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ABSTRACT

In this study, clinoptilolite was used to sequester ciprofloxacin (CIP) and caffeine (CAF), two emergent contaminants, from
aqueous solution using batch equilibration method and the effects of contact time, pH, initial contaminant concentration,
temperature and adsorbent dosage investigated and herein reported. The adsorption kinetics was described by the
pseudo-second-order model (PSO) and pore diffusion was not the sole operative rate-controlling step as depicted by the
intraparticle diffusion model. The equilibrium data were modelled using three linear forms of Langmuir equation and
Freundlich model and was best fitted by the Lineweaver-Burk linearization of Langmuir equation (type-1). Linearization is
shown to induce errors that may lead to discrepancies in parameter values estimation. The derived thermodynamic functions
revealed the adsorption processes are exothermic, spontaneous and physical in nature. The adsorption mechanism of CIP
is strongly controlled by electrostatic interactions while CAF adsorption is weakly affected by changes in pH. The findings
demonstrate that clinoptilolite in its unmodified form is a potential low-cost and eco-friendly adsorbent for removal of pharma-
ceutically active ingredients from water.
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1. Introduction
Pharmaceutical compounds (PhCs) are compounds manufac-

tured for use in health care as medicinal drugs to prevent,
mitigate or cure diseases in humans as well as animals. Due to
their widespread and increasing usage, PhCs have been
frequently detected in surface waters, treated wastewaters and
in portable water.1,2,3 Their occurrence in water and subsequent
interaction with non-target organisms causes chronic toxicity,
endocrine disruption and induce development of resistant
bacteria strains among other problems, raising serious environ-
mental and health concerns.4 Traditional wastewater treatment
plants (WWTPs) are therefore not tailored to completely abstract
these contaminants. As such, alternative low-price, environ-
mentally friendly and sustainable wastewater treatment
approaches for removal of the so called ‘emerging contami-
nants’ is a subject of ongoing research.5,6 Adsorption process still
remains the widely used technique for water treatment since it
is environmentally friendly, cheap and relatively simple and
various adsorbents for removal of PCs such as clays, biochars,
zeolites have been reported in literature.7 Zeolites are facile
materials in abatement of pollutants from water due to their
generally high adsorption densities, catalytic properties and
their inherent potential to be regenerated with minimum loss of
their original properties.8,9 However, synthetic zeolites are costly
relative to their naturally occurring counterparts. The aim of this
study was to evaluate the adsorption characteristics of naturally
occurring zeolitic tuff of Kenyan origin (NZ-K) for caffeine (CAF)
and ciprofloxacin (CIP) (Fig. 1, Table 1) removal from water
under varied environmental parameters.

2. Materials and Methods

2.1. Preparation of Adsorbent
The zeolite material was crushed, homogenized and applied

for adsorption without chemical modification. The homoge-
nized sample was passed through 212–300 µm sieves for con-
trolled uniform particle size. The sieved material was then triple
washed in ultrapure water and then dried in an oven at a
temperature of 80 °C for 2 hours. The zeolite was identified by
XRD analysis as clinoptilolite. The XRD instrument settings
were 40 KV, 30 mA, step size of 0.02 ° (2θ-LC) and a scan rate of
2θ-LC min–1 for 5 ° ≤ (2θ-LC ) ≤ 50 °. The chemical composition
was SiO2 62.2 %, Al2O3 13.3 %, CaO 12.0 %, MgO 1.64 %, Na2O
3.09 %, K2O 0.17 %, MnO 0.2 % and Fe2O3 4.83 %.8 The pH at
point of zero surface charge (pHpzc) was obtained using the
protocol reported in literature.11

