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A B S T R A C T

Pharmaceuticals, personal care products and endocrine disruptors demonstrate huge

potential to cause adverse ecological health effects at very low concentration in aquatic

environment. There is a need to improve current purification technologies used in sewage

and drinking-water treatment plants. This article aims at providing new insights into the

recent development of natural and modified clay-based sorbents for the removal of

aqueous contaminants such as pharmaceuticals and personal care products. The removal

of six widely used pharmaceuticals: ibuprofen, diclofenac, ketoprofen, carbamazepine, as

well as endocrine disrupting chemicals – bisphenol A and a bactericidal agent, triclosan –

was examined by sorption onto eight adsorbents. Sorption was performed using natural

and modified clay minerals – montmorillonite (Mt), vermiculite (VER), bentonite (B),

kaolinite (K), commercial acid activated montmorillonites K10 and K30, and two

carbonaceous-mineral nanocomposites, MtG5%T, BAlG3%C. This study showed that

among the tested natural clays, vermiculite is the most promising sorbent for the removal

of pharmaceuticals in purification processes. Among the modified clay minerals, the best

results were achieved for carbonaceous bentonite and two acid activated montmoril-

lonites K10 and K30. However, the removal of acidic pharmaceuticals on montomoril-

lonite K10 and carbonaceous bentonite was strongly dependent on the pH value. In the

case of vermiculite and acid-modified montmorillonite K30, the sorption of the selected

compounds was not significantly affected by pH, which is crucial in wastewater

treatment. The sorption constant divided by the specific surface area (Kd/A) is proposed to

assess whether the surface area or chemical properties of the materials control the

sorption process. Kd/A values were relatively high in the case of vermiculite, so it should
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. Introduction

Pharmaceuticals and personal care products (PPCPs), in
any cases, are not significantly degraded/removed in
astewater treatment plants [1,2]. They are introduced
to surface waters with the effluents of wastewater
eatment plants. Some of them have adverse effects on

urface water ecosystems [3]. Thus, it is important to
xplore, develop and improve technologies for the removal
f such compounds to ensure a sustainable healthy natural
nvironment [4–8]. Among all the existing approaches for
e removal of pollutants from contaminated water, the

rocesses of flocculation and coagulation, biological
eatments, oxidation, reverse osmosis, ion exchange,

lectrodialysis and adsorption are currently the most
opular.

Some advanced technologies have been evaluated with
egard to their ability to decrease the xenobiotic discharge

to water bodies, e.g., oxidative processes, activated
arbon or membrane filtration. Generally, the high cost
f these methods is the main disadvantage that limits their
sage on a large scale. There is a need to find efficient,
elective, inexpensive and eco-friendly low-cost adsor-
ents for water treatment. Inorganic chemical adsorbents,
ke clay minerals are low-cost adsorbents, are widely used

 remove inorganic and organic pollutants from aqueous
olutions. They have thus been studied widely, with the
im of providing an alternative to activated carbon in the

treatment of surface and ground water and industrial
effluents [9–13].

Removal by adsorption is generally considered to be an
effective and economic purification method for lowering
the concentrations of organic molecules in water and
wastewater treatment [9]. Different adsorbents were
identified for this purpose. Activated carbon, due to its
high surface area, porous structure and special surface
reactivity, proved efficient for the removal of organic
molecules, especially hydrophobic compounds [14–
16]. However, its relatively high cost and difficult
regeneration processes have to be faced with. Activated
carbon prepared from agricultural by-products (biochar) is
being investigated [10,17] for this purpose. One alternative
to activated carbon focuses around natural and modified
clays that have been considered for the removal of organic
compounds from water systems [13]. However, published
information on the removal of PPCPs by adsorption onto
mineral and carbon adsorbents is limited [11,12,18–20].

The objective of this study was to evaluate the sorption
capacity of several natural and modified clays for the
adsorption of six pharmaceuticals and personal care
products. This work is a prelude to comprehensive
research towards searching for an effective way to remove
these types of contaminants from municipal wastewaters.
The adsorbates were selected to be representative of a
wide range of contaminants because of their physical
properties and reported occurrence in surface waters

be noticed that individual and specific surface properties of vermiculite were of crucial

importance for sorption.

