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of ZnO coated hybrid biochar for
the synchronous removal of ciprofloxacin and
tetracycline in wastewater†

Abisola O. Egbedina, *a Kayode O. Adebowale,a Bamidele I. Olu-Owolabi,a

Emmanuel I. Unuabonahb and Morenike O. Adesinabc

Preparation of biochar from kaolinite and coconut husk (KCB) and further activated with HCl (KCB-A) and

KOH (KCB-B) via a microwave technique for the remediation of ciprofloxacin (CIP) and tetracycline (TET)

from water was carried out. Characterization using scanning electron microscopy, energy dispersive X-

ray, Fourier transform infrared spectroscopy and X-ray diffraction showed the successful synthesis of

functionalized biochars. Batch adsorption experiments demonstrated the potential of the adsorbents for

fast and efficient removal of CIP and TET from solution. The adsorption capacities were found to be 71,

140 and 229 mg g�1 for CIP and 118, 117 and 232 mg g�1 for TET removal on KCB, KCB-A and KCB-B,

respectively. For KCB, KCB-B and KCB-B, CIP adsorption best followed the pseudo second order kinetic

model (PSOM), pseudo first order kinetic model (PFOM) and intraparticle diffusion (IDP) respectively. TET

adsorption followed PSOM for KCB, IPD for KCB-B and PFOM for KCB-A. CIP adsorption on KCB, KCB-A

and KCB-B best fit the Temkin, Langmuir and Brouers–Sotolongo isotherms, respectively, and TET

adsorption on KCB best fit Brouers–Sotolongo while KCB-A and KCB-B best fit Langmuir–Freundlich.

Adsorption of both contaminants was thermodynamically feasible showing that these materials are

excellent adsorbents for the treatment of pharmaceuticals in water.
1. Introduction

Antibiotics are indispensable in the treatment of infectious
diseases of humans and animals. Of the various antibiotics
currently in use, ciprooxacin, a member of the uoroquinoline
family, and tetracycline, a broad spectrum antibiotic, are the
most commonly used in the treatment of bacterial infections
and as animal growth promoters1,2 and both have been classi-
ed as high priority emerging organic pollutants by the World
Health Organisation (WHO).3,4

As a result of their widespread use, coupled with inadequate
treatment of wastewater and their discharge into the environ-
ment, they have been detected in various systems such as soil,
sediment, surface, ground and drinking waters including living
tissues and this has raised concerns about their toxicity.5,6 Even
at low concentrations they have resulted in increase in
antibacterial-resistant strains of organisms along with other
adverse health effects such as stomatitis, leukopenia. In
e, University of Ibadan, Oduduwa Road,

m

nd Environment Research (ACEWATER),

State, Nigeria

y University, Ibadan, Nigeria

tion (ESI) available. See DOI:

the Royal Society of Chemistry
addition, their presence in the environment results in aquatic
toxicity, genotoxicity.6,7 Increase in population and continued
usage coupled with indiscriminate discharge into the environ-
ment is expected to cause further rise in these species. Once
these pollutants reach water sources, they are able to transfer to
other non-point sources. Antibiotics especially are difficult to
degrade and 30–90% of administered doses remain undegraded
in an organism.6 The widespread use of antibiotics as
promoters of good health ensures that they are continually used
and discharged into the environment either in the form in
which they were used or in their sometimes more toxic
metabolite form. Their toxic effects coupled with their incessant
input into the environment have led to policy makers, govern-
ment agencies and the scientic community to promote tech-
nologies and strategies for the treatment of waters polluted by
these substances.8

