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The preparation of bentonite clay—coconut husk composite (BECH) via microwave-assisted carbonization,
the activation of BECH with HCl (BECH-H) and KOH (BECH-K) and the adsorption of ciprofloxacin,
tetracycline, and bisphenol A from aqueous solutions by the resultant carbon materials are highlighted in
this study. The adsorbents (BECH, BECH-H and BECH-K) were characterised by transmission electron
microscopy, scanning electron microscopy, energy dispersive X-ray spectroscopy, Fourier transform
infrared spectroscopy, X-ray diffraction and N, adsorption—desorption analysis using the BET model. The
results from these analyses showed sufficient interactions between bentonite and coconut husk. The
adsorbents exhibited high specific surface areas (284-456 m? g~Y) showing potential to be used in
adsorption studies. The Sips model provided the best fit to the adsorption data when data from the
equilibrium experiment were fitted to the Freundlich and Sips models. BECH-H and BECH-K
demonstrated the highest affinity for bisphenol A with BECH-H having the highest adsorption capacity
(472.9 mg g™). BECH also had the greatest preference for the adsorbents, having adsorption capacities
of 199.7 mg g~* for ciprofloxacin, 183.5 mg g~* for bisphenol A and 281.7 mg g™ for tetracycline. Results
showed high removal efficiencies for the ECs studied (>90%) at a low dosage of the adsorbents (50 maq).

Received 11th February 2023 The kinetic data of all the adsorbents are best described by the pseudo-second-order kinetic model.

Accepted 5th August 2023
Adsorption reactions were heterogeneous in nature with chemisorption being the rate-limiting step.

DOI: 10.1039/d3va00033h These findings suggest that these adsorbents could be excellent materials for effectively treating EC-

rsc.li/esadvances contaminated water.

Environmental significance

Emerging contaminants in the environment are sources of concern because their presence has been linked to diseases such as cancer, neurological problems
and an increase in antibacterial resistance in microorganisms. Wastewater treatment plants are incapable of removing these contaminants. Several kinds of
research on adsorption have focused on the search for low-cost, environmentally friendly adsorbents. This study presents an adsorbent synthesized from
bentonite and coconut husk both of which are abundant, low-cost and non-toxic. This composite overcomes the deficiencies of the parent materials and is
effective for the removal of ciprofloxacin, tetracycline and bisphenol A from water.

an annual production of 2.2 million tonnes of BPA in 2009, it is
a chemical that is found in a variety of products including food

1. Introduction

Pharmaceuticals and plasticizers are two examples of emerging
contaminants (ECs), which are prevalent in large concentra-
tions in the environment but not regulated yet. They have also
been reported to have detrimental effects on human health and
the environment.*

Bisphenol A is one emerging contaminant that has drawn
significant attention from the international community. With
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contact materials, household kitchenware, cans, medical
equipment and toys due to its ability to improve the durability,
shatter resistance and heat resistance of plastics.” Bisphenol A
was added to the candidate list of Substances of Very High
Concern (SVHC) by the European Chemicals Agency in 2017
because of its harmful effects on humans.® These effects include
imitating or suppressing the functions of the body's natural
hormones which can interfere with the normal function of the
reproductive system. Abnormalities in the sex organs, sperm
quality, fertility, endometriosis, and early puberty have all been
connected to reproductive system dysfunction. Exposure to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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bisphenol A has also been linked to the feminization of fish
even at low concentrations in aquatic habitats.**

Tetracycline conversely is a broad-spectrum antibiotic that
works against several Gram-positive and -negative bacteria and
therefore widely used to treat infections with insignificant side
effects. Tetracycline is also added to animal diets to encourage
their growth and this makes it the second most produced and
consumed antibiotic in the world®” and ciprofloxacin is the
fluoroquinolone antibiotic that is most widely used worldwide.®
Unfortunately, antibiotics are only partially biodegradable and
are not completely absorbed by both humans and animals.’
Owing to their difficulty in degrading, antibiotics accumulate in
the environment'® and are known to increase the risk of cancer,
have genotoxic and mutagenic effects, impact the immune,
nervous and respiratory functions, and cause metabolic
dysfunctions, diabetes, cardiovascular disorders, and neuro-
logical and learning problems. Furthermore, it has been
demonstrated that microorganisms become more resistant to
antibiotics when pharmaceutical residues are present in the
environment.*>*

