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Abstract:

This study presents experimental and simulation results for the adsorption of organic pollutants from real municipal wastewater
using anthracite-based activated carbon adsorption. This work combines experimental design to investigate adsorption
isotherms and kinetics with mathematical modeling to support process analysis and performance prediction for a fixed-bed
adsorption column. The results showed that a Sips-type adsorption isotherm model was the most suitable for describing the
adsorption curve (R?= 0.9782), with a saturation value of 156.38 mg/g, and the kinetic data of the adsorption of organic pollutants
followed a second-order kinetic model (R?= 0.8998). Based on the experimental results, a transfer-dispersion-adsorption model
was developed for a fixed-bed adsorption column to simulate the breakthrough curve and evaluate the dynamic performance of
the adsorption process. The proposed model was used to predict column efficiency and service life, and to evaluate the impact
of key design and operational variables (interfacial flow velocity, adsorbent bed height, and inlet pollutant concentration),
providing valuable insights for process design and scaling. The integrated experimental modeling framework demonstrated the
feasibility of selecting a fixed-bed adsorber for efficient treatment of real municipal wastewater. The current adsorbent emerged
as a promising adsorbent for this type of treatment and performed successfully in simulation scenarios of fixed-bed adsorption
units for various wastewater treatment applications.

Keywords:
Anthracite-based activated carbon adsorption; Breakthrough curve prediction; Fixed-bed adsorption column; Municipal
wastewater treatment; Organic matter removal; Process modeling and simulation.

Highlights: Article History:

e Adsorbent was used to reduce the organic load on municipal | Received: 01 Apr. 2026
wastewater. Received in revised form: 20 Apr. 2026

e Adsorption was analyzed using equilibrium, kinetic, and | Accepted: 18 May 2026
diffusion models. Final Proofreading: 28 Sep. 2026

e Batch-derived parameters were used to build a fixed-bed | Available online: 15 Oct. 2026

column model. —
e Effects of flow rate, particle size, influent concentration, and Citation:
bed height were assessed. Awad NA, Dawood MA, Kamal SK, Abbas AS, Taresh AA, Shabanian

e Breakthrough curves quantified the performance of fixed-bed | SR, RavankhahV.Integrated Experimental and Modeling Study of
Organic Pollutants Adsorption from Real Municipal Wastewater

rption.
adsorptio * Using Anthracite-Based Activated Carbon. Tikrit Journal of
Corresponding Author™: Engineering Sciences 2026; 33(3): 3136.
Ammar S. Abbas B4 ) )
d. nhttps://doi.org/10.25130/tjes.33.3.2

Chemical Engineering Department, College of Engineering, Baghdad University,
Baghdad, Iraq.

© This Is an Open Access Article Under the cc by License. http://creativecommons.org/licenses/by/4.0/



http://creativecommons.org/licenses/by/4.0/
https://iasj.rdd.edu.iq/
https://doi.org/10.25130/tjes.33.3.2
https://orcid.org/0009-0008-9920-4420
https://orcid.org/0009-0006-3638-0529
https://orcid.org/0009-0002-1150-8259
https://orcid.org/0000-0002-2781-0762
https://orcid.org/0009-0002-6740-6091
https://orcid.org/0000-0002-1303-7705
https://orcid.org/0000-0001-7678-0574
mailto:noor.ahmed23@ntu.edu.iq
mailto:maha.adnan@ntu.edu.iq
mailto:sanaryakamal1607m@coeng.uobaghdad.edu.iq
mailto:ammarabbas@coeng.uobaghdad.edu.iq
mailto:alialnsire@yahoo.com
mailto:shabanian@nit.ac.ir
mailto:v.ravankhah@smail.kut.ac.ir
mailto:ammarabbas@coeng.uobaghdad.edu.iq

! Noor A. Awad, Maha A. Dawood, et al. / Tikrit Journal of Engineering Sciences 2026; 33(3): 3136. !‘

