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Antibiotic detoxification from synthetic and real
effluents using a novel MTAB surfactant-
montmorillonite (organoclay) sorbent†

Merry Anggraini,a Alfin Kurniawan,a Lu Ki Ong,a Mario A. Martin,a Jhy-Chern Liu,b

Felycia E. Soetaredjo,a Nani Indraswatia and Suryadi Ismadji*a

The growing threat of antibiotic-resistant bacteria to public health has raised interest in the proper

treatment of discharged pharmaceutical wastewater before entering surface waters. In this study,

adsorption was highlighted as a low cost and effective pathway to remove amoxicillin and ampicillin

from aqueous solutions. Montmorillonite (Na-MMT) and myristyltrimethylammonium (MTA)-intercalated

montmorillonite (O-MMT) were employed as the adsorbing solids. Static adsorption experiments were

performed at three temperatures (303.15 K, 313.15 K and 323.15 K) for single antibiotic systems. The

adsorption isotherm curves at all temperatures exhibited an L2-type isotherm. The Freundlich and

Langmuir models were applied to analyze single adsorption isotherm data. The maximum sorption

capacity of 0.124–0.133 mmol g�1 for amoxicillin and 0.143–0.157 mmol g�1 for ampicillin was

estimated for O-MMT sorbent from Langmuir fitting. A modified extended-Langmuir model with the

inclusion of surface coverage (q) was proposed for analysis of binary adsorption isotherm data. The

fitness of the modified extended-Langmuir model was superior to the original model. Batch adsorption

tests on real pharmaceutical wastewater demonstrated the feasibility of the O-MMT sorbent for practical

applications.
Introduction

Currently, a large group of antibiotics is available in the market
and they have been proven to be powerful drugs to treat various
bacterial infections, from minor to life-threatening ones. Anti-
biotics are generally produced by or derived from microorgan-
isms such as fungi or bacteria and they can also be chemically
synthesized and particular examples are penicillins, cephalo-
sporins, macrolides, rifamycins, sulfonamides, chloramphen-
icol, tetracyclines and aminoglycosides. Of particular interest are
penicillin groups including amoxicillin and ampicillin. Amoxi-
cillin is a moderate-spectrum of b-lactam antibiotics and is
usually the drug of choice within penicillin groups due to its
better absorptivity, following oral administration than other
b-lactam antibiotics. Amoxicillin is widely used in the treatment
of a number of bacterial infections include pneumonia, bron-
chitis, laryngitis, gonorrhea, skin and urinary tract infections.1

Ampicillin is also a b-lactam antibiotic, part of the
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aminopenicillin family, which is closely related to amoxicillin in
terms of spectrum and activity level.2 Both amoxicillin and
ampicillin work in a similar manner against Gram Positive and
Gram Negative bacteria by interfering cell wall synthesis so that
the human antibodies can penetrate and remove them.2 In spite
of its usefulness and valuable contributions in human therapy,
antibiotic-resistant bacteria are the today's most pressing clin-
ical and public health concerns that continue to grow due to
abuse and overuse of antibiotics. This leads to consequent
treatment complications and increased healthcare costs because
the target bacteria are becoming more resistant to the exposure
of therapeutic levels of an antibiotic.

The dissemination of antibiotics in natural environments
(e.g., lakes and streams) may come from various sources, such
as human and animal excretion, agriculture, aquaculture and
livestock farming, hospital sewage sludge and diverse industrial
routes.3 The relative concentrations of antibiotics in the
industrial effluents are several order of magnitude higher than
those released from veterinary and hospital sources.3 Although
most of pharmaceutical products administered are particularly
designed to have a short half-life, some antimicrobials like
tetracycline, erythromycin, sulfamethoxazole and penicilloyl
groups are persistence and poorly metabolized hence they are
only partially eliminated in the sewage treatment plants. The
enrichment of antibiotic residues and their transformed prod-
ucts into receiving waters is worrying as it can impact the
This journal is © The Royal Society of Chemistry 2014
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structure and activity of microbiota, spreading of antibiotic-
resistant genes to pathogenic bacteria strains that can reach
humans through food chains and ultimately in the water reuse
scenario.4–6

Several treatment methods have been developed so far for
purication of antibiotic-bearing effluents such as aerobic and
anaerobic biological treatments,7,8 advanced chemical oxida-
tion,9–11 membrane separation,12 chlorination,13 photocatalysis,14–16

electro-oxidation,17 and adsorption.18–21 Amongst them, adsorption
is considered as the most reliable method for removal of toxic
micropollutants frommunicipal water and wastewater. Regardless
of the adsorbentmaterial and systemdesign, adsorption process is
generally simple, adaptable, economically viable and highly effec-
tive across a wide range of concentrations, highlighting its
advantages over other technologies. The treatment of water and
wastewater containing antibiotics by adsorption is the key to
modulating the extent of environmental occurrence, transport and
fate of this micropollutant.

Clays and clay minerals have found potential applications for
sustaining the environment because they exhibit large adsorp-
tion capacity, excellent mechanical and chemical stability, cheap
and readily obtained in large quantities. So, efforts toward their
applications as a sorbent to abate antibiotics from water and
wastewater have been stimulated. Over the past few years, a
progressing research on the removal of antibiotics using clays or
clay minerals can be found in literatures.18–21 In most, if not all,
of these studies, single adsorption systems are emphasized and
only limited studies dedicate to investigate binary or multi-
component systems. In the real pharmaceutical sewage treat-
ment units, two or more unmetabolized antibiotics may co-exist,
thus it is necessary to study binary or multicomponent adsorp-
tion equilibria and thermodynamics for effective design and
optimization of antibiotic/clay wastewater treatment systems. To
ll this gap, the goals of this study are (1) to synthesize a novel
organoclay sorbent and (2) to evaluate the performance of pris-
tine and as-synthesized organoclay to remove amoxicillin and
ampicillin from single and binary (two components) aqueous
systems. As far as we are aware, this is the rst study demon-
strating binary adsorption of amoxicillin and ampicillin using
pristine and myristyltrimethylammonium cation-intercalated
(organo) montmorillonite with special attentions to adsorption
equilibria and thermodynamic aspects. We propose a modi-
cation on the extended-Langmuir model by introducing surface
coverage for analyzing binary adsorption equilibrium data.
Ultimately, batch adsorption tests on real pharmaceutical
wastewater are demonstrated, along with regenerability evalua-
tion of the clay sorbent.

Experimental section
Chemicals

Antibiotics used in this study (i.e., amoxicillin trihydrate and
ampicillin trihydrate) were kindly provided by a local pharma-
ceutical industry with minimum purity of 97% and 95%,
respectively. The molecular structure and some specic infor-
mation about these compounds include their environmental
persistence data22,23 are presented in Table 1. Analytical-grade
This journal is © The Royal Society of Chemistry 2014
chemicals include myristyltrimethylammonium bromide
(MTAB) cationic surfactant (99%), hydrogen peroxide solution
(30%), sodium chloride (99.5%), hydrochloric acid (37%), silver
nitrate (99.8%) and potassium hydroxide (85%) were purchased
from Sigma-Aldrich, Singapore and used as-supplied. Double
distilled water (DDW) was used throughout the experiments.