Wastewater treatment plants using conventional treatment
methods have been found to be inadequate in the complete
removal of these pollutants.6 Advanced techniques have shown
promising success in the removal of these pollutants. These
methods are as varied as the physicochemical characteristics of
each antibiotic compound. Oxidation processes have the
disadvantages of high cost, incomplete mineralization and the
production of even more toxic metabolites.6 Low pressure
membranes such as microltration, ultraltration and loose
nanoltration are limited due to their pore sizes while reverse
RSC Adv., 2021, 11, 18483–18492 | 18483
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osmosis, nanoltration techniques have been found to have
incomplete rejection as high as 95%.9 Adsorption however does
not result in generation of toxic by-products; is efficient;
versatile; offers ease of operation and employs the use of low-
cost materials as adsorbents10 and is easily incorporated into
current wastewater treatment processes.11

Biochar has attracted the attention of researchers as an
adsorbent material due to its high porosity, surface area and
adsorption capabilities,12 the availability of diverse feedstock
and ease of production,13 low-cost and environmentally friendly
nature.4 Several materials have been utilized as starting
precursors for biochar manufacture including mangosteen
shells,14 poplar wood,15 sewage sludge,16 corn straw17 and
sugarcane bagasse.18

In this study, biochar material prepared from a hybrid of two
low-cost precursors was functionalized in situ followed by
further activation to improve the physicochemical properties of
the adsorbents while their efficiency for the simultaneous
removal of ciprooxacin and tetracycline under a range of
experimental parameters was evaluated.

2. Materials and method
2.1. Materials

Kaolinite clay was obtained from Federal Institute of Industrial
Research Oshodi (FIIRO), Lagos State, Nigeria. Coconut husks
were obtained from local markets in Ibadan, Oyo State, Nigeria.
Ciprooxacin (CIP), tetracycline (TET) and zinc chloride were
obtained from Sigma-Aldrich. All chemicals were used as
received.

2.2. Synthesis of hybrid biochar (KCB)

Firstly, the clay was puried according to the method reported
by ref. 19 (see ESI†). Coconut husks were washed with distilled
water, sun-dried and milled. Kaolinite clay, biomass and ZnCl2
were thoroughly mixed in a mass ratio of 1 : 1 : 2 respectively.
10 mL of 0.1 M NaOH was added with constant stirring for 12 h
aer which it was transferred to an oven at 150 �C for 24 h to
allow for impregnation. Then, the impregnated mixture was
heated under microwave irradiation at 540 W for 10 min aer
which it was washed several times with distilled water until pH
7 to remove excess NaOH and ZnCl2. The obtained sample was
dried at 105 �C, cooled and stored in an airtight container
labeled KCB.

2.3. Activation of KCB

1 g each of KCB was added to 50 mL of either 0.1 M KOH or 2 M
HCl in a beaker. The mixtures were stirred constantly for 1 h
aer which they were ltered and washed severally until neutral
pH. This was followed by drying at 105 �C. The samples ob-
tained were stored and labelled KCB-A and KCB-B for acid and
alkali activated samples respectively.

2.4. Surface characterization

The mineralogical compositions and crystallinity of the adsor-
bents were determined via X-ray diffraction (XRD) with patterns
18484 | RSC Adv., 2021, 11, 18483–18492
recorded on a BRUKER AXS (Germany) D8 Advance X-ray
Diffractometer and operated in a continuous Q–Q scan in
locked coupled mode with Cu–K radiation. Surface character-
istics and elemental compositions of the adsorbents were
determined using scanning electron microscopy (SEM:
BRUKER) with an operating voltage of 20 kV equipped with
energy dispersive X-ray (EDX). Fourier transformed infrared
spectroscopy (FTIR) spectra of the biochars were obtained using
Shimadzu FT-IR 8400S (class 1, Laser product) Spectropho-
tometer. The pH at point of zero charge (pHpzc) was determined
by using the salt addition method as described by ref. 20.
2.5. Batch adsorption experiments

