bed
height is 35cm (Table 3). Increase in bed height
makes a greater amount of adsorbent material avail-
able for the ACT removal, as well as an increase in
the total surface area of the adsorbent and therefore
a greater number of active sites available to be occu-
pied by the ACT molecule [38]. A similar behavior is
obtained whit CC, the saturation time increases with
the height of CC, however, the breakthrough curves
obtained with CC show a better sigmoid tendency
(curve with a characteristic shape of “S”) than those
obtained with SB. Generally the sigmoid tendency in
the breakthrough curves is favorable in the removal
of an adsorbate [39], this shows that ACT adsorption
on CC is an ideal system. On the other hand, the
slope in SB breakthrough curves are steeper than CC
curves. In general, curves with a very high slope from
the breakthrough time reveal that the mass transfer is
not controlled by diffusion, as is the case of SB, while
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a decrease in the slope of the curve indicates that the
transfer zone extends through a large part of the col-
umn, and this is prone to expand as the operation
progresses because the diffusion mechanisms begin to
control the process, as seen for CC [38]. This fact in-
dicates that the adsorption with CC meets the as-
sumptions made in the model, hence the results are
very similar to reality, as will be seen later.

Column performance parameters (Table 3) reveal that
when the bed height increases from 20 to 35 cm, the vol-
ume of treated effluent increases from 53.1 to 83.5 mL for
SB, and from 133 to 206 mL for CC. Besides, gy in-
creases with the bed height to both adsorbents, due to the
greater number of active sites available for adsorption, but
at all bed heights g, is always greater with CC than with
SB. This happens because the mass of CC is greater than
SB for the same bed height (Table 2). However, despite
this, the amount of ACT adsorbed for each gram of ad-
sorbent (g.) is slightly higher with CC at all bed heights,
this shows that ACT has a slight affinity oriented more to-
wards CC than SB. Similarly, as happened when the flow
rate is varied, the breakdown and saturation times of the
column are higher when using CC than SB.

Effect of ACT initial concentration

The influence of the ACT initial concentration was stud-
ied by varying C; while maintaining the flow rate and bed
height constant at 1.5 mL min-1 and 25 cm, respectively.
The results obtained are shown in Fig. 6 and Table 3.

1.0 —————
0.8 —
06 CC20cm - - -
Q | CC 25 cm
@) CC30cm —— -
04 — cC35cm - - -
SB 20 cm v—~¥
B SB 25 cm >
0.2 - SB 30 cm +—+—+
’ SB 35 cm <=
0.0 = -:~':\;:::: o == /l/ 1 | | | | | |
0 40 80 120 160 200
Time (min)
Fig. 5 Breakthrough curves of ACT adsorption on SB and CC by varying the bed height
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Breakthrough curves obtained reveal a singular behav-
jor, since the increase in the ACT initial concentration
leads to a shorter saturation time (Table 3), but the break-
through time remains almost constant, this significantly
affects the slope of the breakthrough curve. The slope of
the curve decreases as the initial concentration decreases,
that implies that the diffusion mechanism plays an im-
portant role, because the concentration gradient (driving
force of mass transfer) between the solution and the ad-
sorbent increases, resulting in faster transport [40]. In
addition, a steeper slope indicates that the mass transfer
zone decreases, and increases the degree to which adsorb-
ent bed capacity is used. Due to this fact, the values of g,,.
@ and ¢, increase when ACT initial concentration
increases, with a maximum ¢, value at the concentration
of 80mgL~" for both adsorbents, that is, the adsorbent
bed is used more efficiently at high initial concentrations.
Similar effect was found in the removal of ACT using
granular activated carbon treated with ozone [33].

As seen in Table 3, regardless of column operating
conditions, all parameters (tyrecap tsar Ve Gmar and q.)
are greater when CC is used. This demonstrate that CC
is better than SB for ACT removal. In terms of optimal
operating conditions, the maximum breakthrough and
saturation time were achieved at 1.5 mLmin™ " of flow
rate, 35 cm of bed height, and 40 mg L' of initial con-
centration for both adsorbents.

Model validation with experimental studies
To validate the accuracy of the proposed model, experi-
mental data were compared with 7data obtained in the
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simulation. Figure 7 shows the experimental and pre-
dicted breakthrough curves for four studies.

It can be seen that the model predicts the break-
through curves with great precision in all studies. For
both adsorbents, the experimental and predicted break-
through curves converge in almost the entire trajectory
with slight variations in the initial region, the difference
being more pronounced when SB is used. Hence, the
breakthrough and saturation times do not differ by more
than +10 min for CC and SB (Table 4). The R* was
greater than 0.99 for all studies with CC, and less than
0.985 for SB. In addition, SSE values less than 5% were
obtained, also the AAD between the experimental and
simulation data was less than 0.2 for SB and CC. The
model proposed by Aspen Adsorption® is more accept-
able for CC, due to the lower value of SSE and higher
value of R% This is because the pore size of CC is only
slightly greater than the diameter of the ACT molecule,
which implies that Knudsen diffusion plays a more sig-
nificant role in adsorption with CC, whereas in SB, pore
and surface diffusion could be significant. Also, diffusion
mechanisms are more relevant with the adsorption with
CC, and this meets the assumptions made in the model.
Hence, the proposed model has a better fit to the experi-
mental results for CC than for SB. In any case, the fit be-
tween the model and the experimental results for both
adsorbents is encouraging, and supports the accuracy of
the assumptions, equations, and calculated model
parameters.