Preparation of adsorbent materials

Montmorillonite lumps as the starting material were collected
from one of mining sites located at Pacitan town, East Java.
Aer the collection, the solid was repeatedly washed with tap
water to remove coarse particles and water-soluble impurities.
Then, the solid was dispersed in dilute hydrogen peroxide
solution with a solid/solution ratio of 1 : 10 (w/v) and the
suspension was aged for 2 h under mechanical stirring at 500
rpm. The solid was washed with double distilled water and 0.1 N
NaOH solution alternately until the pH of the washing solution
was near-neutral. The clay material was oven-dried at 383.15 K
and stored in an airtight plastic bag for further characteriza-
tions. The mineralogical analysis of clay material was con-
ducted based on the size fractionations method24 and the
results are: 72% smectite, 4% quartz, 12% feldspar, 8% calcite,
3% anatase and 1% others.

To enhance the monoionic nature of clay, y grams of clay
was treated with 250 mL 1 N NaCl solution (ve cycles stirred at
500 rpm for an hour in each cycle) and washed until negative
reaction of chloride ions with silver nitrate was obtained. The
resulting clay (denoted as Na-MMT) was oven-dried at 373.15 K
for 24 h, pulverized and screened with 100/120 sieves to obtain
size fractions of 0.125–0.150 mm. The cation exchange capacity
(CEC) of Na-MMT was 74.2 m eq./100 g of clay, as measured by
methylene blue index following ASTM C837-99 test method. The
metal oxide compositions of Na-MMT were analyzed using a
PANalytical MiniPal QC energy dispersive X-ray uorescence
(EDXRF) spectrometer and the results are shown as follows:
SiO2 of 61.28%; Al2O3 of 18.33%; Na2O of 2.47%, K2O of 1.75%,
MgO of 2.16%, CaO of 1.59%, MnO of 0.27%, Fe2O3 of 3.35%,
and TiO2 of 0.08%.

The preparation procedure of organo-montmorillonite
(designated as O-MMT) was described as follows: 10 g Na-MMT
was dispersed in 100 mL MTAB solution with a surfactant
concentration equivalent to 1.5 times of the CEC of clay. The
suspension was aged for 1 h under stirring at 500 rpm. Then, it
was placed in an Inextron WDS900DSL23-2 microwave oven and
irradiated over 5 min at a frequency of 2.45 GHz and an output
power of 500 W. The resulting solid was washed with double
distilled water several times until it was free frombromide anions
(tested by titration with 0.1 M AgNO3 solution). The product was
dried in an air-circulating oven at 383.15 K to constant weight,
pulverized and sieved. The CEC of O-MMT was 14.9 m eq./100 g
of clay according to methylene blue adsorption index.

Characterizations of adsorbent materials

Scanning electron microscopy (SEM) was performed to probe
the microtopography and surface texture of the adsorbents. The
scanning was conducted on a JEOL JSM-6390 eld emission
RSC Adv., 2014, 4, 16298–16311 | 16299



Table 1 Molecular structure and some specific information about amoxicillin and ampicillin

Amoxicillin Ampicillin

Molecular structure

Physical state White to off-white solid White to off-white solid
Molar mass (g mol�1) 365.4 349.4
Chemical formula C16H19N3O5S C16H19N3O4S
Water solubility, 25 �C (g L�1) 3.43 10.1
pKa 2.4 (carboxylic) 2.7 (carboxylic), 7.3 (amine)

7.4 (amine)
9.6 (phenol)

Environmental persistence data
Photodegradation rate (s�1)
Directa 5.24 � 10�7 Not available
Hydrolysis rate (s�1)b 4.45 � 10�7 2.15 � 10�7

a Direct photodegradation at pH 7 using a solar simulator system. b Hydrolysis at pH 7 and room temperature (298.15 K); the hydrolysis rate
constants correspond to half-lives of 18 d for amoxicillin and 36 d for ampicillin.
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SEM at an accelerating voltage of 20 kV. Surface characteriza-
tions were conducted by physical adsorption–desorption
isotherms of N2 at 77.15 K, on a Micromeritics ASAP 2010
automated sorptometer. The samples were vacuum-outgassed
under a ow of pure helium at 10�3 Torr and 473.15 K for 24 h.
The specic surface area, micropore volume (Vmic) and external
(mesoporous) surface area (Sext) was determined from the
adsorption branches applying the Brunauer–Emmett–Teller
(BET) and t-plot method, respectively. The pore size distribution
was derived from desorption data by means of Barrett–Joyner–
Halenda (BJH) method. Total pore volume (VT) was estimated
from the volume of gas adsorbed at a relative pressure (p/p�)
of 0.99.

The pH of point of zero charge (pHpzc) was determined by
pH-dri technique following Yang et al.25 method. Briey, a
solution of 0.005 M CaCl2 was boiled to remove dissolved CO2

and then cooled to room temperature. A 20 mL aliquot of the
solution was poured into a series of capped vials. The pH was
adjusted by adding 0.5 M HCl or 0.5 M NaOH solution to a value
between 2 and 11. A known amount of Na-MMT or O-MMT
(�0.05 g) was added and the suspension was equilibrated for
24 h. The nal pH was measured using a SevenEasy™ digital
pH-meter (Model S20, Mettler Toledo) and plotted against the
initial pH. The pH at which the curve of pHnal versus pHinitial

crosses the line pHinitial ¼ pHnal is marked as pHpzc. The
results are 5.82 for pHpzc of Na-MMT and 7.18 for pHpzc of O-
MMT.

Thermal decomposition analysis was performed on aMettler-
Toledo TGA/DSC 1 thermogravimetric analyzer. Approximately
10 mg of the samples was spread uniformly at the bottom of
alumina crucible. The temperature of furnace was programmed
to rise from room temperature to a nal temperature of 1123.15
K at 20 K min�1 in a dynamic high-purity owing N2 of 100 mL
min�1. The elemental contents of Na-MMT and O-MMT
16300 | RSC Adv., 2014, 4, 16298–16311
materials were determined using an automated CHNS/O
elemental analyzer (Model 2400-II, PerkinElmer). FT-IR analysis
was carried out on a Shimadzu FTIR 8400S spectrometer using
KBr disk technique. The spectra data were collected by accu-
mulating 200 scans over wavenumber range of 4000–500 cm�1 in
the transmission mode at a spectral resolution of 4 cm�1. Data
processing includes baseline adjustment, normalization and
spectral smoothing was performed using IRsolution soware
(Version 1.21). The mineralogical compositions of the solids
were analyzed using a Philips PANalytical X'Pert X-ray diffrac-
tometer. The powder diffractograms of the specimens were
acquired at 40 kV and 30 mA in the range of 2-theta angles of 2–
70� with a scanning speed of 1�/min. The radiation source was
Ni-ltered Cu Ka1 (l ¼ 0.15405 nm).
Batch adsorption experiments – single solute systems