� 2015 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

R É S U M É

La présence de produits pharmaceutiques et d’hygiène corporelle dans l’environnement a

entraı̂né des effets défavorables sur les organismes vivants. Aujourd’hui, le besoin se fait

donc ressentir d’améliorer les technologies de purification utilisées dans les usines de

retraitement des eaux usées et d’eau potable. Cet article vise à fournir un nouvel aperçu

sur l’évolution récente des sorbants à base d’argile naturelle et modifiée pour l’élimination

des contaminants aqueux tels que les produits pharmaceutiques et les produits pour

d’hygiène corporelle. Nous avons étudié l’élimination de six produits pharmaceutiques

largement utilisés : l’ibuprofène, le diclofénac, le kétoprofène, le carbamazépine, ainsi que

de composés chimiques perturbateurs endocriniens – le bisphénol A et un agent

bactéricide, le triclosan – par sorption sur huit sorbants : des minéraux argileux naturels

et modifiés. Cette étude a démontré que, parmi les argiles naturelles, la vermiculite est le

sorbant le plus prometteur pour l’élimination des produits pharmaceutiques dans le

processus de purification. Parmi les minéraux argileux modifiés, les meilleurs résultats

ont été obtenus par la bentonite carbonée et les deux montmorillonites activés à l’acide

K10 et K30. Cependant, l’élimination des produits pharmaceutiques acides sur la

montmorillonite et la bentonite K10 carbonée était fortement dépendante de la valeur du

pH. Dans le cas de la vermiculite et de la montmorillonite modifiée à l’acide K30, la

sorption des composés choisis n’a pas été significativement affectée par le pH, ce qui est

essentiel dans le traitement des eaux usées. La constante de sorption divisée par l’aire de

surface spécifique (Kd/A) est le paramètre proposé afin d’évaluer si c’est la zone de surface

à elle seule ou bien les propriétés chimiques des matériaux qui contrôle(nt) la sorption.

Les valeurs de Kd/A sont relativement élevées dans le cas de la vermiculite, ce qui nous

amène à souligner que les propriétés individuelles et spécifiques de surface de la

vermiculite ont une importance significative dans le processus de sorption.

� 2015 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.
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,3,21,22]. Various organic and inorganic modification
pes of clays were tested. Additionally, under different pH
nditions, both pharmaceuticals and clay materials
dergo protonation/deprotonation reactions.

 Experimental

. Materials

The compounds included in this study were ketoprofen,
uprofen, diclofenac, carbamazepine, bisphenol A, triclo-
n, and 1-hydroxypyrene as internal standards with
rities of 98% and higher, all supplied by Sigma-Aldrich

aint Louis, USA). The molecular structure, physical, and
emical properties of the compounds are summarized in
ble 1. Solutions of the compounds, both singly and as
ixtures, were prepared in methanol. A stock standard
lution of 1000 mg/mL of each compound was used to
epare a standard mixture solution. Mixtures were used

 spike water samples. Analytical grade reagents CaCl2,

2PO4, NaOH, HCl, and acetonitrile (HPLC super gradient
ade), methanol (HPLC grade) and ethyl acetate (HPLC
ade) were obtained from POCH (Gliwice, Poland).
ionized water (<0.07 S/cm) was used to prepare sample
lvents for the HPLC system and the solid-phase
traction (SPE) was obtained from the HLP5 pure water
stem (Hydrolab, Gdansk, Poland). Oasis HLB extraction
rtridges, (3 cc/60 mg) for SPE were purchased from
aters (Wexford, Ireland). pH measurements were carried
t using a multimeter from Crison Instruments (Barce-

na, Spain).

2.2. Sorbents characterization

Both commercial and modified layered clays were
studied. The starting clays were montmorillonite (Mt)
(Riedel-de Haën, Germany), vermiculite (VER) (Sigma-
Aldrich, Steinheim, Germany), bentonite (B) (Sigma-
Aldrich, Steinheim, Germany), kaolinite (K) (Merck,
Darmstadt, Germany), commercial acid activated mont-
morillonites K10 and K30 (K10 and K30) (Sigma-Aldrich,
Steinheim, Germany). The treatment of montmorillonite
with mineral acids led to a notable increase in specific
surface area, depending on the concentration of the acid
and the duration of the activation process. According to
Flessner et al. [23], acidic modifications change the density
and type of acidic sites. K10 possesses a larger number of
acidic sites per unit surface area of adsorbent than K30
[23]. K30 has the highest density of relatively strong
Brønsted acid sites, but a very low content of Lewis acid
ones, which is attributed to the extensive loss of Al.

