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� Palygorskite (PFl-1) is effective for the removal of amitriptyline (AMI).
� Uptake of AMI on PFl-1 is restricted to the external surfaces with fast rate.
� Cation exchange was the dominant mechanism for AMI uptake on PFl-1.
� Minor component smectite in PFl-1 contributed significantly to AMI uptake.
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a b s t r a c t

With the increased detections of commonly used pharmaceuticals in surface water and wastewater,
extensive attentions were paid recently to the fate and transport of these pharmaceuticals in the envi-
ronment. Amitriptyline (AMI) is a tricyclic antidepressant widely applied to treat patients with anxiety
and depression. In this study, the removal of AMI with palygorskite clay (PFl-1) was investigated under
different physico-chemical conditions and supplemented by instrumental analyses. The uptake of AMI on
PFl-1 was well fitted by the Langmuir isothermwith an adsorption capacity of 0.168 mmol g�1 at pH 6e7.
The AMI uptake was fast and reached equilibrium in 15 min. The X-ray diffraction patterns showed no
shift of the (110) peak position of palygorskite after AMI uptake. However, the (001) peak position of the
minor component smectite (about 10%) shifted to lower angle as the amounts of AMI input increased.
These results suggested surface uptake of AMI on palygorskite and interlayer uptake of AMI in smectite.
As smectite is a common component of palygorskite clays, its role in assessing the properties and per-
formances of palygorskite clays for the uptake and removal of contaminants should not be neglected.
Overall, the high affinity of AMI for PFl-1 and strong retention of AMI on PFl-1 suggested that it could be
a good adsorbent to remove AMI fromwastewater. Palygorskite clays can also be a sink for many cationic
pharmaceuticals in the environmental of the arid regions.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Amitriptyline (AMI) is a tricyclic antidepressant widely applied
to treat patients with anxiety and depression (Lee et al., 2005). Just
in England alone, the annual consumption of AMI was 5.9 metric
tons in 2000 (Sebastine and Wakeman, 2003). The extensive use of
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AMI and its persistence in ambient temperature resulted in its
frequent detection inwastewater, surface runoff, and effluents from
sewage treatment plants (Li et al., 2013) with concentrations in the
ranges of 0.5e21 ng l�1 (Calisto and Esteves, 2009). Although about
98% AMI removal could be achieved using a membrane bioreactor
(Tadkaew et al., 2011), it was listed as non-biodegradable
(Richardson and Bowran, 1985) and a 100% detection of AMI was
still reported at the effluent of Cilfynydd wastewater treatment
plant after treatment (Kasprzyk-Hordern et al., 2009). In addition,
there was a considerable lack of knowledge about the environ-
mental fate of a large number of psychiatric pharmaceuticals,
including AMI, and further research about this topic was in great
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need (Calisto and Esteves, 2009). Moreover, as their persistence and
accumulation in the environment were very likely to occur, addi-
tional high quality sorption data for structurally diverse com-
pounds, specifically ionic compounds, would be needed for the
development of robust assessment techniques used in complex
systems such as sewage sludge (Stevens-Garmon et al., 2011;
H€orsing et al., 2011; Hyland et al., 2012).

Clay minerals have large surface areas and high cation exchange
capacities and thus are commonly studied for their sorptive
removal of contaminants. Interactions between AMI and clay
minerals were focused on montmorillonite and kaolinite, as these
are the common soil minerals found inmost regions (Lv et al., 2013;
Chang et al., 2014). In comparison to these platy clay minerals,
palygorskite is a magnesium-aluminum phyllosilicate with a
fibrous form. It has been commonly found in soils and sediments of
arid regions and is often used in antidiarrheal medications. It is
estimated that 1,300,000 tons were produced annually with the
United States as the largest producer (Murray et al., 2011). Because
of periodic reversal of the tetrahedral sheets (every two tetrahedra
for palygorskite and every three tetrahedra for sepiolite), it has a
periodic array of octahedral ribbons and forms a chain-like struc-
ture parallel to the fiber stretch (Galan,1996). The space inside each
channel is large enough to accommodate exchangeable cations and
water molecules. As an adsorbent, most studies on palygorskite
were conducted for the removal of heavy metals and dyes (Galan,
1996; Sanchez et al., 1999; Taha et al., 2013).