Fresh antibiotic effluents were prepared by dissolving 0.3 g
amoxicillin or ampicillin into 1 L deionized water to give an
initial concentration of 0.80 mmol L�1 for amoxicillin and 0.82
mmol L�1 for ampicillin. For the adsorption equilibrium
experiments, the stock effluents of amoxicillin or ampicillin
were poured into a series of stoppered conical asks (each of 100
mL) containing Na-MMT or O-MMT with varying doses (0.1–1 g).
The asks were wrapped with aluminium foil to eliminate light
interference. Then, the asks were placed in a thermostated
reciprocal shaker and shaken at 100 rpm for 24 h. Preliminary
experiments indicated that 24 h provided sufficient time to reach
equilibrium. The system temperature was held constant at
303.15 K, 313.15 K and 323.15 K by a built-in PID-type temper-
ature controller. Aer equilibration, the clay suspension was
centrifuged at 3000 rpm for 10 min and the supernatant was
taken for analysis. The residual concentration of solute was
quantied by a double beam UV-Vis spectrophotometer at a
This journal is © The Royal Society of Chemistry 2014



Fig. 1 SEM images of Na-MMT (a) and O-MMT (b).
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detection wavelength of 252.2 nm for amoxicillin and 245.8 nm
for ampicillin. The calibration curves were prepared from a set of
ve standard solutions with concentration range of 50–300 mg
L�1. Prior to spectrophotometric measurements, all superna-
tants were ltered through a 0.45 mm syringe lter. The amount
of solute adsorbed per unit mass of adsorbent at equilibrium
(qe, mmol g�1) was determined by the following equation:

qe ¼ C0 � Ce

m
V (1)

where C0 and Ce are the initial and equilibrium concentrations
of solute in the liquid phase (mmol L�1), respectively, m is the
mass of adsorbent (g) and V is the volume of solution (L). For
the pH adsorption edge experiments, the suspension pH was
varied from 2 to 11 and adjustment wasmade by adding 1 NHCl
or 1 N KOH solutions. All adsorption runs were replicated twice
with averages used as the results.

Batch adsorption experiments – binary solute systems

For the binary adsorption experiments, three synthetic effluents
containing amoxicillin and ampicillin were prepared (Table S1
of the ESI†). Adsorption isotherm experiments were performed
in a closed batch system by equilibrating the synthetic effluents
containing a known amount of O-MMT on a reciprocal shaker
for 24 h at room temperature. The initial pH of all effluents
ranged between 6 and 7. The equilibrium concentration of
remaining antibiotics was determined spectrophotometrically
in a multi-component quantitation mode at two measurement
wavelengths of 245.8 nm and 252.2 nm. Five mixed samples
with pure amoxicillin and ampicillin standards were made to
construct the calibration curve. The following mathematical
formula was used to calculate the equilibrium amount of
solutes i and j in the adsorbed phase:

qe;i=j ¼
�
C0;i=j � Ce;i=j

�
m

� V (2)

where qe,i and qe,j are the equilibrium loading of solutes i and j
in the solid phase (mmol g�1), C0 and Ce refer to the initial and
equilibrium concentrations of solute in the solution (mmol
L�1),m is themass of O-MMT used (g) and V is the volume of the
effluents (L).

Results and discussion
Textural properties and surface chemistry of Na-MMT and O-
MMT materials

The electron micrographs of Na-MMT and O-MMT are shown in
Fig. 1. SEM analysis conrmed that Na-MMT and O-MMT are
both crystalline solids of micrometer size. The lump alike
morphology of Na-MMT with smooth surface characteristic is
clearly seen from Fig. 1a. In comparison, the SEM image of
O-MMT displays the agglomerated sheet alike morphological
feature and surface roughness (Fig. 1b). N2 adsorption–
desorption isotherms (Fig. S1 of the ESI†) ascertain that both
clay sorbents are highly mesoporous with mixed micro- and
meso-sized pores. The characteristic type H4 hysteresis loop
observed in the relative pressure range of 0.4–0.6 is the
This journal is © The Royal Society of Chemistry 2014
indication of an adsorption phenomenon of gases typical for
complex micro-mesoporous solids, which include micropores
lling, pore condensation and cavitation-induced evaporation
mechanisms.26 The BET specic surface area of Na-MMT was
122.2 m2 g�1 and this value dramatically fell to 65.8 m2 g�1 of O-
MMT. Similarly, total pore volume of Na-MMT was 0.11 cm3 g�1

while that of O-MMT was 0.06 cm3 g�1 (Table S2 of the ESI†).
The decreased BET specic surface area and pore volume
revealed that some interior adsorption sites became inacces-
sible by N2 molecules due to the blocking of large surfactant
cations within the pores. The pore size distribution curves (inset
Fig. S1†) support N2 adsorption–desorption results that high
percentage of mesopores with a diameter about 3–4 nm exist in
Na-MMT and O-MMT. Furthermore, a notable distribution of
pore sizes outside the range of 3–4 nm was observed in O-MMT,
likely due to the surfactant cations loading into the interparticle
pores within the ‘house-of-cards’ structure that enlarge the
corresponding pore size. This is consistent with other studies
dealing with organoclay preparation employing long alkyl-chain
cationic surfactants.27–29 Conrmation of the organication of
Na-MMT was also shown from elemental analysis results in the
ESI Table S3.† In this table, it can be seen that O-MMT contains
about 0.83 wt% N and 12.1 wt% C (the C/N ratio is 14.58) where
the presence of carbon and nitrogen atoms in Na-MMT is not
observed. Based on the carbon and nitrogen contents, it can be
estimated that each gram of clay contains 0.59 mmol of inter-
calated C14-trimethylammonium cations.

Thermal gravimetric analysis was used to examine the
weight loss arising from organic content and the related
degradation mechanisms. The TGA curves in the ESI Fig. S2†
show that the weight loss by about 7% below 150 �C corre-
sponds to the loss of surface water and water associated with
Na-MMT micropore structure. Between 200 �C and 400 �C,
about 0.0063 g H2O per g clay was lost, which might be attrib-
uted to desorption of water from the interlayer space. Irrevers-
ible dehydroxylation of the layered silicate structure takes place
in the temperature range of 600–700 �C. The weight change of
the clay could be neglected above 700 �C. The presence of
organic moieties increases the number of decomposition steps
for organoclay. As illustrated in Fig. S2,† the TGA prole of
O-MMT indicates four weight-loss steps: (I) the loss of water
(dehydration) that occurs at 110 �C and ends at 150 �C; (II)
decomposition of the bonded structure of organic modier in
the interlayer space at 200–300 �C; (III) dehydroxylation of the
silicate layers around 600 �C and proceeds till around 700 �C
and (IV) further decomposition of the organic surfactant at
RSC Adv., 2014, 4, 16298–16311 | 16301
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720–800 �C. The thermogram pattern of bare MTAB indicates
the weight loss at 110 �C resulted from dehydration, followed by
structural degradation that occurs at 250–400 �C. Finally, the
maximum decomposition takes place around 600 �C due to the
incomplete oxidation of the organic moieties under N2

atmosphere.
The spectral characteristics of Na-MMT and O-MMT are

displayed in the ESI Fig. S3.† Several infrared absorption bands
of Na-MMT were observed at specic wavenumbers, which are
the typical of montmorillonitic mineral: 3614 cm�1 of O–H
stretching of structural hydroxyl groups located at the surface
and along the broken edges, 3342 cm�1 and 1636 cm�1 of
stretching and bending vibrations of OH group in water mole-
cules, 1087 cm�1 of Si–O stretching, 936 cm�1 of Al–Al–OH
hydroxyl-bending vibration, 522 cm�1 of Al–O–Si bending
vibration and 475 cm�1 of Si–O–Si bending vibration. The
insertion of organic modier (MTA+ cation) into the interlayer
spacing gave rise to symmetric and asymmetric sp3 C–H
stretching vibrations of methyl and methylene groups at 2900–
2800 cm�1 and symmetric sp3 C–H bending vibration at 1464
cm�1. It can be shown that the vibrational bands correspond to
Si–O stretching, Al–Al–OH bending, Al–O–Si bending and Si–O–
Si bending between Na-MMT and O-MMT are essentially iden-
tical. This suggests that the unit-cell framework of montmoril-
lonite mineral (tetrahedral-octahedral-tetrahedral layered
sheets) remains intact during microwave irradiation. On the
other hand, the absorption intensities of stretching and
bending vibrations of hydroxyl group at�3400 cm�1 and�1600
cm�1 dropped, which might be attributed to the removal of
adsorbed water molecules from the clay lattice.