Regarding the experimental breakthrough curves, the
slope of the SB curve is much steeper than the CC curve,
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Fig. 6 Breakthrough curves of ACT adsorption on SB and CC by varying the initial concentration
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Fig. 7 Experimental and predicted breakthrough curves for ACT adsorption on SB and CC

Table 4 Column parameters and error functions for experimental and simulated results

Operation parameters System Study toreak (Min) tsat (Min) e SSE (%) AAD R?
(mgg™
Q=15mLmin™" ACT-SB Exp 10.00 50.78 0.368 0.041 0.163 0.976
H=20cm '
C=601mglL"" Sim 1530 4212 0.341
ACT-CC Exp 2571 115.00 0377 0.010 0.121 0.996
Sim 27.58 104.39 0.372
Q=265mLmin"" ACT-SB Exp 5.04 3745 0.380 0.032 0.155 0.984
H=23cm )
C=502mgL"" Sim 13.97 3391 0.361
ACT-CC Exp 22.60 96.76 0421 0.012 0.175 0.994
Sim 2731 91.03 0429
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this corroborates that ACT adsorption on CC has a faster
transfer zone, as observed in all simulations. The most not-
able of these results is that according to the Aspen Adsorp-
tion” model, the adsorption capacity of ACT is higher when
CC is used compared with SB, and this is confirmed with
the experimental results, where CC has an adsorption cap-
acity greater than SB in all experimental studies. Further-
more, the adsorption capacity values obtained from the
predicted curves practically coincide with those obtained
from experimentation. This implies that the simulator
could be used to help establish which adsorbent has a
higher adsorption capacity for ACT removal, and thus rule
out those of lower efficacy. This in practice could save a
considerable amount of time, and above all economic re-
sources. Likewise, it would speed up the search for effective
materials for ACT removal from wastewaters. Certainly,
much more research is needed to define whether this is ef-
fective for other adsorbate-adsorbent systems, since the ad-
sorption capacity depends on many factors that are outside
the scope of the Aspen Adsorption® simulator.

Conclusions

A model made up of the mass balance, linear lumped re-
sistance model, and Langmuir isotherm was proposed in
Aspen Adsorption® to determine the breakthrough curves
of ACT adsorption on sugarcane bagasse and corn cob,
and then compare adsorption capacity of both adsorbents.
Based on the results obtained, ACT has a slightly higher
affinity for the corn cob than for sugarcane bagasse. With
corn cob, saturation times and adsorption capacity ob-
tained are greater than sugarcane bagasse in all simula-
tions carried out. Breakthrough and saturation times are
longer when the column operates at low flow rates, large
bed heights, and low ACT initial concentrations for both
adsorbents. The maximum breakthrough and saturation
time were achieved at 1.5 mL min~ " of flow rate, 35 cm of
bed height, and 40 mg L™ ' of initial concentration for both
sugarcane bagasse and corn cob, while the highest adsorp-
tion capacity was achieved at 1.5mLmin ' of flow rate,
25 cm of bed height, and 80 mgL™" of initial concentra-
tion for both adsorbents. Experimental studies supported
the accuracy of the proposed model, stating that diffusion
mechanisms and especially Knudsen diffusion are pre-
dominant in the ACT adsorption with corn cob, while
surface and pore diffusions could be more relevant in the
system ACT- sugarcane bagasse. In addition, experimen-
tation established that the model predicted not only the
ACT outlet composition, but also the adsorption capacity
of sugarcane bagasse and corn cob, establishing that ACT
adsorbs better on corn cob. Aspen Adsorption® could be
used to extend the validity of the model with a number of
pharmaceutical compounds tested with different
adsorbents.
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Nomenclature

Notation

Cfinal concentration (mg L~ b,

Cjnitial concentration (mg L~ b,

Crconcentration of ACT adsorbed (mg L~ b,
d,diameter of the adsorbent particle (m).
Dcolumn diameter (m).

DKnudsen diffusion coefficient (m?s™1).
D,,molecular diffusion coefficient (m?s™1).

D effective pore diffusivity coefficient (m?s™ 1.
Daxial dispersion coefficient (m*s™').

Hbed height (m).

IP maximum adsorption capacity in the adsorbent (kmol
kg™ ).

IP.energy constant for component i (m® kmol ™ ').
mmass of adsorbent (g).

Mmolecular weight of the solution (kg kmol™ b,
Kiglobal mass transfer coefficient (s~ b,
kpexternal film mass transfer coefficient (ms” b,
kzenergy constant related to the heat of adsorption (L
mg™ ).

Ppressure across the bed (Pa).

gconcentration of adsorbate adsorbed (mgg™1).
g.amount of solute removed per unit mass of adsorbent
or adsorption capacity (mgg™').

Gqmaxmaximum adsorption of the solid phase in mono-
layer (mgg™ ).

Grotatotal amount of ACT adsorbed (mg).

Qflow rate of the solution (mL min™').

R, particle radius (m).

Vptotal treated volume (mL).

vinterstitial velocity of the solution (m s~ b,
vgsuperficial velocity of the solution (ms™ b,
wiload of contaminant removed (kmol kg™ ).
zdistance along the bed (m).

Greek Letters

pabulk density of the adsorbent (kg m™?).
ppdensity of the adsorbent particle (kg m™ 3.
pdynamic viscosity of the solution (kgm™*s™ ).
yform factor of the adsorbent particle.

&bed void fraction.

& particle porosity.
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