1. INTRODUCTION

Water is one of the most important resources
for all known life forms and is essential to
supporting global development sectors. This
includes its use in multiple fields, including
domestic use, agriculture, industry, and energy
production, which produce large quantities of
polluted water, thus making access to clean
water a key factor in achieving the United
Nations Sustainable Development Goals [1].
Providing clean water is vital for achieving
sustainable development and protecting
human health and the environment. Thus, with
the passage of time and population growth, the
need to treat polluted wastewater has increased
to provide clean water suitable for reuse and to
reduce the negative effects of pollutants on
various ecosystems [2]. Municipal wastewater
contains a complex mixture of organic
pollutants that pose serious health challenges
and environmental risks. Municipal wastewater
typically contains various hydrocarbons [3],
phenolic compounds [4], pharmaceuticals and
personal care products [5], endocrine-
disrupting chemicals [6], pesticides, and
microplastics that act as vectors for other toxins
[7]. Wastewater can be considered severely
polluted if the values of both the chemical and
biological oxygen demand (COD and BOD) rise
to several hundred or even thousands of
milligrams per liter (mg/L) [8]. Strict
international regulations regarding wastewater
are now being implemented worldwide, due to
the environmental and health risks posed by
organic pollutants [9]. With the aim of
promoting public human health protection, the
World Health Organization (WHO)
recommends limits of between 100 and 125
mg/L for COD and more conservative levels for
BOD, ranging between 20 and 30 mg/L, and
limits for total suspended solids (TSS) of 30
mg/L, for wastewater from industrial and
agricultural activities [10]. In Iraq, regulations
governing surface water waste disposal have
stricter requirements than those set by the
WHO for COD. Local Iraqi regulations stipulate
a COD of 100 mg/L or less; however, they have
a slightly broader BOD range (up to 40 mg/L),
and no more than 60 mg/L of TSS for industrial
wastewater to be discharged to the surface
waters. Nowadays, compliance with local
standards and the development of wastewater
treatment units are essential to eliminate
pollutants and the environmental burden they
cause; they have become a vital element in the
sustainable water economy, facilitating the
reuse of water in agriculture and industry, and
even indirectly for the reuse of drinking water
in some areas [11]. Wastewater treatment
technologies are generally classified into
biological, chemical, and physical processes
[12]. Biological wastewater treatment processes
rely primarily on microbial metabolism, where
microorganisms convert biodegradable organic

pollutants into simpler, less harmful end
products [13]. However, these processes are
limited in terms of treatment speed and can be
affected by the concentrations of certain
pollutants, which may be present at levels lethal
to microorganisms [14]. Chemical treatment
methods involve the direct or indirect use of
chemicals to promote pollutant removal, but
they can also produce secondary pollutants,
such as chemical sludge, and potentially
hazardous byproducts [15,16]. Physical
treatment techniques rely on the principles of
physics to separate pollutants from wastewater,
such as sedimentation, filtration, flotation,
membrane separation, and adsorption
techniques [17]. The adsorption process relies
on trapping pollutants on the surface of
adsorbent solids using van der Waals forces,
chemical reactions, or a combination of both.
Adsorption technology has proven highly
efficient in removing various organic pollutants
such as dyes, pharmaceuticals, phenolic
compounds, and pesticides [18,19]. Several
potential adsorbents for specific pollutant
removal have been investigated, such as zeolites
[20,21], starch-based polymers [22,23], bio-
composites [24], and various types of activated
carbon (AC) [25—-27]. AC remains the most
well-known and widely used adsorbent for
removing organic pollutants and dyes [28,29].
Various types of AC have been prepared from
different sources, industrial byproducts, and
agricultural waste [30—32]. In this context,
anthracite has emerged as a practical and less
expensive alternative with good mechanical
and surface properties. Experimental evidence
has shown that raw anthracite is able to
effectively remove organic matter from
domestic wastewater under continuous flow
conditions [33], with stable performance in
fixed-bed systems due to its structural
durability [34]. Anthracite-based activated
carbon (ABAC) has emerged as a promising and
low-cost adsorbent due to its high porosity,
large surface area, and mechanical stability
[33,35]. Materials suitable for wuse in
continuous, fixed-bed adsorbents are attractive
areas for research and development [36]. This
process-focused study aims to evaluate the
performance of ABAC as a potential adsorbent
for treating municipal wastewater collected
from a wastewater treatment plant serving a
residential area. The study includes a
preliminary characterization of  the
commercially available suggested adsorbent
(ABAC) in terms of its surface area and pore
volume. The study also involves a
comprehensive experimental investigation to
understand the adsorption behavior of ABAC
for COD under typical operating conditions, by
determining the equilibrium adsorption
isotherms and adsorption kinetics. Following
this, a mathematical model will be developed,
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utilizing the laboratory results, to simulate a
proposed fixed-bed continuous adsorption
column. The proposed modeling framework
will be used to predict the influence of
wastewater interfacial velocity, column bed
height, and inlet pollutant concentrations on
the behavior of the breakthrough -curves,
column efficiency, and adsorption operating
time. The simulation results will provide
analytical support for process and design
considerations and will evaluate the expected
performance of adsorption columns used in
real-world municipal wastewater treatment
applications.

