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A B S T R A C T

Halloysite nanoclay was utilized to retain aqueous oxytetracycline (OTC) which is extensively used in the ve-
terinary industry. The micro-structure and functionality of the nanoclay were characterized through spectro-
scopic techniques before and after adsorption. The OTC removal experiments were performed at different pH
conditions (pH 3.0–9.0), ionic strengths (0.001, 0.01, 0.1M NaNO3) and contact time (up to 32 h) at an initial
25mg/L OTC concentration with 1.0 g/L halloysite. Oxytetracycline adsorption was pH dependent, and the best
pH was observed in the range of pH 3.5–5.5 at a 0.001M ionic strength. At pH 3.5, the maximum OTC adsorption
amount was 21mg/g which translated to 68% removal of the initial OTC loading. Positively charged inner
lumen and negatively charged outer lumen of the tubular halloysite structure led to form inner-sphere complexes
with the anionic and cationic forms of OTC, respectively. A rapid adsorption of OTC was observed in the kinetic
study where 62% OTC was adsorbed in 90min.. Pseudo-second order equation obeyed by the kinetic data
indicated that the adsorption was governed by chemisorption, whereas Hill isotherm equation was the most
fitted with a maximum adsorption capacity of 52.4 mg/g indicating a cooperative adsorption phenomenon.
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1. Introduction

Emerging contaminants released into the environment through
various anthropogenic activities directly contaminate the water bodies
and impair the quality of water. Due to extensive use by humans and in
veterinary industry, antibiotics are among the commonly occurring
pharmaceutical contaminants released from non-point and point
sources, and are detected in elevated concentrations in ground and
surface waters as emerging contaminants (Ding et al., 2012). Anti-
biotics exhibit a poor capability of absorption (30%) in the digestive
tract, and the residues are released into the environment via the body
excreta (Daghrir and Drogui, 2013). Contamination of manures with
antibiotics has become a serious issue, especially in countries which
have an agriculture and livestock-based economy (Ocampo-Pérez et al.,
2012). Due to the direct application of manure or wastewater sludge to
the agricultural fields, residuals of antibiotics flush off to the aquatic
environment through surface runoff (Wang et al., 2016). In addition to
the veterinary use, antibiotics are discharged at household level and
through hospital wastewater. Conventional water treatment plants are
in a limited capacity to remove antibiotics in the wastewaters. There-
fore, antibiotics in waters have become a serious concern, and are
considered as a threat of building up resistance in pathogenic micro-
organisms (Li et al., 2019). Hence, removing antibiotics from the
aquatic environment has become a globally imperative necessity.

Among a variety of antibiotics that are commonly used, tetra-
cyclines (TC) are one of the well-known and widely used groups. They
are mainly used as a medicine for both human and animal infections,
growth promoter and a food additive for livestock (Harja and Ciobanu,
2018). Among the TC-based antibiotics, oxytetracycline (OTC) is a
regularly used broad-spectrum veterinary drug which acts against both
gram-positive and gram-negative bacteria (Chopra and Roberts, 2001).
Oxytetracycline is a hydrophilic molecule which consists of four fused
benzene rings with multiple functional groups such as tertiary amino-,
hydroxyl- and amide- groups. Speciation of OTC molecule occurs with
the protonation and deprotonation of ionizable functional groups at
different solution pH values. Therefore, OTC shows zwitterionic beha-
vior in the range of solution pH from 3.5 to 7.5. The cationic and an-
ionic forms of OTC is predominant at pH less than 3.5 and higher than
7.5, respectively (Premarathna et al., 2019). In aquatic environments,
depending on the chemistry of the solution, OTC exhibits half-life time
in the range of 6 h to 9 days, and results in transformation products
such as 4-epi-oxytetracycline and α-apo-oxytetracycline via hydrolysis
following first-order kinetics (Harja and Ciobanu, 2018). The pre-
dominance of OTC is influenced by different processes such as ad-
sorption to solid phases, complexation with metals, oxidation, and
hydrolysis reactions (Karpov et al., 2018).

