Makama, Sadiq & Saidu; njcr 29(1) 2024, 062 - 081 https://dx.doi.org/10.4314/njcr.v29i1.5

Modelling of Fixed Bed Adsorption of Ciprofloxacin on ZnClz-Activated Carbon
Derived from Typha australis Grass

A. B. Makama*!, M. A. Sadiq 72, and S. A. Saidu 3

1
Department of Chemical Engineering Technology, The Federal
Polytechnic, Nasarawa, Nigeria

2Department of Science Laboratory Technology, The Federal Polytechnic, Nasarawa, Nigeria
3Department of Chemistry, Federal University, Gashua, Nigeria

ABSTRACT

Fixed-bed adsorption has emerged as a widely employed industrial application in
wastewater treatment processes. Various low-cost adsorbents have been stud- ied
for their applicability in treating wastewater. In this study, the potential of ZnCl»-
activated carbon (TAAC) from Typha australis grass was investigated for
ciprofloxacin (CIP) removal from synthetic wastewater in a fixed-bed adsorption
column. The effect of flow rate (0.5 - 2.0 mL/min), bed height (5 - 10 cm), and
initial drug concentration (25 - 100 mg/l) on the behavior of breakthrough curves
was explained. Breakthrough time decreased with increasing flow rate and inlet CIP
concentration but increased with increasing adsorbent bed height. Breakthrough
curve analysis showed that CIP adsorption onto the TAAC material was most ef-
fective at a flow rate of 0.5 mL/min, inlet CIP concentration of 25 mg/L, and at a
bed height of 10 cm. The maximum adsorption capacity of TAAC and removal effi-
ciency were found to be 8.2 mg/g and 59.3%, respectively. Four common fixed-bed
models were fitted to the breakthrough curves, and the Yan model displayed the

best fit to the experimental data (R2 > (0.98) across all conditions. These findings
suggest that TAAC, a low-cost material, has the potential to be a promising adsor-
bent for the sustainable removal of CIP from water. However, further testing with
surface modifications and real wastewater samples containing competitive anions is
necessary to validate the performance of TAAC for practical applications.
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INTRODUCTION

Antibiotic enters ecosystems through
Ciprofloxacin (CIP) is a widely used y 9

o L multiple athways, includin
broad-spectrum antibiotic crucial in P P y 9

. . . . manufacturin rocesses,  consumer
treating various bacterial infections®. g P

) ) misuse, excretion, and improper disposal
However, its prevalence in the

. : . methods?.  Numerous studies have
environment, particularly in  water

. detected CIP in wastewater and
sources, has become a growing concern.
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freshwater sources globally, including in
Nigeria®> 4, highlighting the widespread
nature of this contamination.

The environmental impact of

ciprofloxacin  extends beyond mere

contamination. Its presence in water
bodies contributes significantly to the
emergence and proliferation of antibiotic-
resistant  (AR)  pathogens®.  This
phenomenon poses a severe threat to
public health, as it renders previously
effective antibiotics ineffective against
certain  bacterial  strains®.  The
implications of antibiotic resistance are
severe and multifaceted. Infections
caused by resistant bacteria become
increasingly difficult to treat, often
requiring more expensive, toxic, or less
effective alternative antibiotics” 8. This
can result in prolonged illnesses,
increased mortality rates, and extended
hospital stays. Moreover, the economic
burden of AR s

encompassing higher healthcare costs, the

substantial,

need for more expensive drugs, and
potential productivity losses due to
prolonged illnesses® °.

Given these serious implications, the
removal of ciprofloxacin from water
sources has become a critical
environmental and public health priority.
One promising approach to addressing
this issue is the use of activated carbon
for ciprofloxacin adsorption. Activated

carbon (AC) is a highly porous material
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with an exceptional capacity to adsorb

organic compounds?t, including
antibiotics like ciprofloxacin*?. The
adsorption  process  involves the
attachment of pollutant molecules to the
surface of the activated carbon,
effectively removing them from the
water matrix® 13,

The efficacy of activated carbon in
ciprofloxacin ~ removal has been
demonstrated through various research
studies. These studies have explored the
use of activated carbon derived from
diverse sources, including: (i) graphene
hydrogel'3, (ii) carbon nanotubes®*, (iii)
Prosopis juliflora’®, and (iv) pumpkin
seeds®. Each of these sources has shown
promising results in the efficient
elimination of ciprofloxacin from water,
highlighting the versatility and potential
of activated carbon as a treatment
method.