2.2. Adsorption Experiments
Here, triplicate samples of 0.1 g of the adsorbent were mixed

with 50 mL of 5 mg L–1 of each adsorbate singly in batch mode
and the contents shaken at 120 rpm until equilibrium was
attained. At predetermined regular time intervals an aliquot of
supernatant was extracted for determination of residual CAF or
CIP. The effect of pH on adsorption of the compounds was inves-
tigated for a concentration of 5 mg L–1 and 0.1 g 50 mL–1 adsorbent
dosage for pH in the range 2.0–12. The solution pH was modified
usng 0.1M NaOH and 0.1M H2SO4. Adsorption isotherm studies
were carried out at different initial adsorbate concentrations
(2–10 mg L–1) at 25 °C. The effect of zeolite dosage on adsorption
efficiency was obtained by mixing 50 mL of 5 mg L–1 of each
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compound with different amounts (0.2, 0.4, 0.6, 0.8, 1.0 and
1.2 g) of the adsorbent (NZ-K) at 25 °C until equilibration. The
thermodynamic characteristics of the adsorption processes were
studied in the temperature range 25–65 °C. Here, 0.1 g of NZ-K
was added into 50 mL of 5 mg L–1 of each adsorbate and the
contents shaken at 120 rpm at different temperatures (25, 35,
45, 55 and 65 °C) until equilibration. All experiments were
performed in triplicates. After equilibration, residual amounts of
each compound in solution were determined by UV-VIS spectro-
photometer (Shimadzu-1800 model) at 273 nm and 274.8 nm for
CAF and CIP, respectively. The amounts adsorbed from the bulk
solution per unit mass (mg g–1) at a given time (t) was calculated
as:

q
C C V

Mt
o e=

−( )
(1)

where Co is the initial concentration (mg L–1), Ce is the equilib-
rium concentration (mg L–1), M is the mass of the adsorbent (g)
and V is the volume of the solution (L). After equilibration, the
residual adsorbate in solution was analyzed and the equilibrium
adsorption capacity, qe was computed by the relation:

q
C C V

Me
o e=

−( )
(2)

3. Results and Discussion

3.1. Adsorption Kinetics
The adsorption of both CAF and CIP onto NZ-K exhibited fast

kinetics with removal of 72.7 % CAF and 56.2 % CIP within the
first 5 min (Fig. 2). This is due to the presence of large number of
vacant binding sites at the onset. Maximum adsorption was
achieved within 25 min for both compounds corresponding to
76.8 % CAF and 61.8 % CIP adsorption. This was followed by a
near plateau phase with no appreciable changes in amounts
adsorbed corresponding to equilibrium. The plateau phase is
due to the difficulty of CAF and CIP molecules to access inner
active zeolitic sites due to occupancy and repulsion between the
molecules on the solid phase and those in the liquid phase.12

Short equilibrium times correspond to short preferable resi-
dence times in water treatment systems.

The time-dependence data were fitted to pseudo-first-order,13

pseudo-second-order,14 and intraparticle diffusion15 models to
determine the reaction rates and nature of the rate-controlling
step, respectively.

Pseudo-first-order model: log( ) log
.

q q q
k t

e t e− = − 1

2 303
(3)

Pseudo-second-order model:
t
q k q

t
qt e e

= +1

2
2( )

(4)

Intra-particle model: q k t Ct p= +0 5. (5)

The pseudo-first-order (PFO) model revealed extremely poor
fitting to the data and the results are not herein discussed. The
poor fitting is attributed to the difficulty in determination of
the appropriate value of qe and the pseudo-equilibrium values
selected. The variances between qe and qt resulted in mathemati-
cal errors resulting from taking logarithmic values of negative
numbers hence PFO model was incapable of describing the
kinetic data. Such difficulties have been reported by other
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Table 1 The physico-chemical parameters of CIP and CAF.

Physico-chemical CAF CIP
parameters

Molecular weight 194.19 g mol–1 331.34 g mol–1

Molecular formulae C8H10N4O2 C17H18FN3O3

pKa 14 (25 °C) 6.1–8.7
Log Kow –0.07 0.28
Water solubilty 21600 (mg L–1) 150 (mg L–1)

(Adopted from Li et al.10 and Sotelo et al.3)

Figure 1 Structures of caffeine (a) and ciprofloxacin (b).