In natural aquatic environments, OTC has been detected at micro
concentration levels (μg/L) in surface water, wastewater and treated
wastewater (Wang et al., 2016; Naik et al., 2017). Environmental
monitoring studies have reported OTC as high as 68 μg/L in river water
in Japan (Fatta-Kassinos et al., 2011). The guideline value of OTC in
water is< 1 μg/L as recommended by the World Health Organization
(WHO, 2012). Various attempts have been taken to remove OTC from
waters using adsorption techniques due to significant removal capa-
cities of different adsorbents, low cost and easy operation of the pro-
cess. In selecting an adsorbent, one should carefully consider its OTC
adsorption capacity, applicability under practical operating conditions,
cost effectiveness and potential chances of creating a secondary en-
vironmental toxicity. Adsorption experiments are in general conducted
with high concentrations of adsorbate in order to assess the capacity of
the material so that it can be used for a long time as the environmental
presence of contaminants are in minute amounts. Natural clay minerals,
engineered nanomaterials, biochar, etc. have been considered as effi-
cient adsorbents for OTC removal (Gao et al., 2012), while layered and
tubular nanoclays have received recent attention due to their non-toxic
nature, cost efficiency and easy modification procedures (Karpov et al.,

2018; Lazzara et al., 2018).
Among various nanomaterials, halloysite nanoclay has been iden-

tified as a nanocontainer for smart coating applications (Zahidah et al.,
2017), nanocarrier for herbicides (Zeng et al., 2019), and slowly re-
leasing drug materials (Tan et al., 2014). However, limited attention
has been received toward halloysite as an adsorbent for the removal of
aquatic antibiotics (Duan et al., 2018; Xie et al., 2016). Halloysite na-
noclay (HNC) is a naturally occurring porous clay mineral which can be
seen in impure forms mixed with kaolinite, montmorillonite and other
clay minerals. The porous halloysite nanoclay consists of 10–15 bi-
layers of aluminosilicate rolled into a cylinder or tubular structure
having a length of 1–5 μm, and external and internal diameters of
40–60 nm and 10–15 nm, respectively (Ramadass et al., 2019). In the
structure of halloysite, Si and O atoms are bound together forming a
fused siloxane tetrahedral sheet and an edge-shared octahedral sheet
made up of aluminum and hydroxide. The two-dimensional sheets are
rolled-in to give an external siloxane (Si-O-Si) surface and an internal
aluminol (Al-OH) surface to the nanotube, and it shows the structure of
a multi-wall nanotube where the layers are separated by a monolayer of
water molecules (Yuan et al., 2015). Pristine halloysite and its com-
posites have been used as an adsorbent for removing antibiotics (e.g.,
ciprofloxacin) (Duan et al., 2018), heavy metals (e.g., As(v), Pb(II))
(Anastopoulos et al., 2018), dyes (e.g., Rhodamine 6 G cationic and
Chrome azurol S anionic dyes) (Xu et al., 2019) and nanoparticles (e.g.,
Ag nanoparticles) (Janacek et al., 2018). Halloysite exhibited removal
capacities to the tune of 21.7mg/g for ciprofloxacin (Duan et al., 2018),
23.1 mg/g for Pb(II) ions (Anastopoulos et al., 2018), 43.6mg/g for
Rhodamine 6 G, 38.7 mg/g for Chrome azurol S (Zhao et al., 2013) and
67.9 mg/g for Ag nanoparticles (Janacek et al., 2018). However, the
potential of HNC for antibiotics or OTC removal has not been studied in
detail as has been done with other engineered nanoclays such as
montmorillonite (Karpov et al., 2018). Therefore, the objectives of this
study are to assess the OTC removal potential of HNC from aquatic
environments under different environmental conditions, and postulate
mechanisms behind the adsorption.