Emerging contaminants can enter the environment from
point sources such as wastewater treatment plants or non-point
sources such as agriculture.”** They have been found in
groundwater and surface water as well as being detected in
food, plants and soils."*** Emerging contaminants in waste-
water have been eliminated using advanced oxidation processes
(AOPs) and membrane processes.'® These methods do, however,
have drawbacks including prohibitive operating costs,"” partial
mineralization/rejection, and secondary pollution.*®

Adsorption, on the other hand, is appealing because it is
a flexible, effective and less expensive alternative.'>'>*" It is also
simple to integrate into existing wastewater treatment systems.*
Several adsorbents have been developed for the removal of anti-
biotics such as activated carbon*?** clays,*** biomass including
chitosan, corn cob, banana peel, coffee husk***® and synthetic
metal oxides.”” Some of these adsorbents do have drawbacks,
though. For example, activated carbon is expensive despite
having a large surface area.”® There are also difficulties in its
regeneration.’* The use of agricultural materials has certain
advantages such as the fact that they have highly reusable, effi-
cient, abundant, low-cost and possess desirable functional
groups for the adsorption of pollutants.** They have been
successfully applied for the removal of heavy metals, dyes, and
others. Despite these advantages, agricultural waste has clogging,
separation, and decomposition issues that restrict its use on an
industrial scale,®” thus giving motivation for the search for more
innovative materials that overcome these drawbacks. Among
clays, bentonite is widely used in water purification because of its
high surface area, high cation exchange capacity, high chemical
and mechanical stabilities and efficiency for the removal of
a wide range of pollutants.*® Hence, the modification of coconut
husk, an agricultural waste with bentonite was carried out. The
objectives of this study were to prepare carbon materials using
two inexpensive natural materials, bentonite and coconut husk,
and evaluate the efficiency of the adsorbents using batch studies
for the removal of three ECs under various experimental condi-
tions. Due to their widespread usage and resistance to
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degradation, ciprofloxacin, tetracycline and bisphenol A have
been chosen as model pollutants.

2. Materials and methods

2.1. Materials

Bisphenol A, tetracycline and ciprofloxacin were obtained from
Sigma-Aldrich (St. Louis, USA). Hydrochloric acid (HCl), potas-
sium hydroxide (KOH) and sodium hydroxide (NaOH) were
obtained from Merck Chemicals (Darmstadt, Germany). All
reagents were of analytical grade and were used as received.

2.2. Preparation of the bentonite-coconut husk composite
(BECH)

The method of Egbedina et al.** was followed in the preparation
of the adsorbents. From local markets in Ibadan, Nigeria
coconut husks were purchased. Coconut husks were dried at
80 °C for 24 hours before being processed into fine powder. For
the carbonization process, 1 g of coconut husk powder, 1 g of
bentonite clay, 2 g of ZnCl, and 0.1 M NaOH were placed in
a beaker. Before being allowed to impregnate in an oven for 24
hours at 150 °C, the mixture was stirred intermittently for 12
hours. After that, the impregnated mixture was placed in
a microwave and carbonized. The resulting material was
washed, dried at 60 °C for 12 hours and named BECH.

2.2.1. Chemical activation of BECH. BECH was chemically
activated by soaking in 50 mL HCI and KOH separately. After 1
hour of constant agitation, the mixture was filtered. The acti-
vation products were washed with deionized water until no
trace of either HCl or KOH was found. Drying was done for 24
hours at 60 °C. The activated carbons were labelled BECH-H and
BECH-K for HCI and KOH activated respectively.

2.3. Characterization of BECH, BECH-H and BECH-K

The salt addition method, as reported by Adebowale et al.,** was
used to establish the pH at which the adsorbents are electrically
neutral (pHpzc). A scanning electron microscope (SEM) (VEGA 3
TESCAN, Brno, Czech) connected to an energy-dispersive X-ray
(EDX) analyzer was used. Analysis was carried out at a voltage
of 20 kV. Transmission electron microscopy (TEM) was carried
out at an accelerating voltage of 200 kv. Both SEM and TEM were
used to evaluate the morphological features of the adsorbents. An
X-ray diffractometer (XRD) (Malvern PANalytical Ltd, The Neth-
erlands) enabled the determination of the mineralogical compo-
sition of the adsorbents. The specific surface areas, pore volumes
and pore sizes of the adsorbents were measured using nitrogen
adsorption at 77 K using a Micromeritics® TriStar II Plus surface
area and porosity analyzer. Fourier transform infrared (FTIR)
spectroscopy was used to assess the surface chemistry of the
materials using a Shimadzu FT-IR 8400S (class 1, laser product).