Equilibrium adsorption experiments were performed in batch
mode by agitating 50 mg of each adsorbent with 10 mL aqueous
solution of either CIP or TET with concentrations ranging from
10–150 mg L�1 for 2 h to determine the equilibrium adsorption
capacity of the adsorbents. The solutions were ltered and the
residual concentrations of the pollutants in solution were
determined using a UV-vis spectrophotometer (Shimadzu UV-
1650 pc) at wavelengths of 277.5 nm and 355 nm for CIP and
TET respectively, determined aer scanning. The adsorption
capacity for each pollutant was estimated using eqn (1) below:

qe ¼ ðCo � CeÞ � V

m
(1)

where Co and Ce are the initial and equilibrium concentrations
of the CIP and TET (mg L�1), qe is the amount of pollutant
adsorbed (mg g�1), M is the mass of the dry adsorbent used (g)
and V is the volume of the solution (litres). The non-linear forms
of Langmuir (L), Freundlich (F), Dubinin–Radushkevich (D–R),
Temkin (T), Langmuir–Freundlich (L–F) and Bruoers–Sotolongo
(B–S) isotherm equations were applied to the data obtained to
describe the nature and mechanism of adsorption.

Kinetic studies were carried out by reacting 500 mg of each
adsorbent with 100mL of CIP or TET. 10mL of each solution was
withdrawn using a syringe at predetermined time intervals
(within 1 h). Results were analysed with ve kinetic models: the
pseudo rst-order (PFOM), pseudo second-order (PSOM), Bruo-
ers–Sotolongon fractal kinetics (BSF), intraparticle diffusion
(IDP) and Elovich (E) kinetic models. Details of both isotherm
and kinetic models are given in Tables S1 and S2 (ESI†).
3. Results and discussion
3.1 Surface characterization

pHpzc is the pH that indicates the net surface charge on
adsorbents in solution. The ease of adsorption of molecules or
ions to the surface of adsorbents is dependent on the pHpzc of
such material. The information provided by the pHpzc is useful
in understanding and manipulating the best pH at which
a particular adsorbate can be removed from solution by altering
the net surface charge of a material to be used as an adsorbent
in solution. KCB, KCB-A and KCB-B were found to have pHpzc of
6.8, 6.0 and 6.6 respectively (Fig. 1). Below these values, the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 pHpzc plot for KCB, KCB-A and KCB-B.

Fig. 2 FTIR spectra of KCB, KCB-A and KCB-B.

Table 1 Chemical elements present in KCB, KCB-A and KCB-B as
determined by EDS analysis (atom%)

Atoms Lines KCB KCB-A KCB-B

C K-series 43.20 89.27 80.58
Si K-series 38.71 4.11 1.50
O K-series 7.26 5.99 6.16
Zn K-series 5.15 — 7.41
Fe K-series 3.86 — 1.36
Ca K-series 1.20 — 0.84
Cl K-series 0.62 0.54 0.57
K K-series — — 1.58
Al K-series — 0.09 —

Total 100 100 100
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surface charge on the adsorbent in solution is positive and
above this value, the charge on the adsorbent is negative.

Activation was found to alter the surface chemistry of KCB.
KCB-A showed reduced pHpzc values compared with KCB. This
is attributed to acid treatment of the sample which lowered its
pHpzc value due to the introduction of functional groups on the
surface of the adsorbent that increased the acidic surface
oxides.21

Fig. 2 shows the FTIR spectra of the adsorbents. The loss of
the external hydroxyls usually associated with kaolinite can be
due to the effect of heat during the modication process.22 The
absorption shown by the very weak band at around 1580 cm�1
Fig. 3 SEM images of (a) KCB (b) KCB-A and (c) KCB-B.

© 2021 The Author(s). Published by the Royal Society of Chemistry
can be attributed to H–O–H bending of kaolinite. The presence
of Zn–O absorption peak in the adsorbent is shown by absorp-
tion at around 453 cm�1 which is attributed to the ZnCl2 used
during the modication. The broad band at 1055 cm�1 is due to
the presence of Al–Si–O stretching of amorphous aluminosili-
cates which shied to 1051 cm�1 in KCB-A and KCB-B. The peak
observed at about 775 cm�1 indicates Si–O vibrations of the
quartz while the peak appearing at about 800 cm�1 indicates the
presence of Al–O–H bond vibrations. Activation with either acid
or alkali was found to increase the intensity of these peaks.
Similar results were reported22 for the synthesis of a kaolinite/
pawpaw composite (HYCA).