2. Materials and methods

2.1. Material characterization

Halloysite nanoclay and OTC were purchased from Sigma-Aldrich
Co. Ltd. (USA). The topography and morphology of the pristine hal-
loysite were investigated by a Field Emission Scanning Electron
Microscope (FE-SEM), Hitachi SU6600 Analytical Variable Pressure FE-
SEM (Japan). The crystalline structure of the pristine halloysite and
OTC loaded halloysite was determined by Powder X-ray Diffraction
(PXRD) by collecting the patterns on a Rigaku, Ultima IV X-ray
Diffractometer (Japan) using Cu Kα radiation at a wavelength of
1.54056 Å in the scanning range of 10-60° (2θ) with a scanning speed of
2°/min. Surface functional groups of the halloysite, OTC and OTC-
loaded halloysite were determined by KBr pellet method with Fourier
Transform Infrared Spectrometer (FT-IR) (Thermo Scientific Nicolet
iS10, USA) in the wavelength range of 4000–550 cm−1. Solution pH
values were measured with a pH meter (Adwa AD1030, Romania).

2.2. Edge experiments

The HNC was hydrated for 4 h on a magnetic stirrer after purging
with high purity N2 for 30min and the concentration of OTC was kept
as 25mg/L in the suspension at a halloysite dosage of 1 g/L, with a total
reaction volume of 100mL. The variation of OTC adsorption to hal-
loysite at room temperature (303 K) was studied within the pH range of
3.0–9.0 at different ionic strengths (0.1, 0.01 and 0.001M NaNO3).
HNO3 and NaOH (0.1M) were used to adjust the solution pH values.
The edge adsorption process was carried out for overnight on a shaker
(100 rpm). Finally, the suspensions were filtered out through a syringe
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filter (0.2 μm), and the absorbance values of the clear solutions were
measured at the wavelength of 274 nm (Chi et al., 2010) using a UV–vis
spectrophotometer (Shimadzu UV160A).

The OTC adsorption capacity qt (mg/g) of halloysite at a specific
time ‘t’ (min) was calculated using the following equation:

=
−q C C V
W

( )
t

t0
(1)

where initial concentration C0 (mol/L), concentration Ct (mol/L) after
time ‘t’, volume of OTC solution V (L) and weight of halloysite W (kg).

2.3. Kinetic experiments

The adsorbent dosage and OTC concentrations were set similar as
explained in the edge experiments. The pH values of the systems were
in the range of pH 4.0–5.0 at an ionic strength of 0.001M NaNO3 based
on the results from the edge experiment. The suspension was pipetted
out at different time intervals from 2 to 1440min. The pH value of each
fraction was measured in the filtrate.

2.4. Isotherm experiments

Experiments to assess the effect of initial adsorbate concentrations
on OTC adsorption were carried out at 303 K and pH=4.75 in 0.001M
NaNO3 solution. Oxytetracycline concentrations were maintained in the
range of 10–500mg/L for adsorption isotherm experiments at 1 g/L
adsorbent dosage. The adsorbate was added into the system after 4 h of
hydration of the adsorbent, and then a 12 h contact time (time taken to
reach an equilibrium as observed from the kinetic experiment) was
maintained. The suspensions were centrifuged at 8000 rpm for 20min.
Finally, the supernatant was filtered and analyzed for OTC concentra-
tions, as discussed above.

2.5. Experimental data modeling

Origin 6.0 software was used for kinetic and isothermal modeling of
the adsorption data to evaluate the maximum adsorption capacity of
OTC and equilibrium time. In the kinetic modeling, pseudo first order
(Eq.2), pseudo second-order (Eq. 3), Elovich (Eq. 4) and intra-particle
diffusion (Eq. 5) models were tested for the curve fitting. The model
giving the best fit to the data was determined from the correlation
coefficient (R2) and Chi2 values. The equilibrium time and maximum
OTC adsorption capacity by HNC were determined from the best fitted
model.

= −
dq
dt

k q qPseudo first order: ( )t
e t1 (2)

= −
dq
dt

k q qPseudo second order: ( )t
e t2

2
(3)

= −
dq
dt

α βqtElovich equation: exp( )t
(4)

− = +q k t CIntra particle diffusion equation: t p
0.5 (5)

where, the adsorbed amount of OTC at the equilibrium time (t) is qt
(mg/g), equilibrium adsorption capacity qe (mg/g), initial adsorption
rate, α (mg/g.min), Elovich constant, β (g/mg) while equilibrium rate
constants are k1 (/min) and k2 (g/mg.min).

