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a b s t r a c t

Pharmaceutical and Personal Care Products (PPCPs) are considered emerging contaminants, and their
efficient removal from water is going to be a challenging endeavor. Microporous adsorbent materials,
including pillared clays, could offer a potential solution if tailored properly. Although pillared clays have
been employed previously for the removal of organics, the effective removal of PPCPs will only be possi-
ble if their surface and textural properties are manipulated from the bottom-up. This work presents the
use of modified inorganic–organic pillared clays (IOCs) for the adsorption of salicylic acid, clofibric acid,
carbamazepine, and caffeine. The IOCs have been modified with Co2+, Cu2+, or Ni2+ to induce complexa-
tion-like adsorbate–adsorbent interactions at ambient conditions, in an attempt to provide an efficient
and yet reversible driving force in the sub-ppm concentration range. Furthermore, the IOCs were partially
calcined to increase effective surface area by an order of magnitude while preserving some hydrophobic-
ity. In general, the Ni2+ IOCs exhibited the greatest interaction with salicylic and clofibric acids, respec-
tively, while the Co2+ adsorbents excelled at adsorbing caffeine at low concentrations. All of the metal-
modified IOCs showed comparable adsorption capacities for the case of carbamazepine, probably due
to the lack of availability of particular functional groups in this adsorbate.

� 2012 Elsevier Inc. All rights reserved.

1. Introduction

During the last decade, the fate and possible effects of Pharma-
ceuticals and Personal Care Products (PPCPs) entering the environ-
ment has gained considerable attention [1–11]. Interestingly, the
problem was first exposed in the US during the late 1970s when
Hignite and Azarnoff studied the presence of salicylic acid and clo-
fibric acid in a municipal sewage treatment plant in Missouri, US
[12]. It was not until the 1990s, however, that additional reports
became available thanks to the advancement of detection analyti-
cal chemistry techniques [13–15]. These have continued to evolve
as evidenced by recent reports in the US, Europe, and Asia, which
have identified several other PPCPs and their metabolites in a num-
ber of water sources [16–22]. For example, contaminants detected
in wastewater influent and effluent included carbamazepine, clofi-
bric acid, diclofenac and caffeine, with contamination levels of 463,
772, 50, and 5650 ng L�1, respectively [22]. Moreover, it has been
reported that the level of concentration being observed today for

some PPCPs may have potential adverse effects, specifically in in-
fants and people with enzyme deficiencies [23].

Despite considerable efforts made during the last decade to ad-
vance water treatment processes, the routines employed in treat-
ment plants to date (e.g., flocculation, coagulation, disinfection,
and conventional activated sludge) are not suitable for the efficient
removal of these emerging contaminants [24–30]. Advanced oxi-
dation processes (AOPs) and ozonation have been reported to be
effective in the removal of PPCPs on various aqueous systems
[31,32]. However, treatment of some pharmaceuticals in aqueous
media by AOPs could also result in energy intensive processes be-
cause of the extremely high conversions required [32,33]. There
are also reports indicating some residual activity after treatment
by ozonation or photocatalysis processes that may result in other
potential risks to the environment [34,35].

Recent initiatives to address the removal of PPCPs with minimal
energy input or unwanted side products include adsorption pro-
cesses [36–43]. Until recently, much of the effort made to advance
water treatment adsorption processes has been focused on the re-
moval of metals and other contaminants from water [44,45]. Tradi-
tional systems that aim at the removal of organic contaminants
from water, including some pharmaceuticals, still revolve around
the use of activated carbons [36,46–49]. However, it is known that
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their capacity and selectivity greatly decrease due to competition
from the many species involved in the water matrix. Their thermal
regeneration also requires a significant amount of energy, which
may lead indirectly to environmental risks greater than those
brought by the sole presence of trace PPCPs. On the other hand,
naturally occurring and modified clays such as bentonite have
shown promising results for the removal of organic compounds
from water systems due to their swelling properties and high sur-
face areas [50–52]. By introducing inorganic polyoxocation and
cationic surfactant molecules into the interlamellar space, the
properties of the bentonites could be enhanced considerably
[53,54]. Processes involving inorganic–organic clays (IOCs) have
shown high affinity toward hydrophobic organic compounds
(HOCs) and could simultaneously remove HOCs and oxy-anionic
contaminants from water [55–59]. In terms of regeneration, there
are several reports in the literature that show that organo-clays
that are spent after adsorption of organics from water can be suc-
cessfully and feasibly regenerated using alkaline washing
[57,60,61] or supercritical CO2 extraction [61,62]. Notwithstanding
the IOCs adsorption properties, their framework still offers oppor-
tunities for further tailoring in an attempt to produce novel adsor-
bents, particularly for the removal of PPCPs.