X-ray diffractograms of Na-MMT and O-MMT are given in the
ESI Fig. S4.† Here, the XRD pattern of MMT lump was not
shown due to its similar characteristic to that pattern of Na-
MMT. A broad (001) reection was noted at 2-theta of 6.44� for
MMT lump and 6.49� for Na-MMT, characterizing the basal
spacing of montmorillonite. This information suggested that
the transformation of MMT lump to Na-MMT through cation
exchange did no or little alteration on the mineralogical prop-
erties of clay. The occurrence of other crystalline phases such as
quartz, calcite, feldspar and anatase was observed in addition to
montmorillonite crystal planes and basal reections. Semi-
quantitative mineral analyses of MMT lump and Na-MMT based
on XRD data showed that these clay impurities accounted for
20–22% of total crystalline phases (the purity of smectite phase
was 78–80%). The intercalation of MTA+ cations into the
montmorillonite structure leads to the expansion of basal
spacing from 1.36 nm to 1.95 nm and interlayer spacing from
0.39 nm to 0.98 nm. The interlayer spacing was determined by
subtracting the measured basal spacing with the unit-cell
thickness of a single tetrahedral-octahedral-tetrahedral layered
sheet of montmorillonite, which is 0.97 nm.30 The structural
conformation of the surfactant in the interlayer spacing can be
interpreted by considering the magnitude of increased basal
spacing and the molecular structure of intercalated surfactant
cations (the thickness of polar ‘head’ and apolar ‘tail’). The
loading of MTA+ cation, a single C14 alkyl chain trimethy-
lammonium surfactant with a concentration of 1.5 times of the
16302 | RSC Adv., 2014, 4, 16298–16311
CEC would result in the pseudotrilayer conformation; that is the
alkyl chain of surfactant is packed in parallel to the plane of
silicate tetrahedral sheets with interlocked-chains array.27,31 The
equivalence exchange between Na+ and MTA+ cations also
renders the clay surface to be organophilic, which is suitable to
sorb organic compounds such as antibiotics.
Effects of solution pH on the adsorptive removal of
amoxicillin and ampicillin

The pH is a crucial factor both towards the surface charge
density of adsorbent and the ionic speciation of adsorbate in
the liquid phase, which determines the effectiveness of a
sorption process. The presence of acid (carboxylic) and base
(amino) surface functional groups within amoxicillin and
ampicillin structure contributes to the amphoteric nature of
these drugs, in which these groups are ionisable following the
pH changes. As shown in Table 1, amoxicillin has three acid
dissociation constants of 2.4 (pKa1 of carboxylic), 7.4 (pKa2 of
amine) and 9.6 (pKa3 of phenol) while for ampicillin, the pKa

values are 2.7 (carboxylic) and 7.3 (amine).14 Accordingly,
amoxicillin species are mainly as a cation in the acidic solution
(pH < 2.4), a zwitterion between pH 2.4 and 7.4 and an anion in
the alkaline solution (pH > 7.4). Similarly, ampicillin exists
predominantly in cationic, zwitterionic and anionic forms at pH
< 2.7, 2.7 < pH < 7.3 and pH > 7.3, respectively (see Fig. S5 of the
ESI†). The distribution diagrams showing the percentage of
amoxicillin and ampicillin species at room temperature under
different solution pHs was presented in the ESI Fig. S6.†

The inuence of pH on the adsorbed amount of amoxicillin
and ampicillin in single systems is given in Fig. 2. In this gure,
the increasing amount of amoxicillin or ampicillin adsorbed by
Na-MMT was seen with the increase of pH from 2 to 7 and then
a progressive decrease on the removal percentage was encoun-
tered at pH above 7. Similar observation was reported by
Moussavi et al. for the removal of amoxicillin from water using
NH4Cl-induced activated carbon.32 The limited uptake at low
pH, particularly below pKa1 of amoxicillin or ampicillin was due
to net repulsion between positively charged edge hydroxyl
surfaces of montmorillonite crystallites (silanol and aluminol
sites) and the cationic adsorbate molecules. From the specia-
tion diagrams in Fig. S5,† it can be shown that at low pH range
(pH 2–3), the cationic amoxicillin and ampicillin accounted for
84% and 86% of total species in the solution, respectively. The
removal processes of amoxicillin (�24%) and ampicillin
(�27%) could still take place in the acidic environment due to
the dipole-induced interaction between protonated amine
group and the Si-tetrahedral basal oxygen surface in addition to
ion exchange between Na+ interlayer cations and protonated
amoxicillin or ampicillin. The latter phenomenon (cation
exchange) has been veried to be the sorption controlling
mechanism at low pH in the studies conducted by Jiang et al.33

and Wang et al.34 for the removal of ciprooxacin using layered
manganese oxide and Ca-montmorillonite, respectively.

With the increase of pH approaching pKa2 of the adsorbate,
the ratio of zwitterion to cation increases gradually for both
antibiotics and this leads to the increase of removal percentage,
This journal is © The Royal Society of Chemistry 2014



Fig. 2 Variation of pHs on the removal of amoxicillin and ampicillin in single component systems (adsorbent dosage¼ 1 g L�1, contact time¼ 24
h, T ¼ 303.15 K).
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reaching the highest level of 63.5% for amoxicillin and 65.2%
for ampicillin at near-neutral pH. Under this condition, the
protonated amine in amoxicillin or ampicillin structure might
play important for the enhanced removal process by forming
electric force that attracts this cationic group to deprotonated
aluminol (Al–O�) or silanol (Si–O�) edge sites. Furthermore, the
concentration of H+ ions that compete with NH3

+ group for the
basal oxygen surfaces diminished at elevated pH, facilitating
the sorption process. The sorption of amoxicillin or ampicillin
under alkaline environment is unfavorable since both antibi-
otics exist as an anion (attributed to the presence of conjugate
bases of carboxylic acid and phenol groups) thus electrostatic
repulsive force dominates. Such phenomenon was conrmed
from a gradual decline on the removal percentage from 63.5%
to 18.7% for amoxicillin and 65.2% to 20.3% for ampicillin as
the pH rose from 7 to 11.