Classical adsorption isotherm models were used to understand the
adsorption mechanisms and adsorbate-adsorbent binding interactions
(Almasri et al., 2019). The Hill (Eq. 6), Freundlich (Eq. 7) and Temkin
(Eq. 8) models were applied to the experimental data, and adsorption
isotherms were obtained by plotting equilibrium concentrations (mg/L)
vs. adsorption amounts (mg/g). The binding ability of different species
onto homogeneous substrates can be described by the Hill isotherm
model (Eq. 6). This model assumes that adsorption is a cooperative
phenomenon with adsorbates at one site of the adsorbent influencing
different binding sites on the same adsorbent (Farouq and Yousef,
2015). The Freundlich isotherm (Eq. 7) is more appropriate to hetero-
geneous surfaces and applied to multilayer complexation where it as-
sumes the surface of the adsorbent is heterogeneous, and active sites
and their energies distribute exponentially (Garcıa et al., 2004). The
adsorption energy exponentially decreases with surface complexation
from stronger to weak binding sites until the process is completed
(Ayawei et al., 2015). The indirect effects of adsorbate-adsorbent in-
teractions in the adsorption process are justified by using the Temkin
isotherm model (Eq. 8) (Ringot et al., 2007). Temkin model mostly
satisfies only for an intermediate range of adsorbate concentrations
(Shahbeig et al., 2013).

=

+

q
q c

K C
Hills isotherm: ads

max e
n

D e
n

H

H (6)

=q K CFreundlich isotherm: e f e
n (7)

=q RT lnAC
b

Temkin isotherm: ( )
ads

e
(8)

where, Kf (mg/g)/(mg/L)n is the Freundlich affinity parameter, while
KD and nH are Hill constants. A and b are constants for the Temkin
model, qe (mg/g) is the equilibrium adsorption capacity for the
Freundlich model and qads (mg/g) is the equilibrium adsorption capa-
city of Temkin model. Ce (mg/L) is the equilibrium liquid phase con-
centration, n is the Freundlich constant related to adsorption, R and T
(K) are the universal gas constant and absolute temperature, respec-
tively. The Hill cooperative coefficient of the binding is denoted as nH.

3. Results and discussion

3.1. Scanning electron microscopic analysis (SEM)

The SEM images of HNC with two different magnifications (100 and
50 k) are shown in Fig. 1. Microscopic morphologies and the tubular
structure were revealed with a length and a diameter of< 1 μm and
50–150 nm, respectively. Occasional aggregates due to static electrical
charges among the nanotubes could also be seen in the images (Koh and

Fig. 1. SEM images of halloysite nanotubes and their occasional aggregates; (a) magnification x100 k, and (b) magnification x50 k.
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Cheng, 2014).

3.2. Powder X-ray diffraction analysis (PXRD)

According to the PXRD patterns, the pristine halloysite [Fig. 2(A)]
illustrated reflection peaks at diffraction angles: 2θ=11.79°, 19.96°,
24.63°, 35.01°, 36.67° and 38.11° corresponding to the characterization
indices of halloysite at (001), (020), (004), (130), (201) and (132)
diffraction planes (Senoussi et al., 2016). A basal spacing (001) of
7.49 Å (2θ=11.79°) was detected for the pristine halloysite nanoclay.
A slight change in the basal spacing (7.51 Å) was observed in the PXRD
pattern of OTC-adsorbed halloysite sample. Not any significant differ-
ence between pristine halloysite and OTC loaded halloysite was ob-
served due to the adsorption of OTC only on the surface of nanotubes
and the less space in between the tubular structure walls of the multi-
layer nanotube compared to layered structure clay minerals (Vinokurov
et al., 2017).

3.3. Fourier transform infra-red analysis (FTIR)

The demonstration of FTIR analysis illuminates the surface func-
tional groups of both pristine HNC and OTC loaded HNC. The bands
centered at 3696 and 3623 cm−1 corresponded to outer surface OeH
and inner surface OHe stretching vibrations of Al−OH groups (Fig. 2)
(Zhang and Yang, 2012). The characteristic bands, OeH stretching of
intercalated water, OeH deformation of water and Si–O stretching vi-
bration bands, were observed at 3448 cm−1 and 1635 cm−1 and
1029 cm−1, respectively (Kurczewska et al., 2019). The band appearing
at 1088 cm−1 represented Al-O stretching vibration, while the band at
912 cm−1 was attributed for OH bending. The weak band at 744 cm−1

confirmed the −OH translational vibrations of halloysite
(Christoforidis et al., 2016). The bands between 2800-2900 cm−1 de-
picted the presence of organic compounds, which is known as acrylate
that was used in clay processing. The peaks at 1620 cm−1 and
1447 cm−1 represented the NHe bond of −CONH2 and the C]C vi-
brations of the skeletal aromatic rings of OTC molecule (Punamiya
et al., 2013).