The SEM images of KCB, KCB-A and KCB-B as shown in
Fig. 3(a–c) show that the adsorbent pores have irregular shapes
and sizes majorly ellipsoidal and are heterogeneously distrib-
uted. Their sharp edges also suggest good crystallinity.23 The
adsorbents are highly porous with pore sizes ranging from 7 mm
to 20 mm which indicates the heterogeneous nature of the
adsorbents. The presence of Zn is seen from the scattering of
particles on the surface of the adsorbents showing its aggrega-
tion on the surface of the adsorbent rather than incorporation
into the structure. Surface structure of KCB changed slightly
aer modication with both acid and alkali. Activation also
appears to unblock some pores resulting in the generation of
more visible pores than that seen for KCB.24

Elemental (EDX) analysis (Table 1) conrms the carboniza-
tion of the precursors25 which resulted in a higher carbon
content than kaolinite (0.16%)22 and coconut husk (20%).26
RSC Adv., 2021, 11, 18483–18492 | 18485
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Activation of KCB further increased the amount of carbon by
approx. 100% to give 89% and 81% in KCB-A and KCB-B
respectively which shows that activation improved upon the
surface properties of KCB-A and KCB-B.

XRD further conrms the result of FTIR (Fig. 4). It displays
characteristic diffraction peaks of kaolinite at 2Q of 20.81� and
26.61� for KCB and 20.80� and 20.57� for both KCB-A and KCB-B
corresponding to the reections from (110) and (002) plane
respectively. This suggests that the crystal structure of kaolinite
is not affected by modication with the biomass or the
synthesis process. Activation of KCB with either acid or alkali
resulted in an increase in the intensity of the peaks. This is
attributed to structural disorder which affected the crystallinity
of the sample.27 The full width at maximum height (FWMH) is
used to determine the Lc which is a measure of crystallite size
and obtained using the Debye-Scherrer equation (eqn (2)).28

Lc ¼ kl

b002 cos q002
(2)

The values of 5.4, 5.4 and 6.1 nm were obtained as the
crystallite sizes for KCB, KCB-A and KCB-B respectively (Fig. 5).
Fig. 5 Effect of pH on the adsorption of (a) TET (b) CIP using KCB,
KCB-A and KCB-B (initial concentration ¼ 40 mg L�1; contact time ¼
60 minutes; adsorbent dosage ¼ 0.05 g; temperature ¼ 303 K).
3.2 Adsorption performance

3.2.1 Effect of pH. pH inuences the characteristics of both
the adsorbate and adsorbent as well as the interactions between
them which changes as pH changes.29

The plots of the effect of pH (2–12) on the adsorption of CIP
and TET with an initial concentration of 40 mg L�1 are shown in
Fig. 6. For the 3 adsorbents, the removal of TET was higher in
basic medium (pH 10) than in acidic medium. At this pH, the
surfaces of these adsorbents are expected to be negatively
charged. TET is negatively charged at this pH, occurring as
a divalent anionic species. It is expected that under these
conditions, repulsion mechanism will be activated leading to
decrease in adsorption. However, there was an increase in
adsorption showing a higher affinity of the adsorbents for this
divalent form of TET. It is also a testament to the fact that
electrostatic interactions is not at play between TET and the
adsorbents. Further increase in pH from 10 to 12 resulted in
Fig. 4 XRD spectra of KCB, KCB-A and KCB-B.