Selected clays were modified according to the pro-
cedures shown in Scheme 1. This preparation gave
carbonaceous-mineral nanocomposites. The initial mate-
rial was commercial bentonite or montmorillonite. An
optional step during this preparation was intercalation
with aluminum polycations.

Intercalation was carried out with aluminum poly-
cations (designation ‘‘Al’’) with chlorhydrol according to
the procedure described by Vaughan and Lussier [24].

The formula of polyacrylamide – commercially named
Gigtar and used as a precursor of carbonaceous deposits –
is presented in Table 2. The polymer was absorbed from

ble 1

lecular structure and characteristics of the compounds.

ompounds Molecular structure Molecular weight, g/mol pKa Log KOW Water solubilitya mg/L

arbamazepine (CBZ) 236.27 13.90 2.45 17.7

iclofenac (DCF) 296.16 4.15 4.51 2.37

buprofen (IBP) 206.28 4.91 3.97 21

etoprofen (KTP) 254.28 4.45 3.12 51

isphenolA (BPA) 228.29 9.59 2.20 120

riclosan (TCS) 289.50 8.14 4.76 10
http://www.syrres.com/what-we-do/databaseforms.aspx?id=386.

http://www.syrres.com/what-we-do/databaseforms.aspx?id=386


a
p
7
2
w
te
w
0
m
b
s
p

p

�

�

T

P

u

m

K. Styszko et al. / C. R. Chimie 18 (2015) 1134–1142 1137
queous 3 or 5% solutions for 24 h. Surface areas SBET and
ore volumes were determined by nitrogen sorption at
7 K using the volumetric method (Micromeritics ASAP
010, Norcross, USA). Prior to sorption, the residual gasses
ere removed at 200 8C for 16 h. The natural pH of the
sted sorbents was measured in a 0.01 M CaCl2 solution, in
hich sorption experiments were conducted. Fractions of

.500 mm of vermiculite and organic modified clay
inerals and, in the case of other sorbents, fractions

elow 0.063 mm, were used in the experiments. Table 2
ummarizes the specific surface area SBET and the natural
H of the studied sorbents.

Clays prepared in this manner can interact with the
harmaceuticals in several ways:

 direct ionic interactions from, e.g., a negative surface
charge of the clay to a positive (partial) charge in the
organic molecule or vice versa;

 hydrogen bonds from a negative surface charge to a
negative (partial) charge in the molecule;

� van der Waals interactions (organically modified clays);
� calcium bridges similar to hydrogen bridges, but based

on Ca.

2.3. Sorption experiments

Sorption experiments were performed according to
OECD Guideline 106 (2000). Batch sorption experiments of
selected compounds were conducted in 40-mL vials
containing 200 mg of clay minerals in a 10-mL solution
of 0.01 M CaCl2 to keep ionic strength constant. The
procedure included two steps:

� preconditioning of the clay/water suspension for 24 h
with a background solution of 0.01 M CaCl2 including
appropriate additions of NaOH or HCl (0.1 M solutions)
for pH adjustment;
� after preconditioning, the suspensions were spiked with

the appropriate amounts of a multistandard solution to
reach a concentration of 100 mg/L and were shaken
horizontally for 24 h in the dark at 20 8C.

After equilibrium was reached, the solutions were
filtered and analyzed. pH-dependent sorption was per-
formed with selected pharmaceuticals at 100 mg/L at pH
values close to 4 and 8.

Blank and control solutions were processed in parallel
with each sample. The blank and control solutions were
shaken and analyzed using the same procedure as all other
samples. Blank solutions were prepared by adding the
same amount of respective sorbents as to the real samples,
but none of the tested compounds to the 10 mL of 0.01 M
CaCl2 solution. Control: To estimate the losses of tested
compounds due to the sorption on glass surface during 24-
h-long experiments, control samples containing 10 mL of
0.01 M CaCl2 and the mixture of standard solutions at a
concentration of 100 mg/L, but no clay materials, were
used. The data show that the mass balances of all
compounds were incomplete. After 24 h, the total mass
of CBZ, TCS and BPA was reduced to approximately 80% in
the aqueous solution. The total mass of DCF was 89% and
for KTP it exceeded 92%. The absorbed fraction of each
compound was calculated from the difference between the
concentration in the aqueous phase and the corresponding
control solution including appropriate recovery. All
experiments were performed in duplicates; each solution

able 2

roperties of sorbents used in the study and formula of polyacrylamide

sed as a precursor of carbonaceous deposits in organic modified clay

inerals.