The current study aims to build upon
this existing body of research by
investigating  the  adsorption  of
ciprofloxacin, an emerging contaminant,
in a fixed-bed system packed with ZnCl»-
activated carbon from Typha australis
grass'®. The effects of flow rate, bed
height, and initial CIP concentration were
evaluated for the process. Four Kinetic
models — Bohart-Adams, Clark, Yan, and
Yoon-Nelson — were applied to analyze
adsorption Kinetics, providing insights

into adsorption rates, capacities, and
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breakthrough times. By utilizing these
models, the study aims to provide a
detailed characterization of the adsorption
process, offering insights into the
efficiency and capacity of the activated
carbon for antibiotic removal. This
research contributes to the ongoing
efforts to develop effective and
sustainable methods for removing
antibiotics from water sources using low-
cost biomass adsorbent  material,
addressing a critical environmental and

public health challenge.

MATERIALS AND METHODS

Materials
Chemicals and Reagents

Analytical-grade hydrochloric acid and

sodium hydroxide which were sourced

https://dx.doi.orqg/10.4314/njcr.v29i1.5

from Honeywell Research Chemicals
distributors in Nigeria. Ciprofloxacin
hydrochloride, in the form of Ciprotab
USP 500 mg, was acquired from an
authorized pharmacy in Nasarawa State,
Nigeria. The molecular formula of
ciprofloxacin hydrochloride monohy-
drate is C17H18FN3OsHCI - H20, and its
chemical structure is depicted in
creffig:zwitterionic-ciprofloxacin  (a).
Double-distilled water was used to

prepare all solutions in the study.

ZnClz-Activated Carbon

Typha australis grass ZnCl,-activated
carbon produced and characterized in our
earlier work®® was used as the adsorbent
material. Some properties of the T.
australis- activated carbon (TAAC) are
given in Table 1.

Table 1: Characteristics of T. australis ZnCl,-activated carbon. Data from Makama et

al.(Makama et al., 2024)'6

Parameter Value

Powder size 37um

Specific surface area (SBET, N2) 4245m? gt
pHpzc 6.6

Density 410kgm

Vmicro 0.164cmigt

Vmeso 0.074cm?® g‘l

Pore size, DP 2.65nm

with two pKa values at pKa1 = 6.1 and pKa2 =
8.7. The predominant form of CIP varies

Zwitterionic Ciprofloxacin

Ciprofloxacin (CIP) is a zwitterionic compound
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depending on the pH of the environment.
Itis primarily cationic at pH <6.1, mainly
zwitterionic at pH between 6.1 to 8.7,
and predominantly anionic at pH >8.7.
Figure Fig. 1(b) illustrates this pH-
dependent speciation of CIP. At the

study’s working pH of 7.0, the

zwitterionic form of CIP (CIP¥) is the

dominant  species, accounting for
approximately 87.6% of the total CIP
present, as reported by Rodriguez Lopez

etal. (2021)*".

Artificial Ciprofloxacin Wastewater
The

solutions for the study involved two main

preparation of  ciprofloxacin

https://dx.doi.orqg/10.4314/njcr.v29i1.5

steps. First, a 1000 mg/L stock solution
was created by crushing two Ciprotab
USP 500 mg tablets into a fine powder,
dissolving it in double-distilled (DD)
water in a 1 L volumetric flask, and
adjusting the volume to exactly 1 liters,
This stock solution was then refrigerated
for later use. In the second step, artificial
CIP*-laden wastewater was prepared by
diluting the

stock solution to create working solutions
at concentrations of 25 mg/L, 50 mg/L,
and 100 mg/L using DD-water. The pH of
each working solution was carefully
adjusted to 7.0 = 0.2 using HCI and
NaOH, with a pH meter.

i
C—OH

HCI

X

% CIP Speciation

@)

(b)

Figure 1: (a) Chemical structure of ciprofloxacin hydrochloride monohydrate (Aphora Research
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Inc., 2007) and (b) distribution of CIP species as a function of pH. Adapted from Makama et al.