2. EXPERIMENTAL WORK

The adsorption performance of ABAC to reduce
organic load (measured as COD, mg/L) was
studied from real municipal wastewater
samples collected from a municipal wastewater
treatment unit serving a residential area in
Kirkuk, Iraq. The ABAC was washed with
deionized water until the washing water
remained clear, removing any impurities and
fine particles. The washed ABAC was then dried
in a laboratory oven at 105°C for 2 hours to
remove all moisture and stored in a desiccant
until used. The ABAC of a particle size range of
0.06—1.2 mm was selected for the adsorption-
based COD removal from wastewater. The
essential properties of the adsorbent, such as
surface area and pore size, were also
determined using N, adsorption/absorption
analysis using the Micromeritics ASAP 2020
device located at the Petroleum Research and
Development Center of the Ministry of Oil
(Iraq). Batch experiments to study adsorption
equilibrium using adsorption isotherms were
conducted by contacting various ABAC doses
(0.25 to 2.00 g/L) with a constant COD
concentration (156 mg/L) in municipal
wastewater under constant agitation via a
shaker (150 rpm) at ambient conditions until
equilibrium was reached after 24 h. The COD
amount adsorbed per weight of ABAC
adsorbent at equilibrium (q.) was calculated
using Eq. (1).

V
q.=(C,~C)x— (€Y
m

Where e represents the equilibrium
concentration of adsorbate in the adsorbent
phase (mg adsorbate/g adsorbent), C, is the
initial concentration of ABAC in the fluid phase
(mg/L), Ce is the equilibrium concentration of
adsorbate in the liquid phase (mg/L), V is the

volume of fluid phase (L), and m is the mass of
the adsorbent (g).

The adsorption kinetics were also studied by
monitoring the COD concentration over time
(Cy) for up to 2 h, using 1 gram of ABAC per liter
of wastewater. For all samples examined, 5 ml
of the sample was withdrawn and filtered, and
the residual COD concentration was then
measured using the closed-loop reflux
colorimetry method with a DR6000
spectrometer. The resulting data were then
analyzed using multiple isothermal and kinetic
models to gain a deeper understanding of the
adsorption process.

3.RESULTS AND DISCUSSION

The results of pore structure characteristics
tests, obtained using nitrogen adsorption-
desorption techniques, indicated that the
surface area and pore volume of ABAC are
1264.28 m2/g and 0.6422 cm3/g, respectively.
The high surface area and suitable pore volume
strongly suggest the potential of this material as
a promising adsorption medium for organic
pollutants from real wastewater. The
adsorption phenomenon at equilibrium was
studied by developing a suitable isotherm
equilibrium model to describe the relationship
between the equilibrium concentration (Ce) of
the organic load, as an indicator of the COD,
and the amount of organic matter adsorbed
onto the surface of the adsorbent. Figure 1
shows the experimental results for the
equilibrium capacity (qe), which is directly
proportional to the C. (black points), while the
colored curves correspond to different
adsorption isotherm models used to interpret
the adsorption behavior. The experimental
results showed that the adsorption capacity was
low at an equilibrium concentration (51.5
mg/L), which was obtained using the highest
amount of ABAC (2 g). This is attributed to the
presence of an excess of adsorbent required for
the adsorption of organic material. Conversely,
the equilibrium concentration increases as the
amount of adsorbent decreases, leading to an
increase in the equilibrium adsorption capacity
to its highest value (286.96 mg/g), which was
recorded using the lowest tested amount of
adsorbent (0.25 g per liter). These results
showed good agreement with the previously
reported [37]. This tendency suggests that the
driving force for mass transfer becomes
stronger as the concentration gradient between
the solution and the adsorbent surface
increases [38].
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3.1.The Adsorption Isotherm Models

The two-parameter isotherms, which are widely
recognized, were selected to characterize the
adsorption of organic matter (as COD) on ABAC
[39, 40]. The isotherm models employed
include Langmuir, Freundlich, Temkin,
Dubinin-Radushkevich (D-R), and Sips
models. All calculated values of the models'
parameters were listed later in Table 1.
3.1.1.Langmuir Adsorption Isotherm
Model

The Langmuir adsorption isothermal model
(LAIM) [41] is an empirical construct that
posits that adsorption occurs exclusively at a
finite number of specific sites, with no lateral
interactions occurring among the adsorbed
molecules. LAIM is represented by a non-linear
equation as demonstrated in Eq. (2).

— qmaxbce
9e 1+bC,

Where q. denotes the quantity of adsorbate in
the adsorbent at equilibrium (mg/g), qmax
represents the maximum monolayer coverage
capacity (mg/g), and b signifies the constant of
LAIM or the energy or net enthalpy of
adsorption (L/mg).