The chain-like structure rendered its expandability, thus,
restricted the entrance of larger organic cations into the channels.
For this reason, it is anticipated that its behavior for the uptake of
cationic drugs would be different from other platy clay minerals
and be different from its uptake of small inorganic cations as well.
As smectite is a common component in palygorskite clays (Galan,
1996), an evaluation of the possible contribution of smectite
component to the adsorption of cationic drugs onto palygorskite
clays is particularly of great interest. The goal of this researchwas to
study the interactions between AMI and palygorskite in order to
decipher the mechanisms of AMI removal by palygorskite, and to
contrast the differences in the uptake of cationic drugs between
fibrous clay minerals and platy clay minerals, so that its use in
wastewater treatment could be extended.
2. Materials and methods

2.1. Materials

The AMI used was in an HCl form with a molecular weight of
313.9 g mol�1 and a pKa value of 9.4 (Green, 1967) or 9.45 (Manzo
et al., 2006) (Fig.1a). It is freely soluble inwater, while its basic form
was virtually insoluble in water (Manzo et al., 2006). It was pur-
chased from SigmaeAldrich, USA. The PFl-1 palygorskite clay was
obtained from the Source Clay Minerals Repository. It contained
~80% palygorskite, 10% smectite, 7% quartz, 2% feldspar, and 1%
other (Chipera and Bish, 2001). It had a reported cation exchange
capacity (CEC) of 0.175 mmolc g�1 (Borden and Giese, 2001) and a
specific surface area (SSA) of 173 m2 g�1 (Dogan et al., 2006).

As the sample contained 10% smectite and it was difficult to find
pure palygorskite, to evaluate the relative contribution of paly-
gorskite and smectite in PFl-1, a sepiolite (SepSp-1) acquired from
the Source Clay Minerals Repository was used as a replacement for
pure palygorskite to test its adsorption capacity of AMI. X-ray
diffraction analyses identified sepiolite as the only mineral phase
(Gehring et al., 1995). It has a reported CEC of 0.17 mmolc g�1,
similar to that of the PFl-1 (Table 1), and an SSA of 317 m2 g�1

(Jaynes et al., 2005).
2.2. Batch AMI adsorption experiments

To each 50 mL centrifuge tube, 0.1 g of palygorskite clay and
20 mL AMI solution at concentrations of 0.16e1.91 mM were
combined for the isotherm experiment. An initial concentration of
1.59 mg L�1 was used for studies conducted under different contact
times, solution pHs, ionic strengths, and temperatures. The mix-
tures were shaken on a reciprocal shaker at 150 rpm at room
temperature for 24 h, except the kinetic study. The centrifuge tubes
were wrapped with aluminum foils to prevent possible photo-
degradation of AMI. After mixing, samples were centrifuged at
8000 rpm for 10 min and the supernatants were passed through
0.22 mm filters before being analyzed for equilibrium AMI con-
centrations by a UVeVis method. For the kinetic study, the mix-
tures were shaken for 0.25, 0.5, 1.0, 2.0, 4.0, 8.0, 16, and 24 h. For the
pH adsorption edge experiment, the equilibrium solution pH varied
between 2 and 11 and was adjusted by adding minute amounts of
2 M NaOH or 2 M HCl gradually and checked every 6 h. For the ionic
strength experiment, NaCl was used as the ionic strength adjuster
with concentrations of 0.001, 0.01, 0.1, and 1.0 M. For temperature
effect study, the temperature was maintained at 303, 313, and
323 K. All experiments were conducted in duplicate.