For the adsorption of amoxicillin or ampicillin using
O-MMT, higher removal percentage was observed across the pH
range studied, indicating that O-MMT has superior adsorption
capacity. In the acidic solution, about 31–61% of amoxicillin
and 33–62% of ampicillin was removed while the removal effi-
ciency in highly alkaline environments (pH 10–11) ranged
between 27% and 41% for amoxicillin and 31–43% for ampi-
cillin. The highest removal percentage was obtained at pH
around 7, corresponding to 77.8% removal for amoxicillin and
81.3% removal for ampicillin. It can be implied that higher
adsorptive removal of O-MMT was mainly attributed to the
exchange of interlayer Na+ cation with MTA+ cation, which
provides benecial features to the sorption process. Aside from
expanding the interlayer and basal spacing, the intercalation of
MTA+ cation would expose additional charge-bearing sites for
the binding of incoming amoxicillin or ampicillin molecules.
The intercalated MTA+ cation would interact hydrophobically
with amoxicillin or ampicillin through intermolecular attrac-
tion forces, possibly van der Waals force or permanent dipole–
dipole interaction between positively charged nitrogen atom
located at the ‘head’ of MTA+ cation and negatively charged
carboxylate anion (RCOO�) in amoxicillin or ampicillin struc-
ture. The forces of electrostatic attraction acting between
carboxylate anionic groups and positively charged clay' edge
This journal is © The Royal Society of Chemistry 2014
sites might also take place. Furthermore, the hydrophobic alkyl
chain of the intercalated surfactant played important role by
serving as a sorption domain for the allocation of organic
(antibiotic) molecules.35–37 Thus, it can be argued that the
intercalated surfactant cation in the clay' interlayer spacing has
a crucial inuence by forming organic partition phases with
quite different affinities toward the organic groups. Ultimately,
there was no linear relation between the surface properties and
adsorption capacity as O-MMT sorbent exhibited higher sorp-
tion capacity although its specic surface area and pore volume
were lower compared to the original material.

Modeling adsorption isotherm data for single antibiotic
systems

The so-called adsorption isotherm is vital information
describing the equilibrium distribution of solute adsorbed on a
solid surface to that of in the liquid with which it is in contact at
a given temperature. The single component adsorption
isotherms of amoxicillin and ampicillin were analyzed by
Freundlich and Langmuir models. The Freundlich model,
which originally developed in 1909 for expressing the
isothermal variation of a quantity of gas adsorbed by unit mass
of adsorbent with pressure, has an empirical mathematical
form as follows:38

qe ¼ KF � C1/n
e (3)

where KF is the Freundlich constant related to the adsorption
affinity [(mg g�1) (L mg�1)1/n or (mmol g�1) (L mmol�1)1/n] and n
is a dimensionless intensity factor characterizing the surface
heterogeneity degree. Generally, the value of constant n is
greater than unity and the adsorption favorability can be eval-
uated based on the following n values: favorable (2–10),
moderately difficult (1–2) and poor (<1).39

Langmuir model is perhaps the simplest and most useful
semi-empirical model for interpreting various physical and
chemical adsorption phenomena in gas- and liquid-phase
systems as well as many real sorption processes. Langmuir
(1918) postulated his isotherm based on the kinetic principle of
adsorption of gases on the plane surfaces of ideal solids.40 The
RSC Adv., 2014, 4, 16298–16311 | 16303



RSC Advances Paper
mathematical expression of Langmuir isotherm is equated by
the following formula:

qe ¼ qm
KLCe

1þ KLCe

(4)

where qm is the Langmuir constant of maximum sorption
capacity when the solid is covered with a monolayer (mg g�1 or
mmol g�1), also denotes a practical limiting sorption capacity
and assists in the comparison of adsorption performance and
KL is the adsorption affinity constant (L mg�1 or L mmol�1). The
essential features of Langmuir isotherm can be expressed in
terms of equilibrium parameter RL, with classications of the
adsorption nature: favorable – convex isotherms (0 < RL < 1),
unfavorable–concave isotherms (RL > 1), linear (RL¼ 1) or highly
favorable/non-reversible (RL¼ 0). The RL value can be calculated
using a formula proposed by Weber and Chakravorti:41

RL ¼ 1

1þ KLC0

(5)

where C0 is the initial solute concentration in the liquid phase,
which is 0.80 mmol L�1 for amoxicillin and 0.82 mmol L�1 for
ampicillin.

The correlations of adsorption equilibrium data were per-
formed by nonlinear regression tting using SigmaPlot soware
(Version 12.3, Systat Soware Inc.). Fig. 3 displays the tting
comparison between Freundlich and Langmuir models against
single adsorption equilibrium data of amoxicillin and ampi-
cillin. The values of the tted isotherm parameters are listed in
Table 2. At a glance, Langmuir isotherm describes experimental
data better than Freundlich isotherm. The favorability of
Langmuir model also visually conrmed from the isotherm
curves that exhibit a convex character. According to system of
classication of solution adsorption isotherms suggested by
Giles and colleagues,42 the isotherm curves at all temperatures
belong to a L2-type, which the indicative of solute adsorbed at
on the surface. Similar isotherm type was found for the
immobilization of tetracycline on kaolinite surface18 and
adsorption of an antihistamine medicine (chlorpheniramine)
using Ca-montmorillonite21 and activated charcoal.43

Considering the adsorption affinity, this parameter can rise
or fall with temperature change, depending on whether phys-
isorption or chemisorption that dominates in the sorption
system. In this study where chemisorption controls the
adsorption of amoxicillin and ampicillin, the adsorption affinity
should be higher with increasing temperature because higher
temperature hastens the movement of solute molecules in the
liquid phase to be bound on the surface. Both Freundlich and
Langmuir isotherms clarify this behavior, as shown in Table 2.
Higher affinity of solute molecules to O-MMT surface is expec-
ted because the sorbent possesses organophilic surface stem-
ming from the substitution of MTA+ cation in place of interlayer
Na+ cation. In terms of adsorptivity, ampicillin was preferen-
tially adsorbed to the surface rather than amoxicillin.

The next examination is on the parameter qm of Langmuir
model, which the indicative of maximummonolayer capacity of
a particular sorbent. With the increase of temperature from
303.15 K to 323.15 K, the maximum monolayer capacity rose
16304 | RSC Adv., 2014, 4, 16298–16311
from 0.079 mmol g�1 to 0.090 mmol g�1 for Na-MMT and from
0.143 mmol g�1 to 0.157 mmol g�1 for O-MMT if ampicillin was
considered as the solute. The increasing maximum monolayer
capacity accompanying temperature rise revealed that chemi-
sorption was the controlling phenomenon. The remaining
analysis is on the parameter n of Freundlich model, which is a
characteristic constant for the surface heterogeneity degree. It
can be seen that there is no clear correlation between this
parameter and temperature, as in the sorption systems of
amoxicillin/Na-MMT and amoxicillin/O-MMT, the values of n
decrease with temperature increase while in the ampicillin/
O-MMT system, an opposite trend is obtained. Even, a uctu-
ating value of n with temperature was observed in the ampi-
cillin/Na-MMT system. It should also be noted that the
magnitude of constant n should be higher for the adsorption on
the O-MMT surface. Again, the Freundlich isotherm cannot
capture this well. Therefore, it can be concluded that Langmuir
isotherm outperforms Freundlich isotherm in describing
adsorption equilibria data. In addition, the calculated RL values
all conrmed the favorable nature of adsorption process across
the studied temperatures.