(2020)2,

Fixed-Bed Adsorption Procedure
The fixed-bed sorption experiments
were performed using a Pyrex glass
column with a length of 300 mm, an
internal diameter of 10 mm, and a
volume of 4712.39 mm?® (calculated
using the formula z*h). The column
was filled with a specific quantity of
adsorbent material to achieve the
desired bed heights and capped at both
ends with wire mesh and glass wool.
This setup® prevented the loss of
adsorbent material, avoiding changes in
bed height and ensuring proper liquid
distribution (as illustrated in Fig. 2).
The experiments were conducted under
varying conditions: bed heights ranging
from 5 to 10 cm, inlet flow rates
between 1 and 3 mL/min, and inlet
antibiotic concentrations from 25 to 100
mg/L. The pH was maintained at 7.0
with minimal variation (less than 0.2)
during the operation.

Prior to starting the experiments,
DD-water was pumped upwards
through the packed col- umn until a
stable flow was established and left
overnight to ensure a closely packed
arrangement of particles with no void,

channels, or cracks. Subsequently, the
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CIP test solution was introduced into the
column wusing a peristaltic pump
(Masterflex) at a controlled flow rate.
Breakthrough curves were generated by
collecting outflow samples at 30-minute
intervals. The tests were per-

formed at room temperature (30.0 + 1.5) °C.
Residual CIP concentrations were measured
using
ultraviolet-visible (UV-vis)
spectrophotometry (mini 1240, Shimadzu) at
a wavelength of 276

nm.

Theory and Column Data Analysis

Theory
The effectiveness of adsorbent and the

dynamic behavior of a fixed-bed column can be
assessed through the analysis of breakthrough
curves?®. These curves illustrate the loading
behavior of CIP in wastewater treatment using
fixed-bed operations. Typically, breakthrough
the
(Cags)  or
concentration (Ci/Co) against the volume of

curves  plot adsorbed  pollutant

concentration normalized
effluent or time for a specific bed height®°. In
this work, the breakthrough point (tv) is
defined as the time in which the output
concentration reaches 10% of the

(C/Co = 0.10) and

exhaustion (saturation) point (te) as the time at

initial

concentration the

which the Ci/Co remains virtually constant.
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UV-Vis
Spectrophotometer

Figure 2: Experimental setup. 1. Artificial CIP wastewater, 2. Peristaltic Pump, 3. Adsorp- tion
Column, 4. Ceramic Beads, 5. TL-PAC, and 6. Effluent Collector.

From the breakthrough curve, several key fixed-bed design parameters that provide valuable
insights into the efficiency and performance of the fixed-bed adsorption process for CIP removal

from wastewater can be derived 1212122 including:

1. The volume of effluent (Vg in mL) is given by
Vet = € % T (1)
where .. is the total low time in min.
2. The empty bed contact time (EBCT in min) is obtained using
EBCT = % (2)

where EBV is the empty bed volume (mL); @ is the flow rate (mL/min); m is the mass

of TAAC (g).

3. Total amount of CIP pollutant fed to the column (g, in mg): Determined using the
equation

- Cota
(4] - - :{':I
it 1000 >
4. Total amount of CIP retained in the column (g in mg) caleulated from the area under

the breakthrough curve (AUBC) using Eq. (4).

Ly
Prot = (J [ ("\-\.I.l.j:"\-rj'r
=t

, , (4)
Q-C [ (1 S ) dt
=) — =
* Co
where 4. = Oy — O
5. Total CIP % removal efficiency (i.e. the column performance, E) is caleulated as
E =2 100 (5)
o
67
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Mathematical Modelling

Several mathematical models *° 2° have
been formulated to elucidate the
characteristics of column adsorption
experiments conducted in laboratory
settings. In this study, four distinct
adsorption models, namely the Bohart-

Adams 23, 24, 25, 26

models were
employed the
adsorption of CIP on the TAAC. The

non- linear form of these models as

to  characterised

described by 2" are presented in Egs. (12)
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ation is expressed as

at breakthrough is expressed as

(6)
)r!'f

(7)