2.4. Batch adsorption studies

Adsorption tests were carried out by mixing 10 mL of cipro-
floxacin, tetracycline and bisphenol A solutions with 50 mg of
BECH, BECH-H and BECH-K in 100 mL amber glass bottles and
shaking them at 150 rpm. The effects of pH, contact time and
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concentration were studied and details of each study are
described below. The final pollutant concentration was deter-
mined using a UV-vis spectrophotometer at wavelengths of
224.5 nm, 277.5 nm, and 365.6 nm for bisphenol A, cipro-
floxacin and tetracycline respectively using a calibration curve.
All of the studies were done in duplicate.

Using 40 mg L™ solutions, the effect of pH on ciprofloxacin,
tetracycline and bisphenol adsorption was examined. The pH
was varied from 2-12 using NaOH or HCI solutions and shaken
for 120 minutes at room temperature. The impact of varying
contact time was examined using 40 mg L™ " of the pollutant at
pH 7 and shaking at various intervals at room temperature.
Pollutant solutions with concentrations ranging from 10 to
500 mg L~ were used to study the effect of the initial concen-
tration of pollutants.

The amounts of pollutant adsorbed (mg g ') and the
adsorption efficiencies of the adsorbents were evaluated using
eqn (1) and (2)

(C—-C)V

qe = T (1)

(G- &)

i

Adsorption efficiency = x 100 (2)
where C; is the initial concentration in mg L™"; C¢ is the final
concentration in mg L™'; V is the volume of the solutions in
litres; m is the dry mass of the adsorbent in grams.®

The adsorption kinetics were described using the kinetic
equations (eqn (3) and (4)):

Pseudo-first order: ¢, = g. — exp(In g. — k) 3)

Qezkzl

Pseudo second order : —_
qekzt + 1

9 = (4)
where ¢. and ¢, stand for the amounts adsorbed at equilibrium
and time, ¢, in mg g’1 respectively; k; is the first-order rate
constant (g mg~ ' min ), k, is the second-order rate constant (g
mg ' min~') and ¢ is the time expressed in minutes.
Adsorption isotherms were described using adsorption

models (eqn (5) and (6)).

Freundlich: ¢, = KeCM" (5)
e _ QS(KS Ce)"
Sips: g = {22 s ©

C. is the equilibrium concentration of the pollutants in solution
(mg L"), K¢ is an empirical constant that gives an idea of the
adsorption capacity of the adsorbent, K is the Sips isotherm's
equilibrium constant, n is the adsorption constant showing the
intensity of heterogeneity of adsorption and Qg is the Sips
isotherm's adsorption capacity (mg g™ ).

3. Results and discussion
3.1. Characterization of BECH, BECH-H and BECH-K

The net surface charge on each adsorbent at different pH was
determined through pHpzc measurement. This is important
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Fig. 1 pHpzc plots of BECH, BECH-H and BECH-K.

because ciprofloxacin, tetracycline and bisphenol A are known
to exhibit different behaviours depending on the pH of the
aqueous solution and this can result in either attraction or
repulsion between the pollutants and the adsorbents.** The pH
at the point of zero charge (pHpzc) of the adsorbents yielded
values of 6.49, 2.94, and 7.13 for BECH, BECH-H and BECH-K,
respectively (Fig. 1). This implies that the net surface charge
on BECH, BECH-H and BECH-K will become more positive as
the pH of the solution decreases below their pHpzc and become
negative as the pH of the solution increases above their pHpzc.
The activation of BECH with HCI resulted in a decrease in
pHpzc because of the presence of H' from the acid used while
activation with KOH resulted in an increase in the pHpzc value
as a result of OH™ groups introduced to the surface of the
adsorbent. This pattern is also seen when cow hoof powder was
activated with an acid and alkali.** Acid activation also resulted
in a decrease of pHpzc (i.e. from 5.22 to 4.6) and alkali treat-
ment resulted in an increase (5.22 to 7).