Figure 2 Variation of CAF and CIP amount adsorbed onto NZ-K with contact time (triplicate).
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researchers.16 The high coefficients of determination (R2)
coupled with the close agreement between the experimental
(qe(exp)) and theoretical adsorption (qe(theoretical)) capacities suggest
that the adsorption of CAF and CIP onto the natural zeolite obey
pseudo-second-order kinetics law (Table 2). The pseudo-
second-order (PSO) model assumes a chemisorption-controlled
rate-determining step and two adsorbate molecules are
adsorbed in one binding site. However, due to the aforemen-
tioned difficulties related to the linear PFO model, this conclu-
sion must be treated with care. The pseudo-second-order plots
are depicted in Fig. 3.

The initial sorption rate (Srate) and the adsorption half-life (t1/2)
were obtained from equations 6 and 7, respectively, where k2 is
the pseudo-second-order rate constant and qe is the equilibrium
adsorption capacity.

S k qrate e= 2
2 (6)

t
k qe

1 2
2

1
/ = (7)

Notably, CAF exhibited faster adsorption rate and short
half-life despite its high solubility relative to CIP (Table 2). The
higher time-scaling factor k2 value for CAF implies the system
has tendency to reach equilibrium faster than CIP system. Note-
worthy, the half-lives are generally too short and would result
in considerably short residence time in a real water treatment
system.

The kinetic data was further modelled using intraparticle

diffusion model (Eq. 5) to elucidate the rate-controlling step.
According to the model, t, qt, kp and C is time, amount adsorbed at
any given time, intraparticle diffusion rate constant and C is a
constant related to the mass transfer across the boundary layer,
respectively. Accordingly, when the plot passes through the
origin, the intraparticle diffusion is the sole operative rate-deter-
mining step. Otherwise, for non-zero intercept, other multiple
processes, film diffusion, intra-particle diffusion or both, are
involved in the rate-controlling step.

In the present work, the intraparticle diffusion plots yielded
multi-linear plots that are bi-phased in nature, labelled I and II.
During phase I, there is a steady increase attributed to the instan-
taneous fast initial adsorption attributed to external surface
adsorption. Phase II depicts decrease in quantity adsorbed
due to adsorption-desorption dynamics as the systems tends
towards equilibration.17 Evidently, the plots deviated from the
origin (Fig. 4) implying that pore diffusion is not the only rate-
controlling step.
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Table 2 Pseudo-second-order kinetic parameters for CAF and CIP adsorp-
tion onto NZ-K (triplicate).

PhC R2 Initial rate t1/2 k2 qe (theor) qe(exp)
/mg g–1 min–1 /min

CAF 0.999 2.849 0.610 0.945 1.736 1.789
CIP 0.998 1.848 0.828 0.789 1.531 1.605

Figure 3 Pseudo-second-order kinetic model for CAF and CIP adsorption onto NZ-K (triplicate).

Figure 4 Intraparticle diffusion model for CAF and CIP adsorption onto NZ-K (triplicate).
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3.2. Adsorption Thermodynamics
The effect of temperature was studied in between 298–338 K

holding other environmental conditions constant. The thermo-
dynamic functions, changes in Gibb’s free energy (ΔG),
enthalpy (ΔH) and entropy (ΔS), related to the adsorption
processes were computed using the relations below and results
are summarized in Table 3:

ΔG Kc= −RT ln (8)

K
C
Cc

ads

e
= (9)

ln K
S

R
H

R Tc = −Δ Δ 1
(10)

where Kc is the equilibrium constant, Ce is the equilibrium
concentration in the solution (mg L–1) and Cads is the equilibrium
solid phase concentration (mg g–1). R is the gas constant
(8.314 J mol–1 K–1) and T is the temperature in Kelvin.