(8)

(9)

(10)

(11)
and(15).
Bohart-Adams Model: The Adams-
Bohart model is a widely used model for
describing the initial part of the
breakthrough curve in fixed-bed

adsorption processes. This model is
based on the fundamental assumption
that the rate of adsorption is directly
proportional to both the concentration of
the adsorbing species and the remaining
adsorption capacity of the adsorbent??,

The mathematical expression of the
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Adams-Bohart model is given by

;'.II; = exp (L.-s.t Oy b —kpa- Ny J;,“’)

where Co is inlet CIP concentration in
mg/L; C; is effluent CIP concentration at
time t in mg/L; C¢/Co is the dimensionless
adsorbate concentration (ratio of effluent
to influent concentration); hy is column
bed height in cm; and kea is the Adams—
Bohart kinetic rate constant in L/(mg min).
No is saturation concentration (i.e the
adsorption capacity per unit volume) of
CIP in mg/L; U is linear velocity. It is
calculated by dividing inlet flow rate, Q
(cm®min) by the column cross sectional
area, A (cm?) of the bed (U = Q/A) in

cm/min; and t is run time in minutes.

Clark Model The Clark model is a
mathematical model used to describe
the adsorption of pollutants in a fixed-

https://dx.doi.orqg/10.4314/njcr.v29i1.5

Eq.(12).
(12)

bed adsorber. It combines the concepts
of mass transfer and adsorption
isotherms, specifically the Freundlich
isotherm, to provide a more
comprehensive understand- ing of the
adsorption process. Key assumptions of
the Clark model® : (i) The adsorption
rate is proportional to both the
concentration of the adsorbate in the
fluid phase and the remaining
adsorption capacity of the adsorbent.
The adsorption equilibrium follows the
Freundlich isotherm., and (ii) Axial
dispersion and external mass transfer
resistances are  negligible.  The
mathematical expression of the Clark

model is given by:

(13)

where: (o is the initial adsorption capacity (mg/g), V is the total volume of the liquid phase (L),

and n is the Freundlich exponent (dimensionless).

Yan Model The Yan model is another
fixed-bed adsorption model that is
commonly wused to describe the
breakthrough behavior in fixed-bed
adsorption processes. This model is
based on these three assumptions?* : (i)
The adsorption rate is proportional to
both the concentration of the adsorbate in
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the fluid phase and the remaining
adsorption capacity of the adsorbent. (ii)
The adsorption equilibrium follows the
Langmuir isotherm., and (iii) Axial
dispersion and external mass transfer
resistances are negligible, The
mathematical expression of the Yan

model is given by:
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O |
i

Co 1+ explhy (D502 — 4))
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{14)

Where ky is the Yan kinetic constant (L/mg-min), gv is the maximum adsorption capacity (mg/g).
All other terms are remain as previously defined above.

Yoon-Nelson Model: The Yoon-Nelson
model (YNM) is a relatively
straightforward and attractive option
among the various mathematical models
used to describe fixed-bed adsorption
processes. Unlike some of the other more
complex models, the Yoon-Nelson
model is based on a simple and intuitive

assumption. The fundamental premise of

1
1+ gky a-(i=7)

i
{. I||

the YNM is that the rate of decrease in the
adsorption probability for an adsorbate
molecule is directly proportional to the
probability of adsorption of the adsorbate
and the probability of the adsorbent bed
breakthrough?®. The YNM is specifically
applicable to single-component
adsorption systems?®. The nonlinear
equation that describes the Yoon-Nelson

model is as follows:

(15)

where ky n = is Yoon—-Nelson rate constant in 1/min and ¢ = is time required for 50% of the
CIP to breakthrough in min. Other terms are as perviously defined in Eq. (12).