2.3. Methods of analysis

The AMI concentration was measured using a UVeVis spectro-
photometer (SmartSpec 3000, Bio-Rad Corp.) at the detection
wavelength of 240 nm with a detection limit of 0.3 mg L�1 and a
linear response range of 1e125 mg L�1. Under the experimental
conditions AMI existed as a cation and cation exchange may play a
significant role in AMI uptake. Thus, the amounts of Naþ, Kþ, Mg2þ,
and Ca2þ released from PFl-1 were analyzed by ion chromatog-
raphy (IC) (Dionex 100) with a mobile phase made of 20 mM
methanesulfonic acid. The equilibrium concentrations were in the
respective ranges of 0.03e0.05, 0.01e0.03, 0.03e0.18, and
0.18e0.51 mM for Naþ, Kþ, Mg2þ, and Ca2þ desorption under
different initial AMI concentrations.

The FTIR spectra were acquired on a Jasco FT/IR-4100 spec-
trometer equipped with a ZnSe attenuated total reflection acces-
sory. The spectra were acquired from 600 to 4000 cm�1 by
accumulating 256 scans at a resolution of 4 cm�1. Powder XRD
analyses were performed on a Bruker D8 Advance diffractometer
utilizing CuKa radiation at 30 kV and 40 mA and samples were
scanned from 2� to 26� 2 q at 1�min�1 with a scanning step of 0.02�.
For SEM observation, PFl-1 powder taken from a blank sample was
dried at room temperature and coated with Pt. An FEI Quanta 250
FEG SEM operated at an accelerating voltage of 7 kV was used.

3. Results and discussion

3.1. Influence of initial concentration on AMI removal

The data of AMI uptake on PFl-1 under different initial con-
centrations at pH ¼ 6e7 were fitted using the Langmuir and
Freundlich adsorption models and the former fitted to the experi-
mental data better (Fig. 1b). The Langmuir model assumed mono-
layer adsorption on the absorbent with limited capacity, while the
Frenudlich model could be used for heterogeneous multilayer
adsorption (Banu et al., 2015). The Langmuir model can be
described as:

CS ¼ KLCmCL
1þ KLCL

(1)

where CS is the amount of AMI adsorbed on solid at equilibrium



Fig. 1. Speciation of AMI under different pH conditions (a). Uptake of AMI on PFl-1 and SepSp-1 (b), release of exchangeable cations accompanying AMI uptake on PFl-1 (c), and
fitting of pseudo-second-order kinetic model to the kinetic data of AMI removal by PFl-1 (d) at pH 6e7. The solid and dash lines in (b) are the Langmuir and Freundlich fits to the
experimental data.
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(mmol g�1), CL is the equilibrium solute concentration (mM), KL is
the Langmuir coefficient (L mmol�1), and Cm is the adsorption ca-
pacity (mmol g�1). While for the Freundlich model, it is expressed
as:

CS ¼ KFC
1=n
L (2)

where KF is the Freundlich adsorption coefficient. The r2 value was
0.988 and 0.899 when the Langmuir and Freundlich models were
used to fit the experimental data. The KF value was 12.9 L kg�1 and
the n value was 0.24 based on the Freundlich fit. The AMI adsorp-
tion capacity on PFl-1 was 0.168 mmol g�1. This value agrees well
with the CEC value of 0.175 meq g�1 (Borden and Giese, 2001). In
comparison, the adsorption capacity of AMI on Ca-montmorillonite
(SAz-2) and kaolinite (KGa-2) was 1.05 and 0.015 mmol g�1,
respectively (Table 1), also agreeing well with their CEC values (Lv
et al., 2013; Chang et al., 2014). Moreover, the uptake capacity of
ranitidine, a cationic drug with a pKa value of 8.2, on PFl-1 was
0.156 mmol g�1, slightly less than the CEC of PFl-1 (Li et al., 2016).
The results showed that CECwas the dominant factor in AMI uptake
on clay minerals regardless whether they are in platy or in fibrous
forms and the uptake of AMI on PFl-1 was via a cation exchange
mechanism.