18486 | RSC Adv., 2021, 11, 18483–18492
a decrease in adsorption. For CIP adsorption on KCB-A, there
was an increase in adsorption up to pH 4. Between pH 4 and 10,
there was no signicant change in adsorption as the solution
moved from being acidic to alkaline. At pH 12 however, there
was a sharp decline in adsorption with further increase in pH.
The pHpzc of KCB-A is 6.0. Below this pH, the surface of this
adsorbent is positively charged.

On the other hand, at pH below 6.1, CIP exists as a cation, as
an anion beyond 9 and as a neutral molecule between 6.1 and
8.9. With this information, it is expected that there will be
a decline in adsorption at pH below 6. Based on experimental
observations, this was not the case. Rather than a decline in
adsorption at pH less than 6, there was a steady rise in
adsorption up to pH 4. This result shows that adsorption could
not have been due to electrostatic interactions between the
adsorbent and the adsorbate. This phenomenon has been
suggested to be due to the suppression of electrostatic interac-
tions by the hydrophobicity of CIP.30 Between pH 6 and 8, the
adsorption was steady, averaging 97%. Non-polar adsorbents
are capable of adsorbing organic pollutants which exist in
molecular form31 which could explain the higher adsorption at
those pH values. Also at pH beyond 9, CIP is anionic while the
adsorbent is negatively charged. This should result in a decline
in adsorption as a result of electrostatic repulsion. This led to
a decrease in adsorption from pH 10. However, this decline in
adsorption from pH 10 could be attributed to decrease in
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Graphs showing the adsorption isotherms of (a) KCB (b) KCB-A (c) KCB-B on CIP (d) KCB (e) KCB-A and (f) KCB-B on TET.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
m

ie
ss

em
án

nu
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

02
6-

01
-2

8 
15

:5
7:

46
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
hydrophobicity of CIP rather than electrostatic repulsions
between the adsorbent and adsorbate as hydrophobicity has
been found to reduce with the formation of anions. KCB-B on
CIP showed an increase in adsorption up to pH 4. Between pH 4
and 8 where the CIP molecules are expected to be neutral, there
was a decline in adsorption capacity. At that pH too, the surface
of the adsorbent is positively charged which could be respon-
sible for the decline in adsorption because beyond the pHpzc of
the adsorbent where its surface becomes increasingly negative
and deprotonation of the second amine group of CIP begins to
occur, adsorption increases slightly. As soon as the negative
charge on the adsorbent is fully established and CIP becomes
fully deprotonated at pH beyond 8, adsorption capacity
declines. KCB also shows a similar adsorption pattern to KCB-B
except that the decrease extends from pH 4 to 8. There was
increase in adsorption capacity from pH 8 to 10 followed by
© 2021 The Author(s). Published by the Royal Society of Chemistry
a nal decline in adsorption. Adsorption of CIP and TET onto
these adsorbents have been attributed to take place via a series
of mechanisms notably p–p interactions, hydrophobic inter-
actions, London dispersion forces, hydrogen bonding or van
der Waals forces.32

3.2.2 Equilibrium isotherm studies. To optimise the design
of an adsorption system, it is important to establish the most
appropriate correlation for the adsorption equilibrium curves.
Langmuir, Freundlich, Dubinin–Radushkevich and Tempkin
(two-parameter models); Langmuir–Freundlich (L–F) and
Bruoers–Sotolongo (three-parameter models) were used to
interpret the adsorption data. Their plots are shown in Fig. 6a–f
and the values of their parameters are presented in Table S1.†
Among the two parameter isotherms, with respect to the equi-
librium data, Langmuir isotherm gave the best t with the
highest R2, 0.999 and 0.985 for CIP adsorption on KCB-A and
RSC Adv., 2021, 11, 18483–18492 | 18487

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01130h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
m

ie
ss

em
án

nu
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

02
6-

01
-2

8 
15

:5
7:

46
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
KCB-B respectively followed closely by Freundlich (R2 ¼ 0.996
and 0.984) while Temkin (R2 ¼ 0.989) gave the best for
adsorption on the inactivated composite followed closely by
Langmuir (R2 ¼ 0.977). This suggests that CIP adsorption fol-
lowed a series of complex chemisorption mechanisms.7 The
Langmuir maximum monolayer CIP uptake by KCB, KCB-A and
KCB-B are 71.1, 139.9 and 228.7 mg g�1 respectively. KCB-B and
KCB-A had better rates of adsorption than KCB for CIP as can be
seen in their adsorption capacities (228.7 and 139.9 mg g�1).
This can be attributed to an increase in the functional sites on
the activated adsorbents brought about by an introduction of
functional groups that can serve as adsorption sites. Adsorption
of the TET on the other hand, showed themonolayer adsorption
capacity to be 118, 116.6 and 231.9 mg g�1 for KCB, KCB-A and
KCB-B respectively. The best model among the two-parameter
Fig. 7 D–R isotherm plots of adsorption of CIP on (a) KCB (b) KCB-A (c

18488 | RSC Adv., 2021, 11, 18483–18492
isotherms to t the experimental data for KCB and KCB-B is
the D–Rmodel (Fig. 7a–f) (R2¼ 0.974 and 0.971) followed closely
by Temkin. For adsorption of TET on KCB-A, Langmuir (R2 ¼
0.965) followed by Temkin (R2¼ 0.962) best t the data. Like CIP
adsorption, the adsorption of TET can be said to involve
complex chemisorption mechanisms.

The D–R isotherm is applied to estimate the porosity
apparent free energy and the characteristics of adsorption. The
value of E, which represents the free mean energy (kJ mol�1) was
obtained (Table S1†). An E value < 8 kJ mol�1 is indicative of
physical adsorption.33 The value of E for the adsorption of TET
on the adsorbents and KCB on CIP were less than 8 kJ mol�1

showing that the mechanisms of adsorption were physical in
nature. This was corroborated by the enthalpy values obtained
for thermodynamics studies (Table S3†).
) KCB-B; TET on (d) KCB (e) KCB-A and (f) KCB-B.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The heterogeneity factor (n) in the Freundlich model indi-
cates the degree of heterogeneity and hence how favourable the
adsorption is.33 The value of Freundlich constant, n was greater
than 1 for all adsorbents on both CIP and TET indicating that
the adsorption was favourable at studied conditions. This is
corroborated by the n factor predicted using L–F model and
further buttressed by the value of the dimensionless constants,
RL which were all less than one. The surface heterogeneities of
the adsorbents are conrmed by the presence of various func-
tional groups present on the adsorbents (Fig. 2).

The experimental data were further modelled with three-
parameter isotherm models in a bid to improve the precision
of analysis. Comparison of the R2 showed better tting when
compared with the two parameter isotherm models. Of the
three models however, L–F isotherm, a model that combines
the features of Langmuir and Freundlich isotherms was the best
t for the adsorption of CIP (R2 > 0.98) while B–S isotherm was
the best t for adsorption of TET (R2 > 0.997 and R2 > 0.969 for
KCB and KCB-A respectively) except by KCB-B whose adsorption
best t L–F (R2; error analysis). L–F is used for predicting the
heterogeneous nature of the adsorption system while circum-
venting the limitation of high adsorbate concentrations of
Freundlich.34 This shows that both monolayer and multilayer
are occurring simultaneously within the system, indicating that
the adsorption could be driven by more than one force of
attraction. Studies have shown that for most organic pollutants,
a number of bonding mechanisms such as electrostatic inter-
actions, ion-exchange, p–p interactions, H-bonding or hydro-
phobic interactions occur in tandem during the adsorption
process.34,35

The t of the experimental data with B–S isotherm is used to
predict the adsorption capacity of the adsorbents for complex,
heterogeneous systems involving sorbent materials with
different chemical characteristics.36 The high R2 values (R2 >
0.999) observed for both CIP and TET for this model show that
the adsorbents possess heterogeneous active sites. The
adsorption capacities obtained for these adsorbents are seen to
Table 2 Comparison of adsorption capacities for CIP and TET uptake b