RESULTS AND DISCUSSIONS

Effects of Operational Parameters
To evaluate the effectiveness of TAAC

as a CIP* adsorbent, the influence of
inlet flow rate, bed height, and initial

CIPE concentration on the process was
examined. These factors are known to
significantly impact adsorption
performance of fixed-bed adsorption

process®. The results of these tests are
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depicted in Figs. 3 to 5. The
breakthrough curve shows a typical S-
shape, indicating the gradual saturation
of the adsorbent. This shape indi- cates
non-ideal transport behavior in the
adsorption process 2°. All results
showed that complete saturation (Ci/Co
= 1) was not achieved in any of the
tested systems. This outcome aligns
with previous observations in similar

studies, including CIP adsorption on
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different carbon materials’*> % and
adsorption of other compounds on
various adsorbents!® 22 32, 33, 34 Thg

incomplete saturation may be attributed

1.0

https://dx.doi.orqg/10.4314/njcr.v29i1.5

to slower adsorption rates in certain

parts of the column, potentially

requiring extended periods to reach

maximum saturation levels 1% 3°,

0.9 4 -#-0.5 mL/min
0.8 4 —-1.0 mL/min
-9-2.0 mL/min

0.7 4
_06
205 -
Q

0.4

0.3 -

0.2

0.1 +

0.0

0 100 200

Effect of Volumetric Flow rate

The impact of flow rates on CIP
breakthrough curves is shown in Fig. 3.
The experiments were conducted at
three different volumetric flow rates of
0.5, 1.0, and 1.5 mL/min, while keeping
inlet concentration (50 mg/L), bed
height (100 mm), and pH (7.0 £ 0.2)
constant. The profiles showed that

higher flow rates led to earlier
breakthrough times (tv). Specifically,
the ts were approximately 245.2, 202.3,
and 180.0 min for flow rates of 0.5, 1.0,
and 1.5 mL/min, respectively. Similarly,

the exhaustion times decreased as the

Nigerian Journal of Chemical Research
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Figure 3: Effect of flow rate on breakthrough curve of CIP adsorption onto TAAC. Conditions:
hp: 100 mm, Co: 50 mg/L, pH 7.0+0.2.

71

400 500 600 700

flow rate increased. This trend is
explained by the longer contact time
between CIP and TAAC at lower flow
rates,

allowing for more thorough

interaction within the column. In
contrast, higher flow rates reduce the
contact time, limiting the efficiency of
mass transfer between the contaminant

and the adsorbent material 3¢ %7

The analysis of the fixed-column
operating parameters across different
flow rates (Table 2) shows that the
removal efficiency is highest at 0.5
mL/min (68.78%) and decreases with

in- creasing flow rates. While the

Vol. 29, No. 1, 2024
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adsorption capacity at exhaustion is
higher at 2.0 mL/min, this comes at the
cost of lower removal efficiency, faster
breakthrough, and exhaustion times, as
well as reduced carbon utilization. The
mass transfer zone (MTZ) increases
with higher flow rates, indicating greater
mass transfer resistance (Fernandez-
Andrade et al.,, 2022) limiting CIP
adsorption. Accordingly, the overall
efficiency of the operation is best at 0.5
mL/min. This flow rate maximizes

removal efficiency, prolongs

https://dx.doi.orqg/10.4314/njcr.v29i1.5

breakthrough and exhaustion times, and
opti- mizes carbon utilization, making it
the most effective flow rate for
maintaining a high-quality operation
with minimal maintenance and resource
usage. Thus, 0.5 ml/min was selected to
evaluate the effects of bed height (hp)
and inlet concentration (Co). Similar
observations have been reported in the
literature by 3! and *2 for fixed-column
adsorption of CIP onto granular

activated carbon.

Table 2: Operation conditions and estimated breakthrough adsorption parameters for CIP
removal from artificial wastewater in fixed bed column using TAAC as adsorbent. Conditions:

pH = 7.0+ 0.2 and temperature = (30.0 £ 1.5) °C.