3.4. Oxytetracycline - halloysite interaction studies

3.4.1. Effect of pH and ionic strength on adsorption behavior
Adsorption pattern and capacity at different pH levels were in-

vestigated as the pH of the media is crucial for the surface complexation
of OTC on HNC. The edge experiments demonstrated that the maximum
adsorption of OTC to HNC was 21mg/g at pH 3.5 (Fig. 3). It exhibited

84% removal capacity from the initial concentration. This data corro-
borated with reported literature on OTC adsorption by illite (Bansal,
2013). Further, it was observed that the adsorption of OTC at 0.001M
ionic strength had the least pH dependency in the pH range of 3.5 to
6.0. The point of zero charge (pHzpc) of HNC was determined to be pH
2.5 to 2.9 (Almasri et al., 2019; Vergaro et al., 2010). Based on the
pHzpc data, halloysite surface showed an overall negative charge at the
studied pH values during the experiment.

At the same time, the ionizable functional groups of OTC molecules
can protonate or deprotonate based on the pH of the media (Fig. 3).
Cationic form of OTC is predominant at pH < 3.5, the zwitterionic
form prevails at the pH range of 3.5–7.5, and the anionic form becomes
dominant at pH > 7.5 (Vaz, 2016). Therefore, considering the point of
zero charge (pHzpc) of halloysite (pH 2.5), in the studied pH range (pH
3–9), positively charged dimethylamine group of zwitterion complexes
would prevail on the deprotonated HNC surfaces. Therefore, the in-
teraction of OTC with HNC might be suggested as a physisorption
process through electrostatic and van der Wall’s attractions (Duan et al.,
2018; Almasri et al., 2019). The HNC has a tubular structure with a
remarkable chemical composition where the exterior and interior of the
tube is dominated by SiO2 and Al2O3 groups (Yu et al., 2016). Inter-
estingly, the inner lumen of the halloysite tube consists of Al2O3 with a
positive charge at the pH range of 2.5–8.5 (Yuan et al., 2015). This
might allow the selective adsorption of anionic tricarbonylamide in
zwitterion form on the positively charged Al2O3 groups in the inner
lumen (Almasri et al., 2019). The opposite might happen on the ne-
gatively charged SiO2 surface in the outer lumen with positively
charged dimethylamine groups of zwitterionic OTC, and this could be
suggested as a mono-dentate chemisorption.

The edge experiments at different ionic strengths in the media in-
dicated a slight ionic strength dependency of OTC complexation with
HNC, especially at low and medium ionic strength levels (0.001 and
0.01M with NaNO3). However, a distinct ionic strength dependency
was demonstrated in the 0.1 M NaNO3 medium where the least amount
of OTC adsorption was observed. There was about 50% reduction in the
OTC adsorption capacity with 0.1 M NaNO3 compared to 0.001M
NaNO3 (Fig. 3) The ionic strength dependency of an adsorbate can be
used for postulating the surface complexation mechanism (Duan et al.,
2018). A marked effect observed on adsorption at different ionic
strengths indicates outer sphere bonding, whereas no distinct separa-
tion of adsorption edges exhibits an inner sphere complexation of ad-
sorbate to the adsorbent (Gu et al., 2018). In the case of OTC com-
plexation to halloysite, a separation of adsorption edges was not readily
discerned between 0.001 and 0.1M NaNO3 media indicating an inner

Fig. 2. (a) PXRD patterns of pristine halloysite (HNC), and OTC-loaded halloysite (HNC-OTC), and (b) FTIR spectra of pristine halloysite (HNC), and OTC-loaded
halloysite (HNC-OTC).
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sphere complexation reaction was possibly taking place. However, a
high electrolyte concentration (0.1M NaNO3) yielding distinctly sepa-
rated adsorption edges suggested an outer sphere surface complexation
of OTC too with the halloysite adsorbent.