Sorbents BET

Surface

area m2/g

pH

(0.01 M

CaCl2)

Unmodified clay

minerals

Bentonite (B) 37 8.4

Kaolinite (K) 20 6.0

Montmorillonite

(Mt)

40 8.4

Vermiculite

(VER)

6 6.5

Acidic modified

clay minerals

Montmorillonite

K10 (K10)

269 3.9

Montmorillonite

K30 (K30)

330 3.6

Organic modified

clay minerals

The formula of

polyacrylamide

Nanocomposite

(MtG5%T)

37 6.8

Nanocomposite

(BAlG3%C)

90 5.4

Scheme 1. Synthesis of the organic modified clay minerals.
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as analyzed two times and the obtained values were
eraged.

. Analytical procedure

The supernatants obtained after filtration through a
-mm glass fiber syringe were acidified to a pH of 2.0 and

ccessively extracted by using 60-mg Oasis HLB car-
dges. Chromatographic analyses were performed with a
rian HPLC system consisting of the 9012 pump,
50 UV-Vis detector and 9100 auto-sampler. The
paration was carried out using a LiChrospher1

0 RP-18 (125 mm � 4 mm; particle diameter = 5 mm)
rtridge column (Merck, Darmstadt, Germany) protected

 a LiChrospher1 100 RP-18 (4 mm � 4 mm; particle
ameter = 5 mm) guard column (Merck). The mobile
ases were:

50 mM KH2PO4;
acetonitrile (ACN).

The HPLC method began with 10% ACN in the mobile
ase and increased to 70% within 30 min. Afterwards, the
lumn was equilibrated for 10 min using 10% ACN. The
jection volume was 20 mL and the flow rate 1 mL/min.
e quantification limits (LOQ) of the analytical procedure

ere 8 mg/L, 10 mg/L, 5 mg/L, 3 mg/L, 6 mg/L and 3 mg/L for
rbamazepine, ketoprofen, bisphenol A, diclofenac, ibu-
ofen, and triclosan, respectively. The LOQs calculated as
signal-to-noise ratio were established by using the
pernatants of control solutions. Samples for recovery
lculations were prepared by adding 200 mg of the
spective sorbents to 10 mL of the 0.01 M CaCl2 solution
d after 24 h of preconditioning, the supernatants were
iked with the appropriate amounts of a multistandard
lution to reach a concentration of 100 mg/L, and the
traction of the solid phase was conducted. The internal
ndards were spiked into the SPE eluate just before
LC–UV/Vis analysis. Depending on the compound, the
alytical recoveries ranged from 80% to 95% with Relative
andard Deviations (RSD) between 4.5% and 13%.

3. Results and discussion

3.1. Equilibrium partitioning of PPCPs between clay minerals

and water

The results obtained in the experiments are displayed
in the form of sorption constants of PPCPs onto the
investigated clay minerals, after 24 h of sorption, at
concentrations of 100 mg/L. The sorption constants Kd

were obtained from the PPCPs concentration in the clay
mineral Cs and the PPCPs concentration in the water
solution, Cw, using the following equation (1):

Cs ¼ Kd � Cw (1)

The resulting Kd values for PPCPs are shown in Table 3
for both neutral solutions (pH 6.0–8.4) and acidic solutions
(pH 3.1–4.7). Sorption constants of PPCPs obtained for
acidic solutions are different from those for neutral
solutions. For neutral solutions, Kds ranged from 1.6
(ibuprofen) to 609 (triclosan). For acidic solutions, higher
values of Kd were obtained and ranged from 14.3
(bisphenol A) to 696 (triclosan). Both the clay minerals
and PPCPs can be protonated and deprotonated. The
sorption results are thus the cross-correlation of the
unknown protonation grade of the clay minerals and the
protonation grade of PPCPs. While one system can easily be
modelled, it is very difficult to model a two-component
system. For almost all the tested clay minerals in acidic
solutions, triclosan was found to have the highest Kd,
followed by diclofenac. The exceptions are the Kds of
ibuprofen and bisphenol A for organic modified bentonite
(BAlG3%C). The highest Kd values of carbamazepine and
ketoprofen were obtained for acid-modified montmoril-
lonite (MtK30), for sorption in neutral solutions.