Operating Conditions

Q (mL/min) 0.5 1.0 2.0 0.5 0.5 05 05

Co (mg/L) 500 500 500 500 500 25 100

Z (mm) 100 100 100 50 70 100 100

Adsorption Parameters

EBV (mL) 78 785 78 393 55 785 7.85

EBCT (min) 157 79 3.9 7.9 11 157 157

te, (MIn) 600 600 600 600 600 600 600

te (Min) 540 510 480 480 510 540 420

Vo (ML) 300 600 1200 300 300 300 300

Mtot (MQ) 15 30 60 15 15 75 30

Got (MQ) 8 137 263 82 7 45 136

E (%) 68.78 45.60 43.80 5450 4650 59.3 452

ge (Mg/Q) 250 420 820 510 310 14 42

tp (Min) 245.20 202.31 180.00 156.16 112.50 269.7 163.0

go (Mg/g) 011 021 039 007 004 007 011

FBU 044 051 048 014 013 0536 0.26

hmtz (mm) 5460 60.30 6250 33.70 54.60 35 42.8

CUR (g/L) 1193 631 335 1342 1263 11.93 15.33

TP (L/g) 008 016 030 007 0.08 0.08 0.07
Effect of Adsorbent Bed Height
The impact of adsorbent bed height on different bed heights of 5, 7, and 10 cm
breakthrough curve of CIP/TAAC while keeping Co (100 mg/L), Q (0.5
fixed-bed system is shown in Fig. 4. mL/min), and pH (7.0 + 0.2) constant.
The study was conducted at three Increasing bed height from 50 mm to

72
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100 mm results in longer breakthrough
and exhaustion times 31, For example, tp
increases from 156.16 min at 50 mm to
245.20 min at 100 mm as shown in
Table 2. A taller bed height provides
more adsorbent material, which
prolongs the time before saturation is

reached .

Similarly, higher bed
heights generally improve removal
efficiency (from 54.50% at 50 mm to
68.78% at 100 mm), as there is more
TAAC available to capture the CIP. The
column  adsorption  capacity at
breakthrough also increases with bed
height, reflecting the greater amount of
adsorbate retained within the column as
the bed height increases. However, it’s
important to note that the total amount of
CIP adsorbed increases with bed height,

the adsorption capacity (qe) decreases.

Similar observation has been reported
by ¥ and he attributed it more CIP
molecules compared to available
adsorption sites. These observations
regarding the effect of bed height on
breakthrough curves align with findings
of 3 %0 in their studies of fixed-bed
adsorption of antibiotics on activated
carbon and graphene oxide,

respectively.

73
Nigerian Journal of Chemical Research Vol. 29, No. 1, 2024


https://dx.doi.org/10.4314/njcr.v29i1.5

Makama, Sadiq & Saidu; njcr 29(1) 2024, 062 - 081

1.0

https://dx.doi.orqg/10.4314/njcr.v29i1.5

09 - -5 cm
0.8 -
0.7 -
0.6 -
D05 -
> 04 -
0.3 -
0.2 +
0.1 +

0.0

Time, (min)

Figure 4. Effect of bed height on breakthrough curve of CIP adsorption onto TAAC. Conditions: Q:

2 mL/min, Co: 50 mg/L, and pH: 7

Effect of inlet CIP Concentration
The Effect of Inlet concentration of CIP
on breakthrough curve is depicted in
Fig. 5. it can be observed that with
increase in Co (25 - 100 mg/L), the
breakthrough curves exhibited a
displacement towards the origin causing
the breakthrough times (tn) decreased
with increasing Co from 269.7 min at 25
mg/L to 163.0 min at 100 mg/L.
Exhaustion time (te) is reached quickly
in tests with higher concentrations; this
may also be due to the rapid saturation of
the available active sites of the TAAC %°,
The rapid saturation of the adsorbent bed
can be attributed to the increased driving
force for mass transfer in the adsorption
process resulting from higher inlet
concentrations. This behavior is related

to enhancement of driving force for
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mass transfer across the liquid film
along with acceleration of adsorption
rate which leads to an early saturation of
the fixed-bed #

Effect of inlet CIP Concentration

The Effect of Inlet concentration of CIP
on breakthrough curve is depicted in
Fig. 5. it can be observed that with
increase in Co (25 - 100 mg/L), the
breakthrough curves exhibited a
displacement towards the origin causing
the breakthrough times (t) decreased
with increasing Co from 269.7 min at 25
mg/L to 163.0 min at 100 mg/L.
Exhaustion time (te) is reached quickly
in tests with higher concentrations; this
may also be due to the rapid saturation of
the available active sites of the TAACY,

The rapid saturation of the adsorbent bed

Vol. 29, No. 1, 2024


https://dx.doi.org/10.4314/njcr.v29i1.5

Makama, Sadiq & Saidu; njcr 29(1) 2024, 062 - 081

can be attributed to the increased driving
force for mass transfer in the adsorption
process resulting from higher inlet
concentrations. This behavior is related
to enhancement of driving force for
mass transfer across the liquid film
along with acceleration of adsorption
rate which leads to an early saturation of
the fixed-bed .