The AMI uptake on sepiolite resulted in a capacity of
0.080 mmolc g�1, about half of its CEC value (Fig. 1b). Both paly-
gorskite and sepiolite are fibrous clay minerals with their channel
sizes of 3.7 � 6.4 Å for palygorskite and 3.7 � 10.6 Å for sepiolite
(Galan, 1996) and parts of the cation exchange sites were in the
channels. The computed molecular size of AMI was
10.68 Å� 8.57 Å� 5.89 Å (Bindya et al., 2007). The larger molecular
size of AMI may restrict its entrance into the channels, resulting in
surface uptake of AMI limited on the external surfaces. This could
account for the much lower AMI uptake capacity in comparison to
the CEC value of the mineral (Table 1). As such, much of the AMI
uptake on PFl-1 could be attributed to the uptake by the minor
component smectite.

The IC results showed that Ca2þ and Mg2þ were the major ele-
ments released and the release of Kþ and Naþ was low and almost
constant during the AMI adsorption. The desorption of metal cat-
ions showed a positive linear correlation with the amount of AMI
adsorbed with a slope of 1.1 (Fig. 1c). The near unit slope further
confirmed that the cation exchange mechanism of AMI uptake on
PFl-1, similar to an observationwith a slope of 1.2 for AMI uptake on
smectite (Chang et al., 2014).
3.2. Kinetics of AMI removal

AMI removal by PFl-1 was fast and equilibriumwas reached in a
few minutes of mixing (Fig. 1d). The pseudo-second-order kinetic
model fitted well to the experimental data. The model was used to
describe chemisorption and has been widely applied to the
adsorption of pollutants from aqueous solutions based on the
following equation (Blanchard et al., 1984):

qt ¼ kq2et
1þ kqet

(3)

where qt (mmol g�1) is the amount of AMI adsorbed on the surface
of the adsorbent in time t, k (g mmol�1 h�1) is the rate constant of
adsorption, and qe (mmol g�1) is the amount of AMI adsorbed at
equilibrium. Eq. (3) can be rearranged to a linear form of

t
qt

¼ 1
kq2e

þ 1
qe

t (4)

where kqe2 is the initial rate (mmol g�1 h�1). The fitted rate constant



Table 1
Physical and chemical properties of PFl-1, SepSp-1, SAz-2, and KGa-2 clays.

Bulk PFl-1 clay Calculated pure
palygorskite

SepSp-1 sepiolite SAz-1 smectite KGa-2 kaolinite

Cation exchange capacity (meq 100�1 g�1) 17.5a 5.5 (calculated)b 17c 123a 3.7a

Main exchangeable cation Ca, Mgb e Ca, Nad Cae Naf

Surface area (m2 g�1) 173g e 317c 65g 21.7g

AMI Langmuir adsorption capacity (mmol g�1) 0.168b 0.056 (calculated)b 0.080b 1.05e 0.015f

Mineral constituents ~80% palygorskite, 10%
smectite, 7% quartz, 2%
feldspar, 1% otherh

100% palygorskite
(normalized)

95e100% sepiolite, <2%
quartzd

~99% smectite, 1%
otherh

~96% kaolinite, 3%
anatase, 1% crandallite,
mica or illiteh

Chemical composition (in weight) 60.9% SiO2, 10.4% Al2O3,
0.49% TiO2, 2.98% Fe2O3,
0.40% FeO, 0.058% MnO,
10.2% MgO, 1.98% CaO,
0.058% Na2O, 0.80%
K2O, 0.542% F, 0.80%
P2O5, 0.11% Si

e 52.9% SiO2, 2.56% Al2O3,
<0.001% TiO2, 1.22%
Fe2O3, 0.3% FeO, 0.13%
MnO, 23.6% MgO, 0.01%
CaO, 0.01% Na2O, 0.05%
K2O, 0.01% P2O5, 20.8%
LOId