3.2. Effect of pH on sorption

Fig. 1 shows the sorption of all tested compounds
expressed as sorption percentages of PPCPs to sorbents
depending on pH. The sorption of PPCPs onto bentonite (B),

ble 3

rption constants Kd [L�kg–1] values, including the measurement uncertainties as standard deviations as indicated by (�), of PPCPs between clay minerals

d water under acidic and neutral pH conditions (in parentheses).

Unmodified clay minerals Acidic modified clay minerals Organic modified clay minerals

B (3.8) Mt (4.7) K (3.1) VER (3.1) MtK10 (3.9) MtK30 (3.6) MtG5%T (3.1) BAlG3%C (4.0)

BZ 26.5 � 2.1 29.2 � 1.1 26.1 � 2.5 35.7 � 2.9 25.5 � 4.5 43.8 � 2.2 33.2 � 1.0 25.1 � 2.5

TP 25.9 � 1.9 37.2 � 0.7 26.9 � 2.0 32.2 � 2.0 47.0 � 8.2 57.1 � 5.1 24.7 � 0.5 15.5 � 0.3

PA 24.4 � 1.4 38.7 � 2.1 28.1 � 3.7 34.3 � 2.1 14.3 � 0.1 22.5 � 1.1 29.0 � 7.0 210.1 � 4.8

CF 33.0 � 0.7 73.5 � 3.7 38.1 � 5.1 62.4 � 0.5 235.5 � 7.8 139.9 � 1.3 67.3 � 27.8 76.2 � 3.0

BP 26.0 � 2.6 32.4 � 2.4 23.2 � 4.1 30.4 � 0.4 58.1 � 4.8 86.6 � 7.8 24.8 � 5.1 190.3 � 15.9

CS 36.3 � 0.4 235.7 � 7.9 44.6 � 4.7 92.9 � 12.8 696.6 � 52.4 106.1 � 21.3 463.3 � 8.0 88.2 � 2.5

B (8.4) Mt (8.4) K (6.0) VER (6.5) MtK10 (8.3) MtK30 (6.8) MtG5%T (7.7) BAlG3%C (7.7)

BZ 11.8 � 0.9 14.0 � 0.0 6.9 � 0.2 34.9 � 13.0 18.4 � 0.6 55.1 � 6.3 30.2 � 2.5 20.6 � 1.0

TP 7.5 � 1.6 14.7 � 0.3 6.4 � 0.3 27.1 � 4.9 5.8 � 1.9 70.4 � 2.7 32.1 � 1.0 9.2 � 2.5

PA 13.0 � 0.7 18.9 � 4.2 9.6 � 2.8 35.4 � 5.4 17.7 � 0.4 18.2 � 4.5 19.1 � 4.1 15.1 � 1.9

CF 5.8 � 0.6 15.6 � 0.7 6.6 � 0.4 32.7 � 6.8 9.1 � 0.2 172.5 � 7.9 17.9 � 0.7 10.2 � 0.2

BP 1.6 � 0.2 6.3 � 3.0 17.7 � 1.1 32.5 � 4.5 24.0 � 1.2 101.3 � 5.4 15.6 � 2.5 37.7 � 1.9
CS 21.5 � 2.3 57.7 � 2.4 19.9 � 0.9 57.8 � 3.1 609.1 � 49.3 121.8 � 12.5 467.7 � 22.6 71.7 � 3.9
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ontmorillonite (Mt) and kaolinite (K) was strongly
ependent on pH and was higher in acidic solutions. In
e case of vermiculite (VER), the sorption of PPCPs was not

ignificantly affected by pH. The acid-modified montmo-
illonite K30 exhibited high sorption of PPCPs indepen-
ently of the pH solutions. Sorption of PPCPs onto
ontmorillonite K10 strongly depends on the solution’s

H and was higher in the acidic solution.
Considering organically modified clays, the sorption of

PCPs depends on the pH of solutions, strongly for sorption
f PPCPs to BAlG3%C, less for sorption onto MtG5%T. The
ighest sorption was observed for bisphenol A, diclofenac,
uprofen and triclosan onto a carbonaceous sorbent
AlG3%C), under acidic pH. Montmorillonite modified
ith a polymer (MtG5%T) was more efficient for the

emoval of carbamazepine, ketoprofen and triclosan, in
pite of a lower specific surface area in comparison to
AlG3%C. Sorption of diclofenac was on the same level at
cidic pHs for both organic modified sorbents (Fig. 1).