Kinetics Modeling of Fixed-Bed Adsorption

Data
Mathematical modeling is fundamental
to the design, scale-up and successful
operation of a real world fixed-bed
adsorption column. Towards this goal,
the Bohart-Adams, Clark, Yan, and
Yoon-Nelson models described in
Section 2.3.2 were fitted to the
breakthrough  curves ob- tained
experimentally (Fig. 6). Table 3

1.0

https://dx.doi.orqg/10.4314/njcr.v29i1.5

presents the parameters of the models
adjusted to the experimental data.

The computed parameters show that
as the flow rate increases from 0.5t0 2.0
mL/min, the Bohart-Adams model
shows a slight increase in kga, while No
increases significantly. In the Clark
model, the parameter A decreases, and
r shows a slight increase. For the Yan
model, q decreases as a increases.
Meanwhile, the Yoon-Nelson model

indicates a slight increase in

KYN, accompanied by a decrease in 1.
These trends suggest that higher flow
rates accelerate adsorption kinetics but
result in shorter breakthrough times. The
unexpected increase in NO for the Bohart-
Adams  model, indicating higher
adsorption capacity at higher flowrates,

may warrant further investigation.

094 -=25mgL

0 100 200 300 400
Time, (min)

600

700

Figure 5: Effect of inlet concentration on breakthrough curve of CIP* adsorption onto TAAC.
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Conditions: flow rate, 2 mL/min; initial CIP concentration 50 mg/L; pH 7.0+0.2.
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Table 3: Conditions and model parameters of breakthrough curves for the CIP-TAAC system

Operating Conditions

Q (mL/min) 0.5 1.0 2.0 0.5 0.5 0.5 0.5
Co (mg/L) 50.0 50.0 50.0 50.0 50.0 25 100
Z (mm) 100 100 100 50 70 100 100
Bohart-Adams
kea (L/mg-min) 1074 2.2 2.26 247 2.18 2.2 4.04 1.04
Ny (mg/L) R2 1029.1 1600.1 3055.4 1567.8 925.6 580.2 1581.7
Cli 0.9837 09719 0.9504 0.9628 0.9556 0.9871 0.9434
A 357.32 191.35 141.83 95.09 47.99 45481 78.26
r(1/min) 0.0128 0.0131 0.0143 0.0126 0.0127 0.0119 0.0119
an 09767 09631 0.9394 0.9527 0.9450 0.9811 0.9308
qay (mg/g) 419 374 354 318 266 417 3.09
\K( (L/mg-min) 10— 25 2.9 3.4 3.3 4.1 2.2 3.3
R* 88363 0.9912 0.Y82 U.Y8Y2 L.YY0U U.Y934
Yoon-Nelson '
min 0.011 8.011 8.012 8.010 0.011 (1).010 2.010
r (Min) 211.6 355.5 29,105.5 313.5 359.1 43164.1 316.3
0.983 0.9/1 0950 0962 0955 0987 0.943
B 7o 9T A gt 6 1T a
model, the parameter A decreases, and
KlnetlcEQ:I;delmg of Fixed-Bed Adsorption r shows a slight increase. For the Yan
Mathematical modeling is fundamental model, g decreases as a increases.
to the design, scale-up and successful Meanwhile, the Yoon-Nelson model
operation of a real world fixed-bed Indicates a slight increase in
adsorption column. Towards this goal, kyn, accompanied by a decrease in 7.
the Bohart-Adams. Clark. Yan. and These trends suggest that higher flow
Yoon-Nelson models described in rates accelerate adsorption kinetics but
Section 232 were fitted to the result in shorter breakthrough times.
breakthrough  curves ob- tained The unexpected increase in No for the
experimentally (Fig. 6). Table 3 Bohart-Adams model, indicating higher
presents the parameters of the models adsorption capacity at higher flow rates,
adjusted to the experimental data. may warrant further investigation.