The LAIM proved inadequate for accurately
analyzing the adsorption of COD onto ABAC.
The computed coefficient of determination (R2)
was 0.4418 and a high root mean square error
(RMSE) value (55.29 mg/g), indicating a poor
fit to the experimental data, and that the model
is inapplicable in elucidating the adsorption
processes under the conditions investigated.
Furthermore, the maximum adsorption
capacity (374.73 mg/g) calculated was

(2)

60

T T T T T T T T T T

70 80 920

C,, mg/L

Fig. 1 Equilibrium COD Adsorption Capacity Versus the Initial Concentration
After 24 h of Adsorption At 25 °C.

excessively high, further substantiating that the
LAIM is not a suitable representation.
3.1.2.Freundlich Adsorption Isotherm
Model
The non-ideal and reversible adsorption
phenomena within multilayer heterogeneous
adsorption  contexts are quantitatively
represented by Freundlich adsorption isotherm
model (FAIM) [42] as in Eq. (3).

qe — KFCel/n (3)
wherein Kr signifies the Freundlich constant
indicative of the relative adsorption capacity
(mg/g), and n denotes the heterogeneity factor
that characterizes the adsorption intensity. The
FAIM exhibited inadequate performance when
aligned with the experimental data, yielding a
relatively low correlation coefficient of 0.4419
as an R2 value, and a high RMSE value (55.82
mg/g), as shown in Table 1.
3.1.3. Temkin Adsorption Isotherm
Model
The Temkin adsorption isotherm model
(TAIM) posits a linear relationship between the
heat of adsorption of all molecules within the
layer and the extent of coverage, stemming
from the interactions between adsorbent and
adsorbate. The model can be expressed as in Eq.
(4) [43].

QE = E ln kTCe
by

kr represents the equilibrium binding constant
of the Temkin isotherm (L/g), universal gas
constant (8.314 J/mol K), T represents
temperature in K, and br: Temkin isotherm
constant, while B = RT/br denotes a constant
that correlates with the heat of adsorption. The

4)
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TAIM exhibited a commendable fit to the
experimental data, achieving an R2 value of
0.9582 and a relatively low RMSE value (15.13
mg/g). The derived constants were B = 488.27
and kr = 0.02166 L/g as shown in Table 1. The
comparatively high R2 value substantiates the
existence of adsorbent-adsorbate interactions
within the adsorption process.
3.1.4.Dubinin-Radushkevich (D-R)
Adsorption Isotherm Model
The D-R adsorption isotherm model (DRAIM)
is an empirical framework that articulates the
dynamics of the adsorption process, which
occurs following the establishment of a pore-
filling mechanism [44], as shown in Eq. (5).
2
q, = qsefK“dg (5)
gs denotes the theoretical saturation capacity
(mg/g), Kaa is the constant associated with the
mean free energy of D—R isotherm constant
adsorption (mol2/kJ2), and € represents D—R
isotherm constant. The DRAIM also provided
an excellent fit to the experimental data,
achieving an R2 value of 0.9698 with RMSE
equal to 12.86 mg/g. The determined saturation
capacity (qs) was 859.06 mg/g, and the Kag
constant was 1186.91 mol2/kJ2. The apparent
energy of adsorption (E) was calculated using
Eq. (6).
1

T2k, (©)

where Kaq is the D-R constant (mol2/kJ?), the
computed mean adsorption energy was
20.5J/mol. The low positive value of E,
alongside the reported heat of physical
adsorption in the liquid phase, is consistent
with the existing literature [45].

3.1.5.Sips Adsorption Isotherm
Equation

The Sips adsorption isotherm model (SAIM)
constitutes a composite formulation that
integrates elements of both LAIM and FAIM, as
expressed in Eq. (7).

(KSCe )nx
1+(K.C,)" ) )

Where K, represents the Sips model constant in
L/mg, and ns denotes the exponent of the SATM.
Among the investigated models, the Sips
isotherm provided the best fit to the adsorption
isotherm experimental data, as indicated by the
highest correlation coefficient (R2 = 0.9782)
and the lowest RMSE value (10.94 mg/g), as
shown in Table 1.

The maximum adsorption capacity (qmax) was
determined to be 156.38 mg/g, with the Sips

equilibrium constant (Ks) quantified at
0.001019, and the heterogeneity exponent (ns)
measured at 3.42.