3.4.2. Effect of initial solution pH
The distribution coefficient (KD) values are strongly dependent on

the solution pH and chemical speciation of OTC molecules (Vithanage
et al., 2014). Fig. 4 revealed a minor increment of KD values up to pH 6
above which the KD values observed a significant decrease during the
experimental ionic strengths. Interestingly, distribution coefficients
expressed a reduction in their values with the increasing ionic strengths
of the media which might be due to the ion exchange mechanism be-
came predominant through the formation of outer sphere complex of
OTC with unbalanced electrical charges within the halloysite frame-
work. Furthermore, it has been understood that in the high ionic
strength media, the extension of the double layer is insignificant and
hence, permselectivity is low so that the ion exchange possibility is less.
Therefore, in this experiment, high ionic strength indicated less ad-
sorption. With the decrease in ionic strength, permselectivity is sig-
nificant and, during the pHs where the surface is negatively charged,
cations partition easily into the halloysite surface while anions are ex-
cluded and vice versa at lower ionic strengths (Smith et al., 2009;
Chikkamath et al., 2018). The KD values closely corroborated to those

Fig. 3. Speciation of OTC: (a) cationic, (b) zwitterion, and (c) anionic forms, and the effect of pH on the adsorption amount of OTC on HNC at different ionic strengths
(0.1, 0.01, 0.001M with NaNO3) in aqueous media. Initial OTC concentration was kept at 25mg/L.

Fig. 4. Variation of distribution coefficients (KD) in the pH range of 2.5–8.5 for
OTC-loaded HNC.
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reported for OTC onto other clay adsorbents and polymers (Zhang et al.,
2014). The distribution coefficients (KD) represented the adsorption
affinity of OTC on to the HNC and variation of KD with pH approached
the maximum value in the pH range of 5.5–7.5, where OTC is pre-
dominantly zwitterionic.

3.4.3. Kinetic effect on adsorption
The influence of time on OTC adsorption up to 24 h is shown in

Fig. 5(A). A rapid adsorption was observed during the first 120min
reaching an adsorption capacity of 17.5mg/g, which could be attrib-
uted to the retention of OTC within the large pores of HNC in the inner
lumen. The removal of OTC indicated reaching equilibrium after
480min. The amount of OTC adsorption at the equilibrium was only
about 10% higher than that of after 120min of the reaction.

Both pseudo-first-order and pseudo-second-order models were fitted
well for the rapid stage of the adsorption reaction (Fig. 5a; Table 1). The
best fit was observed for the pseudo-second order model with a corre-
lation coefficient (R2) value of 0.98. The R2 value for the pseudo-first-
order model was considerably lower (0.908) than that of the pseudo-
second-order model (Table 1). At the same time, the Chi2 and error
values of the pseudo second-order model were lesser than that of the
pseudo first order and Elovich models, indicating that the pseudo-
second-order kinetic model best described the OTC adsorption process
on HNC.

When the rate limiting step of adsorption is solely based on in-
traparticle diffusion, then the plot of qt vs. t0.5 results a linear re-
lationship that passes through the origin (Weber and Morris, 1963). In
the current study, the linear plots for HNC-OTC system passed through
the origin until 45 min [Fig. 5(B)] depicting that the intraparticle dif-
fusion was involved as the rate-limiting factor at the beginning of the
adsorption process. However, after 45min, the adsorption process of
the linear plot of qt vs. t0.5 did not pass through the origin suggesting
that the intraparticle diffusion was not the only rate-determining step in
this case. Therefore, the kinetic data modeling of the HNC-OTC inter-
action illustrated both intraparticle diffusion and chemisorption as the
mechanisms of adsorbate-adsorbent complexation.