The adsorption capacity of O-MMT was compared with
other adsorbents to evaluate its application as a viable
alternative to treat amoxicillin and ampicillin from water and
wastewater. Based on the Langmuir analysis, the maximum
adsorption capacity of O-MMT was estimated to be 0.124–
0.133 mmol g�1 (45.3–48.6 mg g�1) for amoxicillin and 0.143–
0.157 mmol g�1 (49.9–54.9 mg g�1) for ampicillin. A number
of studies had used activated carbons as the primary adsor-
bent to remove various antibiotics. Ding and co-workers44

prepared the sludge-derived activated carbons to remove a
mixture of 11 antibiotics include amoxicillin from diluted
water solutions. The estimated total adsorption capacity of
80–300 mg g�1 was obtained from the Langmuir–Freundlich
prediction. Similar adsorption capacity of bare and NH4Cl-
induced activated carbons (261.8 vs. 438.6 mg g�1) was
reported by Moussavi et al.32 for batch adsorption of amoxi-
cillin. Although the synthesized O-MMT exhibited lower
uptake capacity than carbon-based materials, the prepara-
tion method of the organoclay is simpler and less energy- and
time-consuming compared to chemical or thermal activation
pathways to synthesize the carbons. Furthermore, the
montmorillonite lump used to prepare the organoclay is a
cheap and easily available material in large quantity. The
application of organo-bentonite to remove amoxicillin had
been investigated by Zha and colleagues.45 However, lower
adsorption capacity of the organobentonite (27.85–30.12 mg
g�1 at 303.15 K and 313.15 K) was obtained compared to the
values reported in this study. The O-MMT sorbent also
showed superior adsorption capacity than chitosan beads46

(45.3 vs. 8.71 mg g�1 at pH 6.5) for batch amoxicillin removal.
Modeling adsorption isotherm data for binary antibiotic
systems

Multicomponent adsorption depends on the number of
solutes competing for the sorption sites, their speciation,
This journal is © The Royal Society of Chemistry 2014



Fig. 3 The Freundlich and Langmuir model fittings against single adsorption equilibrium data of amoxicillin and ampicillin ( 303.15 K, 313.15 K
and 323.15 K).
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concentrations, residence time, etc., which all contribute to
the interference and competition phenomena in the solution
and at the solid/solution interface.47 Oen, most of available
empirical or semi-empirical models lack of theoretical basis
This journal is © The Royal Society of Chemistry 2014
and they may not be able to accurately analyze the system
behavior over the entire range of measurements. Notwith-
standing the most realistic model so-called the ideal
adsorption solution theory (IAST) and its modications, such
RSC Adv., 2014, 4, 16298–16311 | 16305



Table 2 Correlation isotherm parameters for adsorption of amoxicillin and ampicillin in single component systems as fitted with Freundlich and
Langmuir models

Adsorbent Adsorbate T (K)

Freundlich parameters Langmuir parameters

KF (mmol g�1)
(L mmol�1)�n n R2

qm
(mmol g�1)

KL

(L mmol�1) R2 RL

Na-MMT Ampicillin 303.15 0.083 9.54 0.87 0.079 124.81 0.99 0.0092
313.15 0.089 15.12 0.82 0.080 158.09 0.98 0.0073
323.15 0.097 8.51 0.86 0.090 169.56 0.98 0.0068

Amoxicillin 303.15 0.058 15.86 0.86 0.056 96.68 0.99 0.0124
313.15 0.068 13.96 0.85 0.064 108.29 0.98 0.0111
323.15 0.074 12.45 0.86 0.071 113.46 0.99 0.0106

O-MMT Ampicillin 303.15 0.151 10.22 0.95 0.143 141.11 0.95 0.0082
313.15 0.156 10.34 0.97 0.146 183.37 0.94 0.0063
323.15 0.170 12.53 0.96 0.157 206.44 0.94 0.0056

Amoxicillin 303.15 0.129 15.30 0.94 0.124 122.94 0.93 0.0098
313.15 0.132 14.32 0.94 0.126 143.75 0.97 0.0084
323.15 0.134 13.03 0.98 0.133 182.58 0.95 0.0066
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as fast-IAS and real adsorption solution theory have found
reasonable success to correlate multicomponent adsorption
equilibria data, the complex algorithm for the model solution
involving numerical integration at each step of iteration
procedure requires the use of advanced computer resources.
On the other hand, extended-Langmuir is a simple model
with adequate thermodynamic basis and useful insights for
analyzing multicomponent adsorption equilibria. To
describe the equilibrium competitive adsorption in the
multicomponent systems, Langmuir model for pure compo-
nent adsorption equilibria can be easily extended to the
following formulation:

qe;i ¼ qm;iKL;iCe;i

1þ
XN
i¼1

KL;iCe;i

(6)

where i is the number of components, qm,i and qe,i are the
maximumadsorbed amount of each component (mmol g�1) and
the adsorbed amount of each component per mass of adsorbent
at equilibrium concentration Ce,i and KL,i is the individual
adsorption affinity constant of each component (L mmol�1). For
a liquid phase system consisting of two components, one can use
the extended-Langmuir equation in the form:

qe;1 ¼ qm;1KL;1Ce;1

1þ KL;1Ce;1 þ KL;2Ce;2

(7)

qe;2 ¼ qm;2KL;2Ce;2

1þ KL;1Ce;1 þ KL;2Ce;2

(8)

The success of the extended-Langmuir model in analyzing
binary adsorption equilibrium data has been reported in several
studies.47–49 The validity of the model was justied based on the
simple error minimization between predicted and measured qe
values. The predicted qe values for each component can be
calculated from eqn (7) and (8) by introducing the tted
parameters qm and KL belonging to single adsorption data. Such
approach, however, does not t for correlating binary
16306 | RSC Adv., 2014, 4, 16298–16311
adsorption data because adsorption in the binary system
involves interference and competition between solutes in the
solution and on the active surface sites; both these character-
istics are negated in the single adsorption system. Therefore, to
improve the accuracy of predictions and theoretical sound of
the extended-Langmuir model, we propose a modication to
each parameter above by addressing competitive adsorption
behavior.