Generally, the increase in sorption with decreasing pH
an be explained in relation to the speciation of the tested
PCPs. Sorption of both neutral and anionic species to clay
inerals increases with their hydrophobicity expressed as
g KOW [25,26]. Note that the hydrophobicity of PPCPs
llows the order: triclosan > diclofenac > ibuprofen >

etoprofen > carbamazepine > bisphenol A (see Table 1).
he results of sorption constants of tested PPCPs reveal
at triclosan and diclofenac were absorbed to clay
inerals to a significantly higher extent than bisphenol

. Moreover, sorption of acidic pharmaceuticals such as
iclofenac, ibuprofen and ketoprofen in solutions at

neutral pH significantly decreased due to the presence
of ionic forms of compounds. According to Bui et al. [11],
the sorption of carbamazepine and acidic pharmaceuticals
(diclofenac, ketoprofen and ibuprofen) on silica character-
ized by a negatively charged surface was strongly pH
dependent, similar to the case of minerals with negative
surface polarity presented in this paper. The experimental
results presented by Behera et al. [12] also showed that the
sorption of triclosan onto montmorillonite and kaolinite is
higher under acidic rather than alkaline conditions.

The high removal efficiencies of all compounds at acidic
pHs suggest that the hydrophobic interaction may be
considered the main mechanism of sorption for the tested
natural and modified clay minerals. At acidic pHs, the
negative net charge on the surface of the minerals is reduced,
deprotonation of the functional groups of the acidic
pharmaceuticals is minimized, and sorption is enhanced
due to the decrease of electrostatic repulsion between them.
Vermiculite has a smaller number of negatively charged sites,
which could be confirmed by pH = 6.5 in 0.01 M CaCl2. As
expected, sorption of all tested adsorbates to vermiculite is
independent of the pH of the solution. Decreasing pH to 3 for
vermiculite increased the sorption of diclofenac only from
40% to 55%, which is probably connected with the presence of
diclofenac in its non-deprotonated form at pH < pKa.

3.3. Influence of organic modification of minerals towards

sorption

Montmorillonite was modified with polymer and air
dried at 393 K for 2 h (MtG5%T), while the organic phase on

ig. 1. Sorption of carbamazepine (CBZ), ketoprofen (KTP), bisphenol A (BPA), diclofenac (DCF), ibuprofen (IBP) and triclosan (TCS) onto modified and

nmodified clay minerals as a function of pH (in parentheses): bentonite (B), kaolinite (K), montmorillonite (Mt), vermiculite (VER), acid-modified

ontmorillonites (K10), (K30), nanocomposites: (MtG5%T) and (BAlG3%C).
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ntonite was subjected to carbonization at 773 K in a
trogen atmosphere for 30 min (BAlG3%C). Although the
ecific surface area in organic-rich sorbents is decreased,
e modification of the surface properties may explain the
provement in sorption with respect to some compounds

7–29]. This is probably connected with favorable
nditions in the net charge on the surface of the sorbent
d with interactions with anionic forms of acidic
armaceuticals. Wen-Tien et al. [18] pointed out that a
rbon adsorbent with a low surface polarity was more
fective than a mineral adsorbent. The highest sorption
to MtG5%T regardless of the pH of solutions was
served for triclosan (89%). Sorption of carbamazepine
40%) and ketoprofen (�30%) onto MtG5%T was higher
an to BAlG3%C and slightly dependent on the pH. This
nd of sorption onto MtG5%T could be correlated with
n-electrostatic interactions. On the other hand, sorption

 bisphenol A, diclofenac and ibuprofen was higher onto
lG3%C and depends on pH (see Fig. 1). Functional group
protonation of compounds and on the sorbent’s surface
strongly limited at acidic pH. One may expect that the
pendence could be correlated with the ionization state
Ka values) and to the changes of electron density on the
ntonite surface, particularly when metal is added
luminum promotion). In general, the observed sorption
pacities of tested PPCPs on BAlG3%C seems to be
mparable to those reported in the literature for organic
d inorganic intercalated bentonite [19].

. Correlation between properties of sorbents and

mpounds

Sorption constants (Kd) [L/kg] relative to specific
rface areas (A) [m2/g], (Kd/A) [L/m2] were determined

 assess the influence of the size of specific surface areas

or other individual, chemical differences of the respective
surfaces on sorption. The resulting Kd/A values for the
sorption of the tested PPCPs at neutral pH onto natural
and modified sorbents are shown in Fig. 2. It could be
expected that Kd/A values should be similar in those cases
where sorption depends largely on the size of the specific
surface area. If, however, the obtained Kd/A values vary
significantly as a function of compounds, the chemical
properties of the materials should be predominant for the
process.