3.4.4. Adsorption isotherm study
The equilibrium concentrations of OTC vs. adsorbed amounts is

presented in Fig. 6. The amount of adsorbed OTC showed an increasing
trend with the increment of initial OTC concentration. The availability
of HNC surface sites was high at low initial OTC concentrations, and
therefore, HNC exhibited almost 100% adsorption capacity until it
reached the equilibrium at a concentration of 173.0 mg/L. When the

availability of binding sites became less with the increasing initial
concentrations of OTC, the adsorption amount became less.

The experimental data of HNC-OTC interaction was best fitted to the
Hill equation given the highest correlation coefficient (R2) of 0.913
(Table 1). The Hill isotherm model hypothesizes the binding of different
species onto homogeneous substrates and the ability of binding ligands
at one site of the adsorbent macromolecule influences different binding
sites on the same adsorbent macromolecule, which is a cooperative
phenomenon (Farouq and Yousef, 2015). Three possibilities of binding
could occur in this model: nH>1 giving positive cooperative binding,
nH = 1 giving non-cooperative or hyperbolic binding, and
nH<1 giving negative cooperativity of binding (Saadi et al., 2015).
The HCN-OTC experimental data fitting with the Hill isotherm equation

Fig. 5. (A) Influence of time on OTC removal by HNC at 1 g/L adsorbent dosage, background ionic strength of 0.001M NaNO3, at pH 4 with 25mg/L OTC
concentration, and kinetic data fit for Pseudo 1st order, Pseudo 2nd order and Elovich equations (B) Intra-particle diffusion model fitting for kinetic data. Symbols
represent the experimental data where lines represent modeled data.

Table 1
Kinetic and isotherm model parameters for the adsorption of OTC onto hal-
loysite nanoclay at 1 g/L loading.

Experimentation Model Parameter Value

Kinetic models Pseudo first order k1 (per min) 0.908
qe (mg/g) 19.281
R2

Chi2
0.658
2.853

Pseudo second Order k2 [g/(mg min)] 0.004
qe (mg/g) 20.78
R2

Chi2
0.980
0.624

Elovich αE [mg/(g min)] 12.25
βE (g/mg) 0.371
R2 0.933
Chi2 2.072

Isotherm models Hill KD 0.002
nH 0.246
qmax (mg/g) 52.38
R2 0.913
Chi2 7.406

Freundlich Kf (mg/g)/(mg/L)n 9.426
n 0.165
R2 0.910
Chi2 6.786

Temkin A 8.787
b 2.642
R2 0.909
Chi2 5.824

Langmuir qmax (mg/g) 22.42
K (L/mg) 0.567
R2 0.808
Chi2 12.34
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exhibited a negative cooperativity, which indicates binding of the first
ligand of OTC reduces the probability of binding for a second OTC
molecule and at the same time nH< 1 depicts the existence of macro-
molecules with multiple binding site and different ligand affinities
(Cattoni et al., 2015). The maximum OTC adsorption capacity calcu-
lated from the Hill isotherm model was 52.4 mg/g. Modeling of data
resulted in a decent fit to Freundlich (R2 = 0.910) and Temkin (R2 =
0.909) equations also (Table 1). However, the least fit was observed for
the Langmuir equation (R2 = 0.808) (Table 1). Fit to the Freundlich
model depicted heterogeneity of the halloysite surface due to the pre-
sence of Al2O3 and SiO2 sites, and indicated the possibility of multilayer
complexation (Kurczewska et al., 2019). The model calculated values of
n in the Freundlich equation was higher than unity indicating an un-
favorable adsorption (Mayakaduwa et al., 2016). Furthermore, fit to the

Temkin equation postulated that the adsorption energy was uniformly
distributed at the HNC surface, and the heat of adsorption of surface
molecules was reduced linearly (Kumar et al., 2010).

3.5. Confirmation of OTC-HNC interaction

Oxytetracycline adsorption on to HNC could be confirmed from the
FTIR and PXRD data (Fig. 2). The peaks at 1620 cm−1 and 1447 cm−1

represented the NHe bond of −CONH and the C]C vibrations of the
skeletal aromatic rings of OTC molecule, and these particular peaks in
HNC-OTC FTIR spectrum represented the adsorption of OTC. The outer
surface OeH and inner surface OHe stretching vibrations of Al−OH
groups (3696 and 3623 cm−1) and −OH bending at 912 cm−1 com-
prehended a slight increment in the peak length due to the binding of
−OH groups from OTC. The NeH bonds of −CONH2 and the C]C
vibrations of the skeletal aromatic rings of OTC molecule attributed by
the peaks at 1620 cm−1 and 1447 cm−1 and the presence of these peaks
confirmed the adsorption od OTC (Kurczewska et al., 2019). In PXRD
analysis, slight peak shift from 2θ=24° to 2θ=25° revealed the ad-
sorption of OTC on to HNC surfaces.