In the binary system, the active sorption sites are accom-
modated by two solutes with a specic surface coverage.
Therefore, the maximum sorption capacity should be the sum
of fraction of surface covered by each solute multiplied by its
maximum sorption capacity or can be expressed as follows:

qm,bin ¼ qm,1(singl)q1 + qm,2(singl)q2 (9)

where q1 and q2 are the fractional surface coverage of solute 1
and 2, respectively. Here, we argue that total monolayer surface
coverage by both solutes should not exceed unity, considering
that some surface sites are inactive for adsorption. The
parameter KL measures how strong the solute molecules are
attracted to the surface. The higher the affinity, the more solute
molecules are adsorbed on the surface. Since the solute species
compete each other, their affinities to the surface should be
weaker compared to that of single adsorption system. Accord-
ingly, the use of parameter KL from single adsorption data is not
valid and a simple theoretical treatment to this parameter is
given as follows:

KL;1ðbinÞ ¼ KL;1ðsinglÞ

�
1� q2

q1 þ q2

�
(10)

KL;2ðbinÞ ¼ KL;2ðsinglÞ

�
1� q1

q1 þ q2

�
(11)

In eqn (10) and (11), the competitive adsorption between
solutes is expressed as a ratio of fraction of surface covered by
one solute to that of total surface coverage by both solutes.
This journal is © The Royal Society of Chemistry 2014
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Introducing eqn (10) and (11) into eqn (7) and (8) gives the
following equations:
qe;1ðbinÞ ¼

�
qm;1ðsinglÞq1 þ qm;2ðsinglÞq2

�
KL;1ðsinglÞ

�
1� q2

q1 þ q2

�
Ce;1ðbinÞ

1þ KL;1ðsinglÞ

�
1� q2

q1 þ q2

�
Ce;1ðbinÞ þ KL;2ðsinglÞ

�
1� q1

q1 þ q2

�
Ce;2ðbinÞ

(12)

qe;2ðbinÞ ¼

�
qm;1ðsinglÞq1 þ qm;2ðsinglÞq2

�
KL;2ðsinglÞ

�
1� q1

q1 þ q2

�
Ce;2ðbinÞ

1þ KL;1ðsinglÞ

�
1� q2

q1 þ q2

�
Ce;1ðbinÞ þ KL;2ðsinglÞ

�
1� q1

q1 þ q2

�
Ce;2ðbinÞ

(13)
Eqn (12) and (13) are both called as the modied extended-
Langmuir model. Here, q1 and q2 were treated as tting
parameters with the following constraints: q1 > 0, q2 > 0 and q1 +
q2 < 1. The proposed model was tted to experimental data by
performing computer-aided nonlinear regression tting. The
accuracy of predictions was assessed from the coefficient of
determination (R2) values obtained from the computational
results.

The binary adsorption equilibrium data are obtained by
conducting adsorption experiments at 303.15 K and near-
neutral pH with O-MMT as the sorbent and mixtures of amox-
icillin and ampicillin as the waste effluents. Here, O-MMT was
employed as the sorbent due to its superior adsorption capacity
compared to Na-MMT. Also, the choice of conducting binary
adsorption experiments at pH range of 6–7 was based on the
single adsorption results in which at this pH range, the highest
removal of amoxicillin and ampicillin took place. Fig. 4 shows
the correlation results of binary adsorption equilibrium data
tted with themodied extended-Langmuir model (represented
as wire-mesh plot). The values of q1 and q2 obtained from the
model tting are given in Table 3. From Fig. 4, it can be seen
that the modied extended-Langmuir model can correlate
binary adsorption data adequately. In comparison, the tness of
original extended-Langmuir model to the experimental data is
given in the ESI Fig. S7.† Noticeably, the modied extended-
Langmuir model gave better representation than the original
model, suggesting that the inclusion of fractional surface
coverage may improve the accuracy of predictions and assist in
interpreting the adsorption behavior in binary system. The
fraction of active sorption sites covered by either amoxicillin or
ampicillin decreases as the concentration of the opposite
adsorbate in the mixture increased. For example, the fraction of
adsorption sites covered by amoxicillin for effluent A (75 wt%
amoxicillin + 25 wt% ampicillin) was 0.639 and this value
This journal is © The Royal Society of Chemistry 2014
decreased to 0.437 and 0.263 with increasing ampicillin
concentration to 50 wt% and 75 wt%, respectively. Likewise, the
ampicillin loading on the surface of O-MMT increased with
decreasing concentration of amoxicillin in the mixture. One can
also notice that total monolayer coverage on the surface in all
systems is similar, typically about 0.89 (expressed as a fractional
quantity). This supports our previous argument that some of the
surface sites are unavailable for the sorption, likely due to the
surfactant blockade and to consider that the sorbent has a void
fraction. With regard to adsorptivity, both amoxicillin and
ampicillin are less likely adsorbed on the surface due to
competition effect. Consequently, fewer amounts of amoxicillin
(44.8%) and ampicillin (48.3%) were removed from a binary
mixture (effluent B) compared to single solute systems for near-
neutral pH adsorption. To this end, the modied extended-
Langmuir model will turn back into the original Langmuir
model if only one solute component is considered in the sorp-
tion system (q2 and Ce,2 are zero in eqn (12) and q1 and Ce,1 are
zero in eqn (13)).
Adsorption thermodynamic

Adsorption thermodynamic relates the equilibrium of adsorp-
tion to those properties which cannot be directly measured
from the experiment, such as activation energy (Ea, kJ mol�1),
the Gibb's free energy change (DG�, kJ mol�1), standard
enthalpy change (DH�, kJ mol�1), standard entropy change (DS�,
kJ mol�1 K�1) and isosteric heat of adsorption (DHx, kJ mol�1).
The Gibb's free energy change is an important criterion for
spontaneity of a chemical process and it can be related to
adsorption equilibrium constant by the following reaction
isotherm:

DG0 ¼ �RT ln KD (14)

where R is the ideal gas constant (8.314 J mol�1 K�1), T is the
temperature (K) and KD is the linear sorption distribution
RSC Adv., 2014, 4, 16298–16311 | 16307



Fig. 4 The fitting performance of modified extended-Langmuir model against binary adsorption equilibrium data of various effluents containing
amoxicillin and ampicillin.
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coefficient, dened as a ratio between the equilibrium surface
concentration of adsorbed solute and the equilibrium solute
concentration in the liquid phase. The value ofKD is determined by
plotting a straight line of ln (qe/Ce) versus Ce and extrapolating to
zero Ce according to Khan and Singh.50 The variation of thermo-
dynamic equilibrium constant with temperature can be expressed
in terms of standard enthalpy change and standard entropy
change by the classical van't Hoff formula:
16308 | RSC Adv., 2014, 4, 16298–16311
ln KD ¼ DS0

R
� DH0

RT
(15)

A plot of natural logarithm of the thermodynamic equilib-
rium constant, ln KD versus the reciprocal temperature, 1/T
(Fig. 5) will be linear with the slope and y-intersection point
giving the values of DH� and DS�, respectively.
This journal is © The Royal Society of Chemistry 2014



Table 3 The fitted and calculated equilibrium parameters for binary
adsorption of effluents containing amoxicillin (adsorbate 1) and
ampicillin (adsorbate 2)a

Effluents

Fitted
parameters Calculated parameters

R2q1 q2

KL,1(bin)

(L mmol�1)
KL,2(bin)

(L mmol�1)
qm,bin

(mmol g�1)

A 0.639 0.253 88.07 40.02 0.115 0.97
B 0.437 0.455 60.23 71.98 0.119 0.98
C 0.263 0.618 36.70 98.98 0.121 0.98

a Adsorption temperature ¼ 303.15 K, Adsorbent ¼ O-MMT.