60.4% SiO2, 17.6% Al2O3,
0.24% TiO2, 1.42% Fe2O3,
0.08% FeO, 0.099% MnO,
6.46% MgO, 2.82% CaO,
0.063% Na2O, 0.19%
K2O, 0.287% F, 0.02%
P2O5

i

43.9% SiO2, 38.5% Al2O3,
2.08% TiO2, 0.98% Fe2O3,
0.15% FeO, 0.03% MgO,
0.005% Na2O, 0.065%
K2O, 0.02% S, 0.045%
P2O5

i

a Borden and Giese, 2001.
b This study.
c Jaynes et al., 2005.
d Clay minerals society source clays repository (http://www.clays.org/SOURCE%20CLAYS/SCdata.html).
e Chang et al., 2014.
f Li et al., 2013.
g Dogan et al., 2006.
h Chipera and Bish, 2001.
i Ahmet and Angel, 2001.
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was 33.9 g mmol�1 h�1 with a qe value of 0.163 mmol g�1. The rate
constant of AMI uptake on PFl-1 was nearly twice to that of value of
18.2 gmmol�1 h�1 for AMI uptake on SAz-2 (Chang et al., 2014). The
fast uptake of AMI on PFl-1 again suggested that the uptake of AMI
was limited to the external surfaces of PFl-1. Similarly, the uptake of
ranitidine on PFl-1 was also instantaneous (Li et al., 2016). The fast
AMI uptake indicated PFl-1 is practically feasible to be used as
adsorbents for the removal of cationic drugs.
3.3. Influence of solution pH and ionic strength

The speciation of AMI was different under different pH condi-
tions (Fig.1a).When the equilibrium solution pHwas below the pKa
value, the amine group of AMI became protonated, resulting in a
positively charged AMIþ. In this case, the difference among the
uptake of AMI on PFl-1 was minimal (Fig. 2a). In contrast, when the
solution pH was greater than the pKa value, apparent AMI removal
increased significantly, up to about 0.32 mmol g�1 at pH 11. The
equilibrium AMI concentrations were 0.018e0.024 mM at pH 9 to
11. It was speculated that the solubility of AMI might decrease
significantlywhen the solution pHwas greater than its pKa. Tests on
AMI solubility as a function of pH showed a solubility of only 0.035
and 0.025 mM at pH 10 and 11, respectively (Fig. 2b). Thus, the
extremely high apparent AMI removal from water at high solution
pH was caused by the decreased solubility of AMI, resulting in
precipitation of AMI instead of adsorption. However, no separate
AMI phase was identified in the XRD patterns (see section 3.5). This
would be attributed to amorphous AMI precipitation or minute
amounts of AMI that cannot be detected by XRD analyses. Similarly,
an extremely high uptake of AMI was also found on SAz-2 at high
pH but the consequences were not explained in the original study
(Chang et al., 2014). It could be due to the same effect of AMI pre-
cipitation at pH 9e10, too.

As the solution NaCl concentration increased from 0.001 to
1.0 M, the removal of AMI by PFl-1 increased from 0.18 to
0.20 mmol g�1 (Fig. 2c). This minute increase in AMI uptake may
suggest that Naþ had minimal competition against AMI for the
adsorption sites on PFl-1. In comparison, a slight decrease in AMI
uptake on SAz-2 was found as the NaCl concentration increased
from 0.1 mM to 1 M (Chang et al., 2014). Moderate decrease in AMI
uptake on KGa-2was found as the ionic strength increased (Lv et al.,
2013). The result implied that the AMI adsorption onto palygorskite
formed a strong surface interaction as compared with that between
AMI and smectite or kaolinite. Such an implication is further evi-
denced by the FTIR result below.
3.4. Effect of experimental temperature