The computed parameters show that Regarding the effect of initial
as the flow rate increases from 0.5 t0 2.0 concentration (Co), as Co increases from
mL/min, the Bohart-Adams model 25 to 100 mg/L, the Bohart-Adams
shows a slight increase in ksa, while No model shows a decrease in kea and an
increases significantly. In the Clark increase in No. The Clark model sees a

decrease in A, with r remaining
77

Nigerian Journal of Chemical Research

Vol. 29, No. 1, 2024


https://dx.doi.org/10.4314/njcr.v29i1.5

Makama, Sadiq & Saidu; njcr 29(1) 2024, 062 - 081

relatively stable. In the Yan model, q
decreases while a increases. The Yoon-
Nelson model shows kyn remaining
nearly constant as tau decreases. Higher
initial concentrations lead to faster
breakthrough times (lower 7 ) and

generally reduced adsorption capacity,

https://dx.doi.orqg/10.4314/njcr.v29i1.5

as indicated by the lower q values in the
Yan model. The increase in No for the
Bohart-Adams model, suggesting higher
capacity at elevated concentrations,
aligns with

expectations.

1.0

09 - O Experimental

’ - - =Yoon-Nelson e
081 . Clark p‘@/o
0.7 -

----Bohart-Adams

Qo5 A o7

“04 - Q/
02 3
| &

0.1 +

0.0

0 100 200 300 400
Time, (min)

600

700

Figure 6: Experimental and predicted (using various models) breakthrough curves for CIP
adsorption on TAAC. Co = 100 mg/L, Hp = 5.0 cm, Qo = 2.0 mL/min, and pH =7.0 £ 0.2.

Analysis of bed height (Z) reveals
that as Z decreases from 100 to 50 mm,
the Bohart- Adams model maintains a
relatively constant ksa, while No
increases. The Clark model shows a
decrease in A, with r remaining stable.
The Yan model exhibits a decrease in g
and an increase in a. Similarly, the
Yoon-Nelson model shows a constant
kyn and a decrease in z. These findings
suggest that shorter bed heights result in
quicker breakthroughs and generally
reduced adsorption capacity, which is

expected.
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The model performance, based on
R? values, indicates that the Yan model
consistently outperforms the others
across all conditions (R? > 0.98). The
Bohart-Adams  and  Yoon-Nelson

models show identical R? values,
suggesting they may be mathematically
equivalent for this system. The Clark
model generally performs well, though

slightly less effectively than the others.

CONCLUSION
The study evaluated ZnCl,-activated

carbon derived from Typha australis
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(TAAC) as an ad- sorbent for removing
ciprofloxacin (CIP) from aqueous
solutions. The adsorption performance
was influenced by several operational
parameters, including inlet flow rate,
bed height, and ini- tial CIP
concentration.  Higher flow rates
resulted in earlier breakthrough times
and reduced overall adsorption
efficiency. Lower flow rates provided
longer contact time between the CIP and
TAAC, enhancing the interaction within
the column and improving removal
efficiency. In- creasing the bed height
led to longer breakthrough and
exhaustion times, indicating improved
removal efficiency and higher total
adsorption capacity. Higher initial
concentrations of CIP led to faster
breakthrough and exhaustion times due
to the rapid saturation of the available
active sites in the adsorbent. The
maximum adsorption capacity of TAAC
and removal efficiency were found to be
8.2 mg/g and 59.3%, respectively. The
Yan model showed the best fit to the ex-
perimental data, outperforming other
models. Hence, this model can be used
to describe the adsorption performance
of CIP in a fixed-bed column. These
findings suggest that TAAC, a low-cost
material, has the potential to be a
promising adsorbent for the sustainable

removal of CIP from water. However,

Nigerian Journal of Chemical Research
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further testing with surface
modifications and real wastewater
samples containing competitive anions
IS necessary to validate the performance

of TAAC for

practical applications.
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