Adsorbent Pol

Pistachio shell powder coated ZnO nanoparticles CIP
Eu doped SrAl2O4 composite CIP
Reduced GO/magnetite composite CIP
Poly(1-trimethystilyl-1-propyne) CIP
Aluminum-pillared kaolin sodium alginate beads CIP
Clay/coconut husk biochar CIP
HCl-activated clay/coconut husk biochar CIP
KOH-activated clay/coconut husk biochar CIP
Pistachio shell powder coated ZnO nanoparticles TET
Eu doped SrAl2O4 composite TET
KOH-activated reed biochar TET
Wood biochar TET
a-Fe2O3/reduced graphene oxide TET
Clay/coconut husk biochar TET
HCl-activated clay/coconut husk biochar TET
KOH-activated clay/coconut husk biochar TET

© 2021 The Author(s). Published by the Royal Society of Chemistry
be higher when compared with those obtained for other agro-
genic materials in previous studies as can be seen in Table 2
indicating the higher potential of these adsorbents for CIP and
TET removal.

3.2.3 Kinetic studies. Kinetic models are mathematical
equations that help to interpret the kinetic data obtained to
describe the adsorption mechanism. The parameters of the
kinetic models used in studying the experimental data are
presented in Table S2 (see ESI†). As seen in Fig. 8 the adsorp-
tions of CIP and TET on the adsorbents were fast with most
adsorption occurring within the rst 15 minutes. This is
particularly important in industrial applications as it reduces
adsorption time thereby reducing operation costs.43 The
residual root mean square error given by eqn (3) below was used
in evaluating the best tted model to the kinetic data. Using the
error function, decreasing values of RSE indicates better tting
to the model.44 ffiffiffiffiffiffiffiffiffiffiffi

1

n� 2

r XN
i¼1

�
qeðexpÞ � qeðcalÞ

�2
(3)

qe (exp) and qe (cal) represent the experimental and calculated
qe values, N is the number of observations in the experimental
data.

Of the kinetic models studied, the PFOM best described the
adsorption of KCB and KCB-B for CIP adsorption and KCB-A
and KCB-B for TET adsorption. Pseudo rst order kinetic
model works best at high concentrations showing that a high
concentration of pollutants can be successfully removed.7

Though PFOM ts only over the initial 20–30 minutes of
adsorption,31 it is suitable for the removal of these pollutants as
most of the pollutants were removed within that frame of time.
On the other hand, PSOM gave the best t for the data on CIP
adsorption by KCB-A as well as TET adsorption by KCB. This
indicates that the adsorption worked well over the whole range
of adsorption time and follows the chemisorption process. It
can also be said that the adsorption capacity was positively
related to the amount of active sites on the adsorbent. Higher
y agrogenic based adsorbents

lutant qmax (mg g�1) Ref.