Fig. 2 displays the FTIR spectra of BECH, BECH-H, and
BECH-K. The spectra of the adsorbents displayed similar bands
to bentonite though marked shifts in the absorption bands were
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Fig. 2 FTIR spectra of (a) bentonite, (b) BECH, (c) BECH-H and (d)
BECH-K.
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observed. The peak at 1042 cm ', corresponding to the
stretching vibration of Si-O in bentonite was found at
1034 cm ™ %, 1067 em ™! and 1026 cm ™ for BECH, BECH-H and

Fig. 3 SEM images of (a) BECH, (b) BECH-H and (c) BECH-K.
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BECH-K, respectively. While the peaks detected at 526 cm ™' and
444 cm™' for bentonite are attributed to the asymmetric
stretching vibrations of Si-O-Al and Si-O-Si, respectively, the
peak at 3435 cm ! for bentonite is attributed to the absorbance
of the O-H functional groups of AI-OH on SMC.* These latter
bands were not seen in the modified adsorbents, possibly
masked by the interaction with the biomass thus indicative of
interactions between the bentonite and the coconut husk. The
reduced intensity of the external O-H stretching band at
3632 cm~ ! found in bentonite and absent in the composites is
attributed to heat treatment during the preparation of SMC. The
band at 460 cm ™! for BECH, BECH-H and BECH-K confirms the
presence of ZnO* resulting from the interaction between ZnCl,
and NaOH during their preparation.

Fig. 3 depicts the SEM images of BECH, BECH-H and BECH-
K at a magnification of 50 um. The surfaces have irregular,
heterogeneous pores with uneven diameters, as shown in the
SEM micrographs. BECH's image revealed fewer pores than
BECH-H and BECH-K. The particles are also distributed
heterogeneously, differing in size and form. On activation, more

Fig.4 HR-TEM micrographs of (a) BECH, (b) BECH-H and (c) BECH-K.
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pores appear to be more visible. Activation frequently results in
enhanced porosity because the amorphous material that nor-
mally clogs the pore network in adsorbents is easily removed,

making the already-existing pores accessible.?* layer on the TEM images.
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spectra of (a) BECH, (b) BECH-H and (c) BECH-K.
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HR-TEM was used to further characterize the adsorbents
(Fig. 4), which confirmed the formation and aggregation of ZnO
on the surface of the adsorbents. This is indicated by the darker

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XRD spectra of (a) BECH, (b) BECH-H and (c) BECH-K.

EDX analysis (Fig. 5) shows that BECH (47%), BECH-H (91%)
and BECH-K (56%) contain carbon as opposed to bentonite clay.
This demonstrates the successful carbonization of bentonite
and coconut husk. Furthermore, the activation of BECH resul-
ted in a higher amount of carbon in BECH-H and BECH-K,
showing that activation improved the surface properties of
BECH. The spectra also show the presence of Zn in the samples
showing that Zn was not washed away during the preparation of
the adsorbents. Silicon (Si), iron (Fe), oxygen (O), calcium (Ca),
and magnesium (Mg) are among the other elements attributed
to contributions from biomass and clay.

The XRD spectra of the adsorbents are shown in Fig. 6. The
amorphous character of the adsorbents, which is typical of
carbon, is shown by the nature of the diffractogram. The
diffraction pattern of BECH shows peaks at 26 of 4.01°, 26.97°,
42.26°, 50.23°, 59.98° and 68.22°. These peaks are found in
BECH-H at 26 of 4.42°, 26.70°, 42.60°, 50.25°, 59.98°, and 68.39°
and in BECH-K at 26 of 4.13°, 26.81°, 42.59°, 50.29° and 68.77°.
These peaks correspond to the presence of quartz, montmoril-
lonite and calcite and are typical of bentonite.*®*® This
demonstrates that though biomass and bentonite had inter-
acted, this interaction did not affect the mineralogical structure
of the parent clay material. The Debye-Scherrer equation (eqn
(7)) was used to calculate the crystallite size and the L. of the
adsorbents using the full width at maximum height (FWMH).

kA

Le=—"—"-——
Booz €08 ooz

?)
where L. is the estimated crystallite size; k is the Scherrer
constant which is 0.9; 4 is the X-ray wavelength of radiation for
Cu-Ko (0.154 nm); g is the full-width at half maximum in
radians (obtained by comparing relative area ratios after fitting
Gaussian peaks); 4 is the diffraction angle.** The crystallite sizes
for BECH, BECH-H, and BECH-K were found to be 8.1, 8.1, and
6.9 nm, respectively.