For the studied compounds, the calculated Kd/A values
were relatively high in the case of vermiculite (Fig. 2.).
Vermiculite has the smallest specific surface area (6 m2/g),
so it should be noticed that the individual and specific
properties of the surface of vermiculite were of crucial
importance for sorption. Similarly, Kd/A coefficients for
kaolinite with 20 m2/g indicate that sorption could be
attributed to specific surface properties. The Kd/A values
for organic modified bentonite BAlG3%C (Fig. 2) showed
also that specific surface properties could be relevant for
sorption when considering this material. As can be seen
from Fig. 2, Kd/A values for pharmaceuticals and bisphenol
A, except triclosan, were significantly lower for all other
sorbents. This might indicate that sorption onto these
minerals depends on the size of the specific surface areas. It
seems that the large specific surface areas of montmoril-
lonites K10 and K30 were not enough to result in high
sorption. Individual properties of each surface were
significant.

The distinguishing Kd/A values for triclosan for most
sorbents result from its hydrophobic properties, but also
from the surface properties of the clays. Generally, the
application of the Kd/A coefficient could be used to
illustrate what kind of properties of sorbent and compound
play the main role in the sorption process.

. 2. Equilibrium partition coefficients (Kd) relative to the specific surface are (A) of sorbents, Kd/A [L/m2] for carbamazepine (CBZ), ketoprofen (KTP),

phenol A (BPA), diclofenac (DCF), ibuprofen (IBP) and triclosan (TCS): bentonite (B), kaolinite (K), montmorillonite (Mt), vermiculite (VER), acidic
dified montmorillonites (K10), (K30), nanocomposites: (MtG5%T) and (BAlG3%C) – pH in parentheses.
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.5. Proficiency test

Scenarios were calculated for a proficiency test by
ssessing how much sorbent would be needed to remove
0% of the PPCPs at equilibrium conditions, hypothesizing
at partitioning would be the dominant mechanism. The

mount of sorbent that is needed to remove 50% of the
espective PPCP from 1 m3 of the aqueous solution is
alculated considering for this model a 24-h contact of the
espective amount of water with a sorbent. The resulting
mounts of sorbents for this model were calculated and are
hown in Table 4. Considering the worst absorbed
ompounds, at neutral pHs, solutions containing between
6.9 kg of vermiculite and 619.5 kg of bentonite were used

 reduce the concentration of PPCPs by 50%. At acidic pHs,
olutions containing between 34.2 kg of montmorillonite
nd 70.1 kg of montomorillonite K10 were used. The
mounts of sorbents needed to reduce concentrations of
PCPs in aquatic solutions are much higher at neutral pH.
he mass ratio of sorbent needed to reduce concentration
f PPCPs by 50% at neutral pH and acidic pH close to 1 was
btained for vermiculite, montomorillonite K30, and
rganic modified montmorillonite MtG5%T. The mass
atios only for diclofenac are 1.9 and 3.8 for sorption onto
ermiculite and MtG5%T, respectively. However, the
west cost of vermiculite makes it one of the most

romising adsorbents. One should remember that clay
inerals can be regenerated by combustion without loss,

ue to the stability of their structure even at temperatures
p to 850 8C.

. Conclusions

The results of our study showed that unmodified
ontmorillonite, bentonite or kaolinite have poor capacity

nd are not versatile in absorbing different types of
ollutants. Additionally, better sorption in acidic solutions
akes their application difficult in the treatment of surface
aters or wastewater of neutral pH. The results of sorption
r the studied PPCPs showed the highest removal on

arbonaceous sorbent BAlG3%C, vermiculite, and acid
ctivated montmorillonites K10 and K30. The sorption

practically independent of pH. This is of great importance
for wastewater treatment plants, which generally operate
at pH �8. Additionally, the low cost of vermiculite and its
hydrophobicity make it very useful. In the case of K30,
whose natural pH is 3.6, the increasing pH due to the
interaction with weakly alkaline wastewaters should not
affect its removal efficiencies. Finally, the removal capaci-
ties of the tested sorbents in real wastewater will be
studied in the nearest future to determine the effects of
combining pharmaceuticals properties, solution pH, and
the nature of the sorbents.
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