From Table 3, the percentage (%) removal for both compounds
depreciated with rise in temperature indicating an exothermic
process in which maximum adsorption was realized at room
temperature. CIP adsorption was adversely retarded by rise in
temperature relative CAF. This could be attributed to increased
solubility at higher temperatures and therefore weakening the
adsorbate affinity for the adsorbent surface.12

The negative ΔG values for CAF attest that adsorption of
CAF onto NZ-K is favourable and spontaneous at the examined
temperatures. However, the reaction becomes less favourable
with increased temperature due to it being exothermic. On the
other hand, CIP adsorption onto NZ-K was only favourable and
spontaneous at 298 K but as temperature was raised beyond
298 K, the adsorption reaction became thermodynamically non-
spontaneous portraying that the exothermic CIP adsorption
process exceeds the effect of increased mobility of the adsorbate
molecules with rise in temperature. The results also shows that
room temperatures are preferred which suits application in real
wastewater treatment systems.

In literature, the magnitude of the ΔH value is reported lie
between 40 and120 kJ mol–1 for chemisorption mechanism.8

In the present study, the ΔH values (2.728 kJ mol–1 and
29.955 kJ mol–1 for CAF and CIP, respectively) imply the adsorp-
tion mechanism of CAF and CIP onto NZ-K is predominantly
physical in nature which puts to doubt the chemisorption mech-
anisms alluded to by the PSO model. The negative ΔH values
confirm that the adsorption processes are exothermic while the
negative entropy values indicate increased orderliness at the
solute/adsorbent interface.

3.3. Effect of pH
The effect of pH on adsorption of CAF and CIP onto NZ-K was

studied in the range pH 2.0–12.0 and the trend is shown in Fig. 5.
CIP was more pronouncedly affected by variation in pH with

highest adsorption (99 %) achieved at pH 6. On the contrary,
CAF adsorption was remotely affected by pH with a slightly
highest adsorption (72.4 %) obtained at pH 8. Further increase in
pH causes decrease in the adsorption percentage especially for
CIP. These dynamics were explained by comparing the pHpzc of
the adsorbent (Fig. 6) and the pKa values of the adsorbates.

Figure 6 revealed that the pHpzc of NZ-K was about 7.5. Conse-
quently, at pH values below 7.5, the adsorption surface is expec-
ted to bear a net positive charge and was negatively charged at
pH values > 7.5. The pKa values of CIP are between 6.1 (attrib-
uted to carboxylic acid group) and 8.7 (assigned to the amine
group on the piperazine) (Table 2). It can exist as a cation (CIP+), a
neutral ion (CIP0) or an anion (CIP–) under different pH condi-
tions. Therefore, CIP+ is mostly cationic at pH < 6.1, the neutral
form (CIP0) dominates at pH 6.1–8.7, and occurs mainly in
anionic CIP– species at pH > 8.7.10 As a result, at pH below 6.1
both the protonated CIP molecules (CIP+) and the adsorbent
surface were positively charged and the adsorption capacity is
significantly reduced due to coulombic repulsion (Fig. 5). A
similar trend is observed at pH above 8.7 where NZK surface
predicted to be the negatively charged repels the CIP– anionic
molecules. Therefore, the adsorption of CIP is largely controlled
by electrostatic interactions. Furthermore, the high CIP adsorp-
tion observed at pH 6 where the adsorbent is considered to
be positively charged and the adsorbate molecules are largely
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Table 3 Thermodynamic parameters for CAF and CIP adsorption onto
NZ-K (triplicate).

Compound Temp. % Removal ΔG ΔH ΔS
/K /KJ/mol) /kJ mol–1 /kJ mol–1

CAF 298 63.770 –1.401 –2.728 –4.431
308 62.782 –1.339
318 62.707 –1.374
328 61.337 –1.258
338 60.651 –1.216

CIP 298 60.308 –1.036 –29.955 –97.357
308 48.516 1.521
318 40.429 1.025
328 31.129 2.165
338 26.951 2.802

Figure 5 Variation of amount of CAF and CIP adsorbed onto NZ-K as a function of pH (triplicate).
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neutral indicate a non-electrostatic interactions account for
CIP adsorption. Contrastingly, CAF adsorption is sparingly
dependent on pH variance. CAF has a pKa of 14 below which the
molecule exists in cationic form (CAF+). Likewise, below the
pHpzc, the adsorption is decreased due to repulsion of CAF+ and
the positively charged adsorbent surface (Fig. 5). However, a
notable increase is realized at pH 8 when the adsorbent surface is
positive bespeaking of a non-electrostatic interactions.