The nitrogen adsorption-desorption isotherms of BECH,
BECH-H and BECH-K are shown in Fig. 7. The BET surface area
of BECH, BECH-H and BECH-K is 284, 456 and 312 m”> g '
respectively. These values are higher than that obtained for
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Fig. 7 Nitrogen adsorption—desorption isotherm of (a) BECH, (b)
BECH-H and (c) BECH-K.

pristine bentonite (74 m> g~ '). The surface areas of the activated
adsorbents, BECH-H and BECH-K, are higher than that of BECH
showing that activation improved the surface properties of
BECH. The surface areas of the three adsorbents are also higher
when compared to those of other bentonite-based adsor-
bents.***” The large specific surface areas obtained for the three
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Table1 Surface properties of bentonite, BECH, BECH-H and BECH-K

Surface area Pore size Pore volume
(m’g ™) (nm) (em® g )
Bentonite 73.87 9.76 0.18
BECH 284.14 3.68 0.26
BECH-H 456.17 3.29 0.38
BECH-K 311.97 3.59 0.28

adsorbents make them potentially good adsorbents for the
removal of the target pollutants. Additional surface character-
istics of the adsorbents derived from BET analysis are displayed
in Table 1. The pore sizes of the adsorbents prepared were seen
to be smaller than that of the pristine parent clay. This size
reduction could be attributed to the coconut husk incorporated
into it, which resulted in a reduction in pore size.

3.2. Batch adsorption

3.2.1. pH effect. The properties of both the adsorbents and
the adsorbate are affected by pH, making it a crucial parameter
to be studied. The effect of pH on ciprofloxacin, tetracycline,
and bisphenol A adsorption is shown in Fig. 8. Ciprofloxacin
adsorption on BECH (Fig. 8a) increased up to pH 10. As the pH
increased, the adsorption capacity began to fall sharply. BECH
has a pHpzc of 6.49 (Fig. 1). Below this pH, the surface of this
adsorbent is positively charged. In contrast, ciprofloxacin exists
as a neutral molecule between pH 6.1 and 8.9. Below 6.1, it
exists as a cation and an anion above pH 9.* Based on this
knowledge, it is expected that adsorption will be low at pH
below 6 due to electrostatic interactions, as both the adsorbent
and the adsorbate are positively charged. This was not the case
as adsorption increased steadily at a pH lower than 6. This
increase in adsorption could be attributed to the hydropho-
bicity of ciprofloxacin which suppressed electrostatic interac-
tions.*® Furthermore, ciprofloxacin is anionic at a pH higher
than 9, whereas the adsorbent is negatively charged. Hydro-
phobic character is lowered with the formation of anions, and
adsorption will be reduced at alkaline pH.* This is responsible
for the decrease in ciprofloxacin adsorption from pH 10. This
shows that the primary mechanism of interaction between
ciprofloxacin and BECH is hydrophobic interaction. Similar
patterns were seen with ciprofloxacin adsorption on BECH-H,
which showed a decrease in adsorption from pH 2 to 4, and
then an increase in adsorption with a peak at pH 8. BECH-K on
ciprofloxacin showed increased adsorption up to pH 4. BECH-H
with a pHpzc of 2.94 demonstrated an increase in adsorption
when pH went from acidic to alkaline conditions for tetracy-
cline adsorption (Fig. 8b). On the other hand, BECH-K
demonstrated a reduction in adsorption as pH increased. The
behaviours of both adsorbents suggest that hydrophobic inter-
actions were the main driving force in the adsorption and rule
out electrostatic interactions as the major mechanism of
adsorption. These results corroborate studies that describe
hydrophobic interactions as the main driving force between
aromatic organics and carbon-based adsorbents.*
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Fig. 8 Effect of pH on the adsorption of (a) ciprofloxacin, (b) tetra-
cycline and (c) bisphenol A (adsorbent mass — 50 mg; pollutant
concentration — 40 mg L™%; contact time — 120 min).