98.72 37
7.10 38

18.98 16
33.10 39
68.36 40
71 This study

140 This study
232 This study
92 37
26 38

146 41
120 7
39 42

118 This study
117 This study
232 This study
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Fig. 8 Graphs showing the adsorption kinetics of (a) KCB (b) KCB-A (c) KCB-B on CIP (d) KCB (e) KCB-A and (f) KCB-B on TET.
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values of h observed for the activated adsorbents are attributed
to additional adsorption sites created by increasing functional
groups brought about by chemical activation. This is further
conrmed by the tting with intraparticle diffusion (IPD)
kinetic model. The rate constants as an indication of how fast
the adsorption is show that the rates of adsorption by the
activated adsorbents were faster than the inactivated adsorbent.
It has been shown that if K1 is greater than K2, the adsorption is
restricted by internal diffusion.45 The results in Table S2†
suggest that internal diffusion occurred in addition to surface
adsorption. If intraparticle is the sole limiting step, a plot of qt
versus t0.5 should pass through the origin. The line of t did not
pass through the origin, showing that intraparticle diffusion
alone is not the sole rate limiting step and that surface diffusion
18490 | RSC Adv., 2021, 11, 18483–18492
could also have contributed to the process46 making the
mechanism all the more complex. The high KIPD values ob-
tained for the adsorbents could be proportional to the number
of functional sites produces by activation and this is supported
by the h values reported earlier. The values of C obtained are an
indication of the boundary layer thickness between the adsor-
bate and adsorbent.47 The low value of C obtained for the
adsorption shows that they are less affected by boundary layer
with low resistance to external mass transfer. KCB-A and KCB-B
were least affected by boundary layer when compared to KCB
showing that activation had an impact on the mechanism of
transfer of adsorbate to adsorbent.44 Brouers–Sotolongo fractal
kinetic model, BSF is used to describe complex adsorption
systems by predicting that the adsorption followed a rst order
© 2021 The Author(s). Published by the Royal Society of Chemistry
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mechanism. This closeness of the qe values obtained from this
model to the experimental qe suggests that adsorption onto
these adsorbents is via a complex mechanism involving various
forces of attraction including the weak van der Waal forces.48

This suggests that the adsorption sites of these adsorbents are
heterogeneous in nature. On the other hand, Elovich model
presented the worst prediction. This model does not propose
a denite mechanism for the adsorption process.49 This nding
strengthens the prediction that the adsorption mechanism
occurred via a series of complex mechanisms.

3.2.4 Thermodynamics studies. To examine the energy
changes involved during the sorption process, the thermody-
namic parameters of the Gibbs free energy (DG�), the enthalpy
change (DH�), and the entropy change (DS�) of the adsorption of
CIP and TET were calculated using: Van't Hoff equation (see
ESI†). The thermodynamic parameters as shown on Table S3†
indicate that the adsorption of CIP and TET were thermody-
namically feasible and spontaneous with negative DG values.
Lower temperature appeared to facilitate adsorption of TET
better on the three adsorbents as the DG value became
increasingly positive at higher temperature. Increasing
temperature provides energy which is needed to overcome the
repulsive forces which could exist between solute molecules on
both the solid and in solution thereby leading to increased
adsorption at higher temperature. Also, there could be
obstructions within the pores on the adsorbent which require
sufficient kinetic energy to overcome. The opposite is true for
adsorption of CIP giving the indication of an endothermic
reaction. The resultant negative DH value obtained for both CIP
on KCB and KCB-A indicates the exothermic nature50 of the
adsorption on these materials. DS� value shows the degree of
randomness of the system.

The positive DS obtained for adsorption of CIP on KCB and
KCB-A suggested an irreversible process and is indicative of
structural changes happening within the system, an increase in
randomness at the solid/solution interface upon adsorption.
This reects greater affinity of the adsorbates for the adsorbents
with increase in temperature.33
4. Conclusion

This study reports the utilization of adsorbents prepared by
microwave technology from low-cost, underutilized biomass in
the successful removal of antibiotics pollutants from simulated
wastewater. Pseudo rst order kinetic model (PFOM) provided
a better t to the kinetic data for CIP adsorption KCB-B and TET
adsorption on KCB-A. Pseudo second order kinetic model
(PSOM) explained best the adsorption of CIP and TET on KCB
while intraparticle diffusion (IDP) provided the best t for CIP
adsorption on KCB-A and TET adsorption on KCB-B. The
adsorption isotherm models showed that the adsorbents
prepared were very effective in the removal of CIP and TET with
the chemically activated adsorbents showing greater affinity.
Thermodynamics analyses indicate that the adsorption was
spontaneous and favourable. These results demonstrate that
these adsorbents provide alternative readily available, low-cost
© 2021 The Author(s). Published by the Royal Society of Chemistry
and reusable materials that can successfully replace activated
carbon in wastewater treatment.
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