Table 1 Constants for Each of the Equilibrium

Isotherm Models and R2.
Isotherm Model Parameter R2,- RMSE,

model parameters value mg/g
qm, (mg/g)  374.73

LAIM ¢ (/mg)  558E-08 04418 55:29
Kr, (mg 2.09

FAIM In/g) 0.4419 55.82
n, (-) 1.00
RT/br=B, 488.2725

TAIM J/mol 0.9582 15.13
In kr,krinl/g 0.02166
ao, (mg/g)  859.0602

DRAIM é";‘)l P 1186.908 ;9608 12.86

E, (J/mol) 20.525

gs, (mg/g)  156.38
SAIM Ks, (1/mg) 0.001019 0.9782 10.94

ns, () 3.42

3.2.Adsorption Kinetics

The kinetics pertaining to the adsorption of
organic matter onto ABAC were examined by
monitoring the concentration of the organic
pollutants in the treated wastewater over time
(Cv), and the organic removal was obtained, as
illustrated in Fig. 2. The results indicate that
removal efficiency increased sharply during the
first 30 min (reached 45.7%), then gradually
increased until it reached 60.1% after 120 min
from the start of the adsorption process. No
significant increase in the organic pollutants’
removal was observed after two hours, up to
180 minutes, achieving a consistent removal
efficiency of 63.5%, alongside a residual organic
concentration in the treated wastewater of 54
mg/L (as COD). The fact that the removal
and/or concentration values remained almost
constant at the end of the kinetic equilibrium
experiment confirms the claim that equilibrium
was fully achieved. The two kinetic models
utilized, the pseudo-first order (PFO) and
pseudo-second order (PSO), were applied to the
experimental data, as shown in Egs. (8) and (9)
were solved through linear regression
employing the least-squares method to
determine the adsorption rate constants (ki
and k) for each model (46, 47).

dq q

ey 4g.—q) (8)
dq 2

A _ k(g —

where q. and q; signify the adsorption capacity
of the organic matter at equilibrium (mg/g) and
the adsorption capacity at any given time, both
were in mg/g. k, as the PFO adsorption rate
constant (1/min), and k. as the PSO adsorption
rate constant (g/mg.min).
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Fig. 2 Concentration and The Removal of Organic Matter in Relation to Time.

Table 2 Rate Constant Values for the Adsorption of Organics on ABAC.

ﬁ(ls‘;);iptmn kinetic Model rate constant Rate constant value qe, mg/g R2, - RMSE, mg/g.min.
PFO ki, 1/min 0.048465 87.82 0.7108  6.55
PSO k2, g/mg min 0.000686 99.43 0.8998 3.86

The adsorption kinetics of organic matter on denoted by C(z,f) (mg/L) while the

ABAC conformed predominantly to a PSO
model, exhibiting a high R2 value (0.8998) with
relatively lower RMSE compared to PFO, as
summarized in Table 2. In an environmental
context, the PSO kinetic model -effectively
characterized the adsorption data of organic
matter from aqueous solutions [48].
3.3.Mathematical Model Development
The dynamic behavior of the fixed-bed
adsorption column was described using the
advection—dispersion—adsorption model
(ADAM). The ADAM is derived by applying a
differential mass balance over a representative
volume element of the packed bed. The
accumulation of solute in the liquid phase is
balanced by axial dispersion, convective
transport, and adsorption onto the solid phase.
The accumulation term can be written as Eq.

(10).
(10)

The convective flux is described using Fick's law
combined with advective transport as Eq. (11).

Flux = oc (11)

-D, —+vC
“ 0z
Combining these terms with the solid-phase
accumulation yields the governing transient
mass balance for the solute in the packed bed
presented in Eq. (12). The model considers axial
dispersion, convective transport in the fluid
phase, and adsorption kinetics within the solid
phase. The liquid-phase concentration is

Accumulation =g, o
ot

solid-phase loading is denoted by ¢(z,?)
(mg/g). The axial coordinate and time are
represented by Z (m) and / (min), respectively.

oC ’c acC g
= - 5 (2

& = T —-(1-&)p,
where &, is the bed porosity (0.4), D, is the

ot “ 9z Y 0z

axial dispersion coefficient (m2/min), v is the
interfacial velocity (m/min), and P, is the

apparent particle density (1188 g/L). The last
term represents the rate of mass transfer from
the fluid phase to the solid phase.

The equilibrium relationship between the
liquid-phase concentration and the adsorbed
phase was represented using the SAIM Eq. (7).
The adsorption rate was described using the
PSO kinetic model (Eq. (9)).