Hernandez-Maldonado and co-workers have already reported on
the positive effect that inclusion of transition metals onto the surface
of non-pillared IOCs, and even onto mesoporous silicas, has on the
adsorption of some PPCPs [37,41,63]. Transition metals are known
to undergo complexation with compounds containing aromatic
groups based on an electron donation and back donation process.
This has been observed during studies related to the interaction of
transition metals and drugs and aimed at synthesizing stable new
drug complexes in solution [64–66]. Since the processes are domi-
nated by weak-chemical interactions, formation of such complexes
onto the surface of an adsorbent could provide the basis for the re-
moval of aromatic-like PPCPs while still permitting regeneration
via accessible engineering means [67]. Although results obtained
for the adsorption of some PPCPs onto non-pillared transition metal
containing IOCs proved that it is possible to tailor the uptake
amounts based on the nature of the transition metal [41], the adsor-
bents did not exhibit appropriate textural properties and adsorption

capacities. Therefore, the aim of this paper is to present the synthesis
and a comprehensive evaluation of pillared IOCs modified with tran-
sition metals for the adsorption of a particular set of PPCPs that
showcases different physico-chemical properties and a high rate of
occurrence in surface waters. Moreover, the transition-metal modi-
fied IOCs were partially calcined to elucidate the effect of increasing
surface area while preserving hydrophobicity.

2. Experimental

2.1. Materials

The NaK-Bentonite used in the present study was purchased
from Sigma–Aldrich. The chemical composition (wt.%) was the fol-
lowing: 52.44% SiO2, 20.01% Al2O3, 8.25% Fe2O3, 10.86% Na2O, 5.90%
MgO, 1.80% CaO, and 0.74% K2O. The NaK-Bentonite was pre-trea-
ted with a Na2CO3 solution (0.5 M) for 24 h and washed thoroughly
with copious amounts of deionized water. An estimated cation ex-
change capacity of 100 mmol/100 g was used throughout our calcu-
lations since it is the typical value reported in the literature for
bentonites with similar composition [68]. For reference, the mate-
rial that resulted from this modification will be known as NaBt.

The chemicals used for the modifications described below were
obtained from Sigma–Aldrich. These were 1-hexadecylpyridinium
bromide (98.0% purity), aluminum chloride (AlCl3, P99.9%), so-
dium carbonate (Na2CO3, P99.0%), copper (II) nitrate (Cu(NO3)2,
P99.99%), cobalt (II) nitrate (Co(NO3)2, P98%), and nickel sulfate
hexahydrate (Ni(SO4)2. 6H2O, P99%). Chemicals used for the
adsorption experiments were caffeine (P99%), salicylic acid (ace-
tylsalicylic acid, >99%), clofibric acid (2-(4-chlorophenoxy)-2-
methyl propionic acid, 97%), and carbamazepine. A summary of
the relevant properties and uses of these PPCPs is presented in Ta-
ble 1. The water used during the syntheses and adsorption tests was
distilled and later deionized to a resistivity of less than 18 mX cm.

2.2. Preparation of Al-pillared and modified clays

An aluminum-pillared bentonite clay (Al-NaBt) was prepared
using an aluminum chloride solution and following recipes

Table 1
Relevant properties of selected PPCPs.

PPCP pKa log Kow Natural pH Max. Occurrence
Wastewater (ppb)

Common use

Salicylic acid

2.97[69] 2.24 4.28 0.07[30] Medical; cosmetic; food preservative

Clofibric acid

2.57[69] 2.5[70] 3.18 0.258[71] Metabolite of lipid regulators clofibrate,
etofibrate, theofibrate, antiphlogistic

0.3[30]

Carbamazepine

13.9[72] 2.3–2.5[73] 6.23 0.37[30] Antiepileptic

Caffeine

0.6[74] �0.07[75] 6.55 5.7[76] Stimulant
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