4. Conceivable adsorption mechanisms

Oxytetracycline is sensitive to solution pH and easily protonated at
pH < 3.5 where it exists in the cationic form. Beyond pH 7.5, the an-
ionic form is predominant, and zwitterionic form is dominant in the pH
range of 3.5–7.5 (Premarathna et al., 2019). At low pH values (pH
2.9–3.5), a cationic form of OTC complexes with negatively charged
HNC (pHzpc=2.9) via electrostatic interaction, which is a non-specific
adsorption (Vergaro et al., 2010; Mellouk et al., 2009) (Fig. 7). Beyond
the solution pH of 3.5, the cationic dimethylamine species may elec-
trostatically complex with the anionic surface of HNC. Therefore,
electrostatic complexation would be prominent between HNC and OTC
during the adsorption process at the experimental pH conditions (Duan
et al., 2018). Furthermore, at the low pH conditions, an increase in the
final pH value was observed during the experimental process, which
suggested an ion exchange with the hydroxide ligands on the surface
might also occur. Beyond pH 7.5, both OTC and HNC surface is nega-
tively charged, and hence electrostatic repulsion reduces the OTC-HNC
interaction (Almasri et al., 2019).

Fig. 6. Experimental data of initial OTC concentrations vs. adsorption amounts
at pH=4, background ionic strength= 0.001M NaNO3, and 1 g/L halloysite
dosage. Symbols represent experimental data, whereas lines indicate modeled
data using non-linear least square fit of Langmuir, Freundlich, Hills and Temkin
equations.

Fig. 7. Schematic diagram of surface complexation of oxytetracycline, to charged surface of halloysite tubular structure through physisorption and chemisorption.
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Moreover, positively charged Al2O3 groups and the negatively
charged SiO2 groups in the inner and outer lumens of HNC allows
chemisorption with the tricarbonylamide and dimethylamine in the
zwitterionic form of OTC. A strong covalent bond may form through
monolayer complexation of the OTC directly to the surface without a
water molecule intervened in between pH 2.5–8.0, which is specific
adsorption (Almasri et al., 2019). Time influence for OTC adsorption
recommended chemisorption mechanism (Fig. 7). Isotherm data mod-
eling indicates cooperative adsorption phenomenon with OTC binding
at different surface sites of halloysite (Aharoni and Ungarish, 1977).
Multilayer complexation has been illustrated by the isotherm fitting to
Freundlich and Temkin equations. Further, Freundlich fit with n< 1
denotes a weak affinity of OTC to halloysite surface sites demonstrating
non-specific adsorption.

5. Conclusions

In this study, removal of oxytetracycline antibiotic from aqueous
media by using halloysite nanoclay has been reported. Confirmation of
successful adsorption of OTC onto HNC surface has been explored with
scanning electron micrographs, x-ray diffractograms, and FTIR spec-
trographs. Edge experiment indicated that the OTC adsorption to HNC
was pH dependent via both specific and non-specific adsorption. OTC
removal was high in the pH range of 3.5–5.0 with 12 h as the equili-
brium time to reach the maximum adsorption. Ionic strength edge data
indicated inner-sphere complexation in between 0.001 and 0.01M
NaNO3 in the media. Within the first 30min, more than 50% of OTC
was removed whereas kinetic modeling indicated chemisorption and
intraparticle diffusion as the rate limiting step in the adsorption pro-
cess. Isotherm data were fitted best with Hill equation describing co-
operative adsorption of OTC to halloysite. The calculated maximum
adsorption capacity was given as 52.4 mg/g that demonstrated hal-
loysite to be a potential sorbent for the removal of OTC from aqueous
media.
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