At the initial AMI concentration of 1.59 mM, AMI uptake
increased as the temperature increased (Fig. 2d), suggesting an
endothermic adsorption process. The thermodynamic parameters
of AMI adsorption are related to the AMI partitioning coefficient by:

lnKd ¼ �DH
RT

þ DS
R

(5)

where DH is the change of enthalpy after adsorption, T is the
temperature in K, R is the gas constant, DS is the change in entropy,
and Kd is the ratio of AMI concentration in the adsorbent to that in
solution. The free energy of adsorption DG is linked to these ther-
modynamic parameters by:

DG ¼ DH � TDS (6)

The calculated DG, DH, and DS values were �11 to �12 kJ mol�1,
10 kJ mol�1, and 0.07 kJ mol�1 K�1, respectively, in comparison
to �9 to �11 kJ mol�1, 11 kJ mol�1, and 0.07 kJ (mol-K)�1 for AMI
uptake on KGa-2 (Lv et al., 2013). The small negative DG values
suggested physical adsorption such as cation exchange as observed
in AMI uptake on KGa-2 and SAz-2 (Lv et al., 2013; Chang et al.,
2014). In addition, for the same PFl-1, the uptake of tetracycline
and ranitidine resulted in DG values of �11 to �28 kJ mol�1 (Chang
et al., 2009) and �13 to �15 kJ mol�1 (Li et al., 2016). As all these
drugs are in cationic forms in the tested pH range, the similar DG
values of their sorption on PFl-1 suggested similar dominant
mechanism of their uptake, i.e. a cation exchange mechanism.
Based on the aforementioned comparable parameters, AMI
adsorption onto the predominant constituent of PFl-1, palygorskite
was likely to have similar thermodynamic properties and follow

http://www.clays.org/SOURCE%20CLAYS/SCdata.html
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the same mechanism as that by the minor component smectite,
although the smectite made a significant impact to the AMI
adsorption capacity of PFl-1.
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Fig. 3. FTIR spectra of crystalline AMI, AMI adsorbed on PFl-1 under three different
initial concentrations at pH 6e7, and AMI mechanically mixed with PFl-1 at
0.16 mmol g�1. Vertical dash lines indicate shifting of the absorption bands charac-
teristic of AMI at 750 and 767 cm�1 and palygorskite at 978, 1019, and 1194 cm�1.
3.5. FTIR and XRD analysis

The FTIR spectra of raw AMI, AMI-adsorbed PFl-1 under
different initial concentrations, and AMI mechanically mixed with
PFl-1 at 0.16 mmol g�1 were plotted in Fig. 3. The bands at 1472 and
1344 cm�1 were due to the NeCH3 stretching, whereas the bands at
1600, 1580, 1500, and 1450 cm�1 were due to the aromatic groups
(Vijaya et al., 2015). The 2949 and 2825 cm�1 were assigned to the
asymmetric and symmetric CH3 stretching vibration while those at
2921 and 2852 cm�1 were assigned to the asymmetric and sym-
metric CH2 stretching vibration (Blessel et al., 1974). The significant
changes in the spectra of the samples were observed in the region
of 700e800 cm�1. The absorption bands of AMI at 750 and
767 cm�1 were attributed to four adjacent hydrogen atoms on the
benzene ring (Blessel et al., 1974), which shifted to higher fre-
quencies after AMI uptake on the PFl-1 surfaces. The characteristic
bands of SieO stretching at 978, 1019, and 1194 cm�1 for PFl-1
(Madejova and Komadel, 2001) showed obvious shift after AMI
uptake, implying strong interactions between the protonated AMI
molecules and the broken SieOeSi bonds at the edges of the
structural channels at the external surface of palygorskite. Such
changes of SieO stretching bands were not reported for the AMI
uptake by smectite in which AMI adsorption was dominated by
interlayer intercalation (Chang et al., 2014). Smectite has broken
SieOeSi bonds only at the edges or defective sites of silicate layers.