3.4. Effect of Adsorbent Dosage
Determination of the adsorbent dosage required for a given

concentration of pollutant is a critical parameter for application
in effluent treatment. The variation of adsorption capacity with
rise in adsorbent dosage is shown in Fig. 7.

The amount of CAF and CIP adsorbed increased with incre-
ment of adsorbent dosage due to increase in the number of
adsorption sites. Beyond 20 g L–1, there was minimal change in
adsorption capacity as a result of overlapping of the adsorption
sites with increased number of adsorbing particles.

3.5. Adsorption Isotherm Modelling

3.5.1. Langmuir Isotherm
Langmuir18 proposed an isotherm model that postulated

monolayer adsorption of molecules onto a fixed number of
active sites, with no lateral interaction between adsorbed
molecules onto a morphologically homogeneous surface. Here,

the adsorption sites are considered to be identical. The
Langmuir equation is expressed as follows:

q
Q K C

K Ce
o L e

L e
=

+1
(11)

where qe is the amount of adsorbate adsorbed at equilibrium per
unit mass of the adsorbent (mg g–1), Ce is the residual adsorbate
concentration in the solution at equilibrium (mg L–1), Q0 is the
maximum adsorption capacity (mg g–1) and b is the Langmuir
constant (L g–1). Equation 11 was linearized to three linear forms
given in Table 4. Langmuir isotherm is also described in terms of
the dimensionless parameter called the separation factor (RL)19

expressed as:

R
K CL

L i
=

+
1

1
(12)

3.5.2. Freundlich Isotherm
The Freundlich model20 postulates multilayer adsorption,

with unequal dispersion of adsorption affinities onto the hetero-
geneous adsorbent surface without lateral interaction. The
energetically favored adsorption sites are hypothesized to be
occupied first followed by diminishing binding strength with
increasing rates of site occupancy. The Freundlich equation is
expressed as follows:

q K Ce F e
n= 1 (13)

The Freundlich equation is exponential thus assuming that the
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Table 4 Linear isotherm model parameters.

Isotherm model Equation Parameters Plot

Langmuir type-1
1 1 1

q Q Q K Ce o o L e
= + Qo /mg g–1 1 1

q
vs

Ce e
KL /L g–1

Langmuir type-2
C
q

C
Q Q K

e

e

e

o o L
= +

1
Qo /mg g–1

C
q

vs Ce

e
e

KL /L g–1

Langmuir type-3 q
q

K C
Qe

e

L e
o= + Qo /mg g–1 q vs

q
Ce

e

e
KL /L g–1

Freundlich ln ln lnq K
n

Ce f e= +
1

Kf , n ln lnq vs Ce e

Figure 6 A plot of the point of zero charge (pHpzc) of natural zeolite.
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amount of adsorbate on the adsorbent surfaces increases with
increase in solute concentration. According to Halsey,21 the
Freundlich maximum adsorption capacity is given by the equa-
tion:

K
q

CF
m

i
n= 1 (14)

where Ci is the initial solute concentration (mg L–1) and qm is the
Freundlich maximum adsorption capacity (mg g–1). Linear form
of Freundlich equation is shown in Table 4.

In this study, the applicability of two mathematical models to
describe the adsorption data were examined, namely; Langmuir
(three linear forms) and linear Freundlich model and the degree
of conformity of the data to each model evaluated using the
coefficient of determination (R2). The calculated parameters are
listed in Table 5.