Fig. 5 Thermodynamic plots of ln KD versus 1/T for the adsorption of
amoxicillin and ampicillin in single component systems (
amoxicillin/Na-MMT; ampicillin/Na-MMT; amoxicillin/
O-MMT; ampicillin/O-MMT).
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Table 4 summarizes the values of thermodynamic parame-
ters for single adsorption of amoxicillin and ampicillin. The free
energy change of adsorption decreased with an increase in
temperature and this suggests that higher temperature makes
the sorption process easier. The negative values of DG� conrm
that adsorption is thermodynamically feasible and spontaneous
with high preference of solutes to the surface. In this case, the
adsorption of amoxicillin and ampicillin on O-MMT is more
likely to take place at a given temperature, as reected from the
Table 4 Thermodynamic parameters for adsorption of amoxicillin and a

Adsorbents T (K)

Amoxicillin

DG�

(kJ mol�1)
DS�

(J mol�1 K�1)

Na-MMT 303.15 �5.55 162.8
313.15 �7.18
323.15 �8.81

O-MMT 303.15 �9.92 191.4
313.15 �11.84
323.15 �13.75

This journal is © The Royal Society of Chemistry 2014
magnitude of DG� values. The values of DH� and DS� are 43.8 kJ
mol�1 and 162.8 J mol�1 K�1 for amoxicillin/Na-MMT system
and 45.3 kJ mol�1 and 178.4 J mol�1 K�1 for ampicillin/Na-MMT
system. The positive sign of DH� is an indication of the endo-
thermicity of adsorption and suggests the possibility of strong
binding between adsorbate and adsorbent. Furthermore, the
magnitude of DH� values may give an idea whether the
adsorption belongs to physisorption (2.1–20.9 kJ mol�1) or
chemisorption (80–200 kJ mol�1). As shown in Table 4, it seems
that the adsorption of amoxicillin and ampicillin on Na-MMT or
O-MMT can be attributed to the combination of physisorption
and chemisorption rather than a pure physical or chemical
adsorption.

The thermodynamic quantity DS� is dened as a measure of
randomness in the system. The positive value of DS� reects
high affinity of solute to the sorption sites, also the increased
randomness at the solid/solution interface during adsorption
process. Some signicant changes in the internal structure of
adsorbate and adsorbent may cause the system to gain extra
translational and rotational entropies, such as from the
displacement of adsorbed water by the adsorbate, interlayer
cation exchange between Na+ and MTA+ or the partitioning of
adsorbate species in the hydrophobic alkyl chain of the inter-
calated surfactant. Furthermore, the positive value of DS�

revealed a strong connement of solute in the solid phase. Since
binary adsorption experiments in this study were conducted at
single temperature (303.15 K), it is not possible to analyze
thermodynamic behavior of the process. However, one can
predict it theoretically, for instance the values of free energy
change of adsorption should be less negative because adsorp-
tion is less energetically favorable. Also, the magnitude of the
entropy change might be greater due to increased disorder in
the system as a result of competitive adsorption between the
adsorbed components.
Batch adsorption tests using real pharmaceutical wastewater
and regenerability evaluation

In order to test the feasibility of O-MMT adsorbent for real
sorption application, batch adsorption experiments using real
pharmaceutical wastewater were conducted at 303.15 K for 24 h.
The adsorbent dose was xed at 10 g L�1. The wastewater was
randomly collected from ve sampling points from a waste-
water treatment plant of local pharmaceutical and health care
products manufacturer at Sidoarjo city, East Java. Prior to
mpicillin in single component systems

Ampicillin

DH�

(kJ mol�1)
DG�

(kJ mol�1)
DS�

(J mol�1 K�1)
DH�

(kJ mol�1)

43.8 �8.78 178.4 45.3
�10.56
�12.35

48.1 �12.12 203.6 49.6
�14.16
�16.19
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adsorption, the collected samples were vacuum-ltered with a
Buchner funnel to remove coarse particles. The initial pH of the
wastewater ranged between 5.5 and 6. Amoxicillin and ampi-
cillin were detected as two major constituents with initial
concentrations of 0.16 and 0.11 mmol L�1, respectively. Other
antibiotics, such as ciprooxacin, chloramphenicol and cefo-
taxime were also detected in trace levels (Table S4 in the ESI†).

Solution of 0.1 M CaCl2 was used as the desorbing agent.
Desorption experiments were carried out by mixing antibiotics-
loaded O-MMT sorbent with CaCl2 (solution to solid ratio of
100) and the mixture was allowed to stand for 24 h under
shaking at room temperature. The removal percentages of each
antibiotic as a function of regeneration cycle are displayed in
Fig. 6. The highest removal percentage was observed for
amoxicillin, followed by ampicillin, chloramphenicol, cipro-
oxacin and cefotaxime with total removal percentage of 68.2%.
A gradual decrease in the removal percentage of each antibiotic
was noticed as the regeneration cycles progressed; likely due to
the inability of desorbing solution to completely detach bound
antibiotics from the organoclay surface. Similar observation
was obtained by Wu et al.51 for desorption studies of cipro-
oxacin from kaolinite andmontmorillonite clays. By the end of
the h cycle, total removal percentage of all antibiotics by
O-MMT was 49.5%. These results show that O-MMT is a
promising sorbent for economical and effective treatment of
real effluents containing antibiotic compounds. Furthermore,
O-MMT sorbent possesses good adsorptive retention since total
removal percentage was about 50% even aer ve successive
adsorption–desorption cycles. Desorption of antibiotics from
the organoclay surface might be due to the ligand-promoted
dissolution of metal-antibiotic surface complexes between Ca2+

and the zwitterionized antibiotics through the involvement of
carboxylic (�COO�) groups.51,52 FT-IR spectroscopy study of
O-MMT sorbent aer desorption by CaCl2 solution (see Fig. S3
in the ESI†) supported this argument in which the intensities of
absorption peaks associated with C]O stretching of carboxylic
Fig. 6 Removal percentages of various antibiotics in real pharma-
ceutical effluents and reusability tests of O-MMT adsorbent (
amoxicillin; ampicillin; chloramphenicol; ciprofloxacin;
cefotaxime).
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group at �1700 cm�1 and N–H stretching and bending vibra-
tions of amine group at �3400 cm�1 and �1600 cm�1 dimin-
ished. In addition, the stretching peaks correspond to sp3 C–H
bond in CH3 and CH2 groups at 2900–2800 cm�1 remain unal-
tered aer Ca2+ desorption, indicating that cation exchange
between MTA+ in the interlayer spacing and Ca2+ was not
feasible to take place, due to the latter cation possesses lower
affinity than the former toward the clay surface.

Conclusions

Organo-montmorillonite (O-MMT) with high adsorption
capacity and organophilic surface has been successfully
prepared by microwave-assisted irradiation of aqueous
suspension containing Na-montmorillonite (Na-MMT) and
MTAB cationic surfactant. The synthesized O-MMT showed
potential applications for detoxifying amoxicillin and ampi-
cillin in single and binary systems. Analysis of adsorption
equilibrium data for single antibiotic systems revealed that
Langmuir model outperformed Freundlich model. The
proposed extended-Langmuir model with the inclusion of
surface coverage was superior to original model in representing
binary adsorption equilibrium data. The proposed model can
also adequately capture theoretical insights of binary sorption
behavior. Thermodynamically, the adsorption of amoxicillin
and ampicillin on Na-MMT/O-MMT was energetically favorable/
spontaneous (DG� < 0) and endothermic (DH� > 0) with high
preference of adsorbed solutes toward the surface (DS� > 0). The
regeneration study revealed the feasibility of O-MMT sorbent to
be efficiently reused for ve cycles of adsorption–desorption in
handling real pharmaceutical wastewater containing multiple
antibiotic compounds.
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