The XRD patterns of raw PFl-1, raw AMI, and AMI-adsorbed PFl-
1 under different initial concentrations were plotted in Fig. 4a. The
most characteristic peak of palygorskite is the (110) reflection
located at 8.4� 2 q. This peak showed no shift after uptake of
different amounts of AMI. The peak at 5.73� 2 q prior to AMI
adsorptionwas due to the (001) reflection of smectite. Its d-spacing
was 15.4 Å, suggesting that the minor smectite component was in
the calcium form. This observation agreed well with the Ca2þ



Fig. 4. X-ray diffraction patterns of raw PFl-1, crystalline AMI, and AMI adsorbed on PFl-1 at different initial AMI concentrations at pH 6e7 (a) and at different pH values with an
initial AMI concentration of 1.59 mM (b). The dashed lines indicated the (001) reflection of montmorillonite present in the PFl-1 sample. Its d-spacing increased as the amount of
AMI uptake increased (a) and decreased when solution pH was 9 and above (b). The inset is a SEM image of palygorskite fibers and curvy smectite flakes in PFl-1 (ca. 1.5 mm in
width).
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desorption data in the IC study. Meanwhile, as the amounts of AMI
uptake increased, the (001) reflection of smectite shifted towards
the low angle and the d001 value increased, suggesting progressive
interlayer uptake of AMI. The XRD patterns of AMI-adsorbed PFl-1
as affected by solution pH were shown in Fig. 4b. The d001-spacing
of smectite component remained the same at pH 2e8, reconfirming
the almost identical AMI uptake in this pH range (Fig. 2a). The
reduction in d001-spacing of smectite at pH 9e11 reflected a
reduced uptake of AMI at high pH, confirming our previous spec-
ulation that the apparently high removal of AMI from solution at pH
9e11 was via precipitation instead of adsorption. Due to the lack of
AMI peaks in these XRD patterns, the AMI precipitation was most
likely in an amorphous form.

3.6. Discussion

The channel size is 3.7 Å � 6.4 Å and 3.7 Å � 10.6 Å for paly-
gorskite and sepiolite, respectively (Galan, 1996), while the
computed molecular size of AMI was 10.68 Å � 8.57 Å � 5.89 Å
(Bindya et al., 2007). Thus, the channel size of palygorskite or
sepiolite is too small to accommodate AMI. In such a case, the
adsorbed AMI can only be retained on the external surface of
palygorskite. Molecular simulations showed that AMI adopted both
folded and extended side-chain conformations (Heimstad et al.,
1991). However, the ribbon-like structure of palygorskite may
create an ideal site for AMI uptake (Fig. 5). Using the AMI adsorp-
tion capacity of 0.168 mmol g�1 and the SSA of 173 m2 g�1 (Dogan
et al., 2006), the calculated area per AMI molecule is 171 Å2,
agreeing well with the minimal surface area of AMI occupied at the
airewater interface at about 170 Å2 (Taboada et al., 2001). The close
match between these values suggested a monolayer AMI surface
coverage with respect to the PFl-1 surfaces, confirming the validity
of using the Langmuir isotherm to fit the experimental data. In
comparison, for kaolinite, the calculated surface area occupied per
AMI molecule was 260e270 Å2 (Lv et al., 2013).

The PFl-1 is made of ~80% palygorskite, 10% smectite, 7% quartz,
2% feldspar, and 1% other (Chipera and Bish, 2001). It contains a
significant amount of Ca (Ahmet and Angel, 2001) and its major
exchangeable cations were shown to be Mg2þ and Ca2þ (Fig. 1c), in
good agreement with Ca-montmorillonite as the minor smectite
component of PFl-1. The CEC of PFl-1 was 0.175 meq g�1 (Borden
and Giese, 2001). For Ca-montmorillonite SAz-1, its CEC is
1.2 meq g�1 (Table 1). At 10% smectite, the contribution of smectite
to the total CEC of PFl-1 would be 0.12 meq g�1. The remaining CEC
of 0.055 meq g�1 would be originated for palygorskite. Thus, since
cation exchange was considered as the most important mechanism
of AMI adsorption on palygorskite, at the AMI adsorption capacity,
the 10% smectite contributed to two-thirds of AMI removal, while
the 80% palygorskite contributed to only one-third of the total AMI
uptake of 0.168 mmol g�1. The CEC of palygorskite clays range from
0.04 to 0.4 meq g�1 and are typically in the range of
0.2e0.3 meq g�1, but the larger values are likely related to impu-
rities, particularly smectite (Galan, 1996; Shuali et al., 2011). The
smaller CEC values like 0.076 meq g�1 reported for the palygorskite
from Quincy, Florida (Shuali et al., 2011) had the same order of
magnitude as the calculated CEC for the palygorskite in PFl-1 clay in
this study.