The adsorption column was initially assumed to
be free of solute, C(z,0) =0, and ¢(z,0)=0
. Constant concentration was imposed at the
column inlet C(0,7) =C, (156 mg/L), while a

zero-gradient condition was applied at the

2€ _y

0z

outlet
z=L

The dynamic performance of the adsorption
column was evaluated using the breakthrough

curve defined as C,, / C,, . The breakthrough
time (tp), saturation time (ts), and total time (t;)

corresponding to selected ratios (5, 10, 50, and
90%) were determined. The mass transfer zone
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(MTZ) was determined using Eq. (13), the
dynamic adsorption capacity (gq,,, ) of the

column was calculated as Eq. (14), and the
column efficiency 77 (%) was calculated by Eq.

(15).

t
MIZ =L|1- % (13)
t

S

qd)’” = mg J- (Cin - Cout) dt (14)

s

MTZ
n,%:[l—TJ x 100 (15)

Where Qis the volumetric flow rate (L/min),

mis the adsorbent mass (g), and L is the

adsorbent length (m).

The convective term was approximated using
an upwind finite-difference scheme, while the
axial dispersion term was evaluated using a
second order central difference approximation.
The resulting stiff ordinary differential
equation system was integrated in time using
the "solve_ivp" solver in Python (SciPy) with an
implicit algorithm suitable for stiff problems.
The inlet concentration was imposed as a
Dirichlet boundary condition, while a zero-
gradient condition was applied at the column
outlet. The numerical solution provided the
breakthrough curves along the adsorption time,
as shown in Figs. 3 to 5, for the design
parameters studied, which were: liquid
interfacial velocity, adsorber bed height, and
inlet organic pollutants concentration.
3.4.1.Effect of Liquid Interfacial
Velocity (v)

The effect of liquid interfacial velocity on the
dynamic performance of the adsorption column
was investigated via simulation, and the results
were illustrated in Fig. 3. Table 3 summarizes
the important design values. The breakthrough
time decreased, and the slope of the adsorption
front increased with increasing fluid velocity
from 0.0125 to 0.0313 m/min, as shown in Fig.
3. Explicitly, the adsorption layer remained
effective for a much longer period before
breakthrough began at the lowest velocity,
while at the highest interfacial velocity, the
column approached saturation much earlier.
This behavior is physically expected, as
increasing the linear interfacial velocity of the
fluid through the packed adsorption column
reduces the residence time within the
adsorption bed, decreases the contact time
between the contaminating fluid and the ABAC
(adsorbent), and simultaneously limits the time
available for outward mass transfer and particle
adsorption. Under these conditions, a faster
propagation of the adsorption front is observed,
and the adsorption bed reaches saturation
sooner. The same trend was reported in a

previous study of the adsorption of
ciprofloxacin, bisphenol A, oily wastewater, and
lead (II), where those studies indicated that a
higher flow rate accelerates breakthrough and
depletion because the solute has less time to
diffuse into the porous structure of the
adsorbent [49, 50]. The numerical results
(Table 3) also show a gradual increase in the
length of the mass-transfer zone with
increasing velocity. As the interfacial velocity
increased, the calculated MTZ value increased
from 0.292 to 0.556 m, indicating a stretching
of the mass transfer front relative to the length
of the adsorption bed at higher velocity. This is
scientifically logical, as a short contact time
already reduces the solute's ability to achieve
local equilibrium with the heterogeneous
adsorption sites described by the SAIM, while
the kinetic formula of PSO still imposes a
limited adsorption resistance. Consequently,
the adsorption zone expands and moves more
rapidly through the adsorption column. The
results also showed a slight increase in the
dynamic adsorption capacity, gayn, from 4.45 to
5.09 mg/g, indicating an improvement in the
adsorption bed utilization per unit mass before
reaching saturation with a moderate increase in
fluid flow velocity. However, the operating time
becomes significantly shorter, and the column
efficiency decreased from 70.8% at the lowest
velocity to 44.4% at the highest interfacial
velocity.

3.4.2.Effect of Adsorber Bed Height (L)
The simulated results of the effect of adsorber
bed height on breakthrough characteristics
were plotted in Fig. 4, and the numerical results
were summarized in Table 4. Increasing the
adsorber bed height from 0.60 to 1.00 m
resulted in a clear shift in the breakthrough
curves towards a longer operating time range,
with a noticeable delay in both breakthrough
and approach to depletion. This classic
response indicated that as increasing the bed
height leads to an increase in the amount of
adsorbent and consequently an increase in the
number of active adsorption  sites.
Furthermore, higher bed heights provide a
longer transport distance for the adsorption
front and increase the effective contact time
between the pollutant and the adsorbent phase.
This behavior is highly consistent with the
behavior reported previously [49,51], where
increasing the adsorbent bed height resulted in
delayed breakthrough curves and thus the
ability to treat larger volumes of contaminated
wastewater before depletion. The absolute MTZ
length increased slightly with the height of the
adsorption bed, the MTZ/L ratio decreased
(Table 4), causing an increase in the adsorption
column, allowing for the efficient use of a larger
portion of the adsorbent before breakthrough
occurred. Moreover, a delay in breakthrough
and saturation times was observed when the
height of the adsorbent bed increased from
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0.60 to 1.00 m, as shown in Fig. 4 and Table 4.
The estimated MTZ increased from 0.36 to 0.45
m2 with increasing adsorption ABAC bed
height, thus providing more active adsorption
sites and a longer axial distance for progressive
adsorption, which improved the efficiency of
the adsorption column. Conversely, the
calculated qayn value decreased slightly from