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3va00033h

View Article Online

Advances

Environmental Science

Paper

SLLT LEI'ST GS0°6 ¥SS°6 91C° €T SYP'IT 6ST'Y 2990°0 689°CT I01TH
966°0 1480 €56°0 256°0 906°0 S¥6°0 166°0 666°0 €68°0 <l
81T 8¥€'C 667'¥ 69T 9L0°6 S¥6°0 10°9 SY0'T 8£9°0 u
0T X ST'¢ ¢ 0T X ¥°S 20T X L9 ¢ 0T X 8T¥ v02°9 ¢ 0T X TT 20T X 8°C ¢ 0T X 68°9 5 0T X ¥'T '}
666°CLY 0€€°S6 L66°8TT 886 70¢€ vvSeL 78L°06 G96°€8T €L9°18¢ 699°661 0 sdig
706°C VL6'ET €97 91 TTS'8 €0t 8VT'IT Plda 0T X 98°C 9T¢'TT I01TH
766°0 T/8°0 £08°0 €560 026°0 616°0 £86°0 666°0 768°0 o
G180 8¢T¥°0 646°0 €650 7€9°0 680°T 8¥C°0 6660 70S'T u
§99'C 650°0 S08°T G€8°0 96¥'T 890°C »_0T X G€'6 GST°9T 9¥6'¥ D'l yoIpunaig
v [ouaydsig auIAoe1_], uroexopoidin v [ouaydsig EliIpY61AREY uroexopoidin v [ouaydsig auIAoeIR], uroexopjoidin s1ajoweIed [epowt dn2uR|
J-HOHI H-HDd4d HOH4d
¥-HD3g pue H-HD3g ‘HD3g OIU0 Y Jouaydsig pue auldAdeya) ‘uioexoyoldid jo uondiospe ayy Joj sialaweled jopow wiayyos! uondiospy ¢ a1qel
6€T°0 €99°0 0€T°0 20T°0 Tveo 86C°0 SLT°0 €0T°0 0SS0 I0ITH
¥6L°0 cIro S¥v°0 1050 82°0 T9%°0 €Veo 7<S8°0 8.¢€°0 F\EE TME 3y IapIio
88¥°L VerL YL 9/5°L 86T°9 LVTL 182°L 1/8°S viEL (,_8 Sw) b PU003s-0pNaIsg
607°0 7920 LLS°0 S6T°0 €97°0 007°0 €5€°0 ¢ST0 L1970 1011
991°T 1770 8L0°T 6SC'T 768°0 8LT°T ¥£8°0 9e€'T TET'T (,_uru) Ty
€8T°L 9029 €80°L 80%°L 1€6°S €L0°L 06¥°L LLL'S PSTL (,_88w)°b  19pi0 ISIy-opnasd
Vv [ouaydsig aurPAdena, uroexopoxdipn v Jouaydsig auIAoenal, uroexopjoidin v [ouaydsig uIAoe1d], unexopoidipn s1ojourered [opowt
onauny
A-HDH4d H-HDH4d HOH4g

M-HD3g pue H-HD3Ig ‘HD3Ig OO Y jouaydsig pue auldAdelya) ‘uidexo)oldid Jo uondiospe ayy 4o sieyaweled |opow Jiauly g dlgel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)

"INV 2:9T 7 9202/0T /7 U0 papeojumoq €20z 1SnBny 80 U0 paus!jand 801l sse00y uedo

Environ. Sci.: Adv., 2023, 2, 1554-1565 | 1561

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3va00033h

Open Access Article. Published on 08 August 2023. Downloaded on 4/10/2026 4:16:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Advances

The adsorption of tetracycline on BECH rose gradually up to
pH 10; at this pH, tetracycline and BECH are both negatively
charged, resulting in a decrease attributed to electrostatic
repulsion. Due to electrostatic repulsion brought about by the
positive charges of the adsorbent and adsorbate, reduced
adsorption was also seen at lower pH. Adsorption capacity rose
even more as tetracycline became less positive, moving towards
neutrality. This suggests that electrostatic interaction may be
the dominant mode of interaction. The result obtained for
tetracycline on BECH was similar to what Li et al.*' reported.
The adsorption of tetracycline on BECH-H was found to
increase while that on BECH-K decreases over the range of pH
studied.