Thus, the AMI adsorption on the palygorskite alone in PFl-1



Fig. 5. Illustration of uptake of AMI on PFl-1 surfaces via the ribbon-like structure.
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could reach a capacity of 0.056mmol g�1 with a fast adsorption rate
and relatively strong interaction through a cation exchange
mechanism on the external surface. Based on the same approach,
the close match of the adsorption of AMI, ranitidine, ciprofloxacin,
or tetracycline cations onto PFl-1 (Chang et al., 2009; Chang et al.,
2016; Li et al., 2016) and the CEC value of PFl-1 in near neutral
solution would imply similar influences and interactions in all
these adsorption processes. The determination of adsorption
mechanism in neutral solution does not seem to be affected by the
presence of minor smectite, although the contribution of smectite
(when present) to the CEC of palygorskite clays, and therefore, to
the uptake of organic cations should not be neglected. The
adsorption conformable to CEC also indicates that PFl-1 or other
palygorskite clays could be an effective adsorbent for the removal of
cationic drugs in wastewater treatment.

Researches on effective removal of emerging pharmaceuticals
are still in great need (Calisto and Esteves, 2009) and conflicting
results were reported in the literature. For examples, AMI can be
readily oxidized by permanganate under the acidic environment
(Lamani and Nandibewoor, 2011), but not biodegradable under
sewage treatment conditions (Richardson and Bowran, 1985). In a
membrane bioreactor about 98% AMI removal was reported
(Tadkaew et al., 2011). Considerable amounts of AMI removal were
found using activated sludge with high CEC values (Hyland et al.,
2012). However, a 100% detection of AMI was found at the
effluent of Cilfynydd wastewater treatment plant after treatment
(Kasprzyk-Hordern et al., 2009). Activated carbon (AC) was studied
for the adsorptive removal of AMI with capacities at
0.2e0.3 mmol g�1 (Ledesma et al., 2010) and 0.1e0.3 mmol g�1

(Nabais et al., 2012). The AMI adsorption capacity on PFl-1 at
0.168 mmol g�1 is comparable to that on AC, but the cost of paly-
gorskite clay would be much cheaper than AC, making it a possible
candidate as adsorptive agents for the removal of cationic drugs in
wastewater treatment.
4. Conclusions

The removal of AMI by PFl-1 showed a pseudo-second-order
kinetics with a rate constant of 33.9 g mmol�1 h�1 and followed
the Langmuir isothermwith a capacity of 0.168 mmol g�1, agreeing
well with the CEC values of the PFl-1. The influence of ionic strength
and temperature on AMI removal by PFl-1 was minimal. The higher
apparent removal of AMI from solution at high solution pHwas due
to precipitation instead of adsorption. The fast uptake of AMI by
PFl-1 with a moderate adsorption capacity limited by CEC and the
linear correlation between AMI adsorption and cation desorption
implied surface adsorption via a cation exchange mechanism at pH
6e7. The 10% smectite content had strong effect on the total CEC of
PFl-1, and thus, the removal of AMI by PFl-1. Taking into account the
effects of smectite, the AMI adsorption on the palygorskite alone
could reach a capacity of 0.056mmol g�1 with a fast adsorption rate
and relatively strong interaction through a cation exchange
mechanism on the external surface. The results indicated that
palygorskite could be an effective adsorbent for the removal of
cationic drugs of low concentrations in wastewater treatments.
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