5.67 to 4.97 mg/g with increasing adsorption
bed height. The higher adsorption bed
performance does not necessarily mean it was
worse; this is a common outcome in fixed-bed
adsorption systems, especially when a portion
of the deeper bed remains unused until later
stages of operation [52].

1.0
0.8
0.6 —
o
E i
o _
0.4 -
0.2 —— v=0.0125 m/min.
7 — v=0.0188 m/min.
] — v=0.0250 m/min.
| — v=0.0313 m/min.
0.0 T L B e o e o N
0 500 1000 1500 2000 2500 3000 3500 4000
Time, min.

Fig. 3 Simulated Breakthrough Curves Using ADAM Under Different Liquid Interfacial Velocity for 1
m Adsorber Bed Length And 156 mg/L Inlet Concentration.

Table 3 Effect of Liquid Interfacial Velocity for 1 m Adsorber Bed Height And 156 mg/L Inlet

Concentration.
Vv, m/min tb, min ts, min tr, min MTZ, m MTZ/L, - Qdyn, Mmg/g n, %
0.0125 1770 2500 2135 0.292 0.292 4.45 70.8
0.0188 1120 1800 1460 0.378 0.378 4.57 62.2
0.0250 810 1550 1180 0.477 0.477 4.92 52.3
0.0313 600 1350 975 0.556 0.556 5.09 44.4
1.0 |
0.8 H
0.6 -
£ 4
@] N
=
g -
(&) 4
0.4
0.2 H
7 — L=0.60m
7 — [=0.80m
i — [=1.00m
00 I‘I"’I_J"‘I""\""r""l‘"'I“"
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Fig. 4 Simulated Breakthrough Curves Using ADAM Under Different Adsorber Bed Heights For
0.0188 m/min. Liquid Interfacial Velocity and 156 mg/L Inlet Concentration.
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Table 4 Effect of Adsorber Bed Height for 0.0188 m/min Liquid Interfacial Velocity and 156 mg/L

Inlet Concentration.

L, m th, min ts, min tr, min MTZ, m MTZ/L, - qdyn, Mg/g n, %
0.60 620 1550 1085 0.360 0.60 5.67 40.0
0.80 870 1800 1335 0.413 0.52 5.23 48.4
1.00 1120 2050 1585 0.454 0.45 4.97 54.6

3.4.3.Effect of Inlet Concentration (Co)

Column simulated breakthrough curves were
found to vary with influent organic matter
concentration (as COD), as depicted in Fig. 5,
and the essential numerical design values were
tabulated in Table 5. The results clearly
indicated a shift in the breakthrough, resulting
in a marked decrease in breakthrough time, as
the inlet concentration of organic pollutants in
the wastewater increased from 100 to 400
mg/L. Higher inlet adsorbate concentrations
cause faster saturation of the adsorption bed
due to an increase in the mass transfer driving
force (concentration difference) between the
liquid and the adsorbent surface, which
enhances the apparent mass transfer rate and
leads to faster occupancy of the active
adsorption sites available near the inlet of the
adsorption bed. Although increasing the
concentration difference  correspondingly
accelerates adsorption bed saturation and

reduces the effective operating time of the
column. This is consistent with previous work
[53], where using an inlet with a high adsorbate
concentration resulted in steeper curves and
shorter breakthrough and depletion times due
to faster saturation of active sites and a
narrower apparent breakthrough region.
Numerically (as shown in Table 5), increasing
the feed concentration from 100 to 400 mg/L
reduced the approximate breakthrough time
from about 1770 min to 390 min, with a
simultaneous reduction in the near-exhaustion
time from about 2500 min to 1100 min. The
observed acceleration in saturation again arises
from concentration effects and not from
hydrodynamic changes in the constant
Reynolds number. The driving force of localized
mass transfer increases due to the greater
concentration gradient at the bed inlet, and it
rapidly occupies available sites, explaining the
steeper fronts clearly observed in Fig. 5.