When the pH is less than 8, bisphenol A is found in its
molecular form. The initial deprotonation of BPA occurs at pH
8, whereas the second occurs around pH 9.*> Adsorption peaked
at pH 10 for BECH-K (Fig. 8c), while that of BECH was at pH 4
after which a gradual drop in adsorption occurred. BECH is
positively charged at this pH of 4, whereas bisphenol A is
neutral. Though less energetic, neutral bisphenol A can interact
with adsorbents in this state (positively charged) via oxygen
atoms that can give electrons.® On the other hand, BECH-H
exhibited an adsorption pattern that was identical to that of
ciprofloxacin removal on BECH. This behaviour is similar to
those reported in the literature for the adsorption of BPA on
other adsorbent materials.**

3.2.2. Adsorption kinetics. Adsorption kinetics were
examined to predict the rate and mechanism of adsorption. The
kinetic parameters for the adsorption models used to study the
experimental data of the adsorption of the pollutants onto the
three adsorbents are shown in Table 2. The findings show that
pollutant adsorption occurred rapidly on all the adsorbents.
Fast adsorption is usually associated with a high affinity
between pollutants and adsorbents. The model that most
accurately describes the experimental data was determined
using the relative standard error. The lower the value of error,
the greater the fitting of the adsorption data to the model. From
Table 2, the pseudo-second-order model had the lowest error
value for the adsorption of ciprofloxacin, tetracycline and
bisphenol A on the three adsorbents. The pseudo-second-order
kinetic model proposes chemisorption (ie., interactions in
which electrons are either shared or transferred between the
pollutants and the adsorbents govern adsorption) as the rate-
determining step.** If k; is higher than k,, this may indicate
simultaneous internal diffusion and surface adsorption of
adsorbates.* In this study, the k; values for all the adsorption
were found to be greater than the k, values showing that more
than one mechanism was involved in the adsorption.

3.2.3. Adsorption isotherms. The experimental data ob-
tained for this study were analyzed using the non-linear equa-
tions of the Freundlich and Sips isotherm models. Table 3
summarizes the values of the model parameters, as well as the
coefficient of determination (R*) and relative standard error.
The Sips model best described the adsorption equilibrium of
data based on the R> and RSE values shown in this table. This
model predicts that the active sites of the adsorbents do not
possess the same energy.*® These findings revealed that the
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illustrating the plausible adsorption

adsorption obeyed the predictions of the Freundlich isotherm
at lower concentrations and those of the Langmuir isotherm at
higher concentrations illustrating that both physical and
chemical interactions were involved in the process (Fig. 9). It
also confirms the result obtained from the kinetic data model-
ling, which suggested that more than one mechanism of
interaction was involved.

The maximum adsorption capacity (¢max) computed for
ciprofloxacin using the Sips model is 199.67 mg g~ *, 118.99 mg
¢! and 90.79 mg g ' for BECH, BECH-H, and BECH-K,
respectively. Tetracycline adsorption yielded gmax values of
281.67, 79.54 and 95.33 mg g~ for BECH, BECH-H and BECH-
K, respectively, while bisphenol A adsorption yielded 183.57,
472.9 and 304.58 mg g~' for BECH, BECH-H, and BECH-K,
respectively. For bisphenol A, BECH-H and BECH-K showed
the greatest affinity for bisphenol A with BECH-H having the
highest adsorption capacity (472.9 mg g~ '). Conversely, BECH
had the greatest preference for ciprofloxacin (199.7 mg g ') and
tetracycline (281.7 mg g~ '). These differences in adsorption
capacity can be attributed to the nature of the adsorbent i.e., the
number of adsorption sites (surface area), the porosity and the
size of the pores. The affinity of different adsorbents and the
size of the pores concerning the molecular size of adsorbates
could lead to differences in adsorption capacities obtained for
different contaminants on the same adsorbent.

4. Conclusion

Bentonite clay-coconut husk composites (BECH) were prepared
and further activated with KOH and HCI to give BECH-K and
BECH-H. The functional groups, elemental compositions, and
morphology of the three adsorbents were determined through
characterization. The results obtained showed that BECH-H has
the highest specific surface area of the three adsorbents.
According to adsorption studies, electrostatic and hydrophobic
interactions may have been crucial in the adsorption of these
emerging pollutants. The adsorption kinetics and isotherms
were best explained by the Sips model and the pseudo-second-
order model, respectively, thus implying that the adsorptions
took place on heterogeneous active sites with different mecha-
nisms occurring at the different sites. The maximum

© 2023 The Author(s). Published by the Royal Society of Chemistry
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adsorption capacities ranged from 80 to 473 mg g '. BECH,
BECH-K and BECH-H had high removal capabilities for cipro-
floxacin, bisphenol A and tetracycline indicating that they all
have the potential for removing these pollutants from industrial
wastewater.
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