All the Langmuir isotherm type equations had different R2

values with Eadie-Hoffsiee linearization of Langmuir model
(Type 3) posting the least coefficient of determination (R2)
despite its relatively wide usage among researchers. The other
two equations, Lineweaver-Burk (type 1) and Hanes-Woolf
(type 2) linearization of Langmuir model had varying coefficient
of determination yielding dissimilarity in the calculated
Langmuir parameters. This is attributed to the inherent error
structures associated with transformation of non-linear func-
tions to linear models.22,23 The coefficient of determination (R2)
value therefore has a significant role in the choice of the best
linear form of Langmuir isotherm. The theoretical Langmuir
monolayer (Qo) maximum adsorption capacity parameter for
CAF and CIP were comparable despite their wide variances in
hydrophobicity. This suggests that hydrophobic interactions are
not the driving forces of the adsorption mechanisms. Alterna-
tively, the Qo values may be compared by nonlinear regression
method owing to the aforementioned possible errors induced by
linear regression.

According to Worch,24 the magnitude of the Freundlich param-
eter n gives insights on the nature of the adsorption process to be
either: unfavourable, n > 1; linear n = 1; favourable n <1; or
irreversible n = 0. In this work, the Freundlich constant for
adsorption of both compounds onto the clinoptilolite was less
than unity indicating favourable adsorption. This is consistently
evidenced by the separation constant (RL) values which lie
between 0 and 1 also descriptive of a favourable adsorption.19

The adsorption capacities of other adsorbents for CIP reported
in previous studies were compared with the clinoptilolite evalu-
ated in the present study (Table 6). It is evident that the natural

zeolite has comparable adsorption capacity and is therefore a
low-cost alternative adsorbent.

4. Conclusion
Clinoptilolite is demonstrated to be a cheap and efficient

resource material for CAF and CIP adsorption from water. The
equilibrium adsorption data was best described by Lineweaver-
Burk linearization of the Langmuir model (type-1) with a maxi-
mum adsorption density of 5.48 mg g–1 while the adsorption
kinetics data fitted the pseudo-second-order (PSO) kinetic
model.  Linearization  of  Langmuir  equation  may  potentially
induce discrepancies in parameters calculated. However, in the
present study R2 values sufficiently depicted the degree of fitting
to the linear forms of the Langmuir equation. CIP adsorption is
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Table 6 Adsorption capacities of different adsorbents for CIP.

Adsorbent Maximum adsorption Reference
capacity/mg g–1

Kaolinite 6.3 25
Modified coal fly ash 1.55 26
Aluminous oxide 13.6 27
Kaolinite 7.95 28
Water hyacinth biochar 2.7 29
Zeolite (clinoptilolite) 5.48 This study

Table 5 Calculated adsorption isotherm parameters for CAF and CIP
adsorption onto NZ-K (triplicate).

Isotherm model CAF CIP

Freundlich R2 = 0.990 R2 = 0.994
n = 1.438 n = 1.346
Kf = 1.099 Kf = 0.865

Langmuir type-1 R2 = 0.999 R2 = 0.996
Q0 = 5.479 Q0 = 5.308
KL = 0.260 KL = 0.199
RL = 0.435 RL = 0.501

Langmuir type-2 R2 = 0.995 R2 = 0.968
Q0 = 5.362 Q0 = 5.838
KL = 0.268 KL = 0.174

Langmuir type-3 R2 = 0.988 R2 = 0.930
Q0 = 5.346 Q0 = 5.528
KL = 0.269 KL = 0.189

Figure 7 Variation of CAF and CIP adsorption as a function of adsorbent dosage (triplicate).
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strongly influenced by pH variation due to electrostatic interac-
tions. The calculated thermodynamic functions indicated that
the adsorption of CAF and CIP onto NZ-K is exothermic, sponta-
neous and physical in nature and not driven by hydrophobic
interactions as testified by similar theoretical Langmuir maxi-
mum adsorption capacity values.
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