1.0
0.8 -
06 -
£ 4
O ]
‘g ,
o N
04 -

| —— Cin= 100 mg/L

02 - —— Cin= 150 mg/L

. —— Cin=200 mg/L

§ Cin= 400 mg/L

0.0 —

0 500

Time,

1000 1500 2000 2500 3000 3500 4000

min.

Fig. 5 Simulated Breakthrough Curves Using ADAM Under Different Inlet Concentrations For 1 m
Adsorber Bed Height and 0.0188 M/Min Liquid Interfacial Velocity.

Table 5 Effect of Inlet Concentration for 1 m Adsorber Bed Height and 0.0188 m/min Liquid

Interfacial Velocity.
Cin, mg/L th, min ts, min tr, min MTZ, m MTZ/L, - qdyn, mg/g n, %
100 1770 2500 2135 0.292 0.292 4.46 70.8
150 1120 1800 1460 0.378 0.378 4.57 62.2
200 810 1550 1180 0.477 0.477 4.93 52.3
400 360 1100 730 0.673 0.673 6.10 32.7
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3.4.4.Design Implications and Bed
Utilization

Figures 3, 4, and 5 confirm the expected
dynamic design logic for fixed-bed operation:
lower velocity, greater bed height, and lower
influent concentration favor longer service time
before breakthrough. This conclusion is in good
agreement with the reference ciprofloxacin
study (30). Nevertheless, the present curves
appear more strongly fronted, which is
plausibly related to the use of the SAIM/PSO
framework rather than the LAIM/PFO
combination adopted in the attached work. The
sharper fronts in the present simulation suggest
a stronger sensitivity of uptake rate to local
concentration and remaining site availability,
which may be advantageous for parametric
design but should ultimately be validated
against experimental breakthrough data before
final scale-up. From a process design
perspective, column efficiency is closely related
to bed utilization efficiency. High efficiency
values indicate that most of the adsorbents in
the column actively participate in the
adsorption process before breakthrough
occurs. Conversely, low efficiency values
indicate that a significant portion of the ABAC
bed remains unused at the time of
breakthrough. The results obtained in this
study clearly demonstrate that operating
conditions that minimize the relative size of the
MTZ lead to improved bed utilization. Lower
velocities and larger bed heights are therefore
desirable for maximizing column efficiency and
extending operational lifetime.
4.CONCLUSIONS

ABAC demonstrated remarkable efficiency and
promise as an adsorbent for real-world
municipal wastewater treatment. Batch
adsorption experiments showed that the SAIM
model accurately described equilibrium
behavior, reflecting the heterogeneous surface
nature and the multiple adsorption
mechanisms associated with organic matter as
measured by COD. The maximum adsorption
capacity reached 156.38 mg/g, a direct
indicator of ABAC's ability to remove a complex
mixture of organic pollutants. In terms of
kinetics, PSO model proved to be the most
consistent with the data, indicating that the
process rate is governed more by the availability
of active sites than solely by diffusion
mechanisms. A mathematical model based on
experimental parameters was developed to
simulate the behavior of a fixed-bed adsorption
column. The  simulation  successfully
reproduced the breakthrough curves under
various operational variables, such as flow
velocity, bed height, and incoming pollutant
concentration. These results allowed for the
estimation of key design parameters such as ty,
MTZ, dam, and column efficiency, which
reached 70.8% under optimal operating
conditions, reflecting the promising efficiency

of ABAC material in the adsorption of organic
pollutants on an industrial scale.

NOMENCLATURE

b LAIM constant or the energy or net enthalpy of
adsorption, L/mg

br Tembkin isotherm constant

Ce Equilibrium concentration of adsorbate in the liquid
phase, mg/L

Co Initial concentration of ABAC in the fluid phase, mg/L

ki PFO adsorption rate constant, 1/min

ko PSO adsorption rate constant, g/mg.min

Kad D-R isotherm constant adsorption, mol2/kJ2

Kr Freundlich constant indicative of the relative adsorption
capacity, mg/g

Ks Sips model constant, L/mg

kr Equilibrium binding constant of the Temkin isotherm

L Adsorbent length, m

m Mass of the adsorbent, g

ns Exponent of the SAIM

qe Equilibrium concentration of adsorbate in the

adsorbent phase, mg/g
gmax  Maximum monolayer coverage capacity, mg/g

gs theoretical saturation capacity, mg/g
0 Volumetric flow rate, L/min
t time, min
T Temperature, K
\4 Volume of fluid phase, L
Greek symbols

&, Bed porosity

Vv Interfacial velocity, m/min

p Apparent particle density, g/L
P

Subscripts
b breakthrough curves
S Simultaneous reduction in the near-exhaustion
t Total exhaustion
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