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ABSTRACT: Pyrene removal by polycation-montmorillonite (MMT)
composites and granulated activated carbon (GAC) in the presence of
humic acid (HA) was examined. Pyrene, HA, and sorbent interactions were
characterized by FTIR, fluorescence and zeta measurements, adsorption, and
column filtration experiments. Pyrene binding coefficients to the macro-
molecules were in the order of PVPcoS (poly-4-vinylpiridine-co-styrene) >
HA > PDADMAC (poly diallyl-dimethyl-ammonium-chloride), correlating to
pyrene-macromolecules compatibility. Electrostatic interactions explained the
high adsorption of HA to both composites (∼100%), whereas HA adsorption
by GAC was low. Pyrene removal by the composites, unlike GAC, was
enhanced in the presence of HA; removal by PDADMAC-MMT increased
from ∼50 (kd = 2.2 × 103 kg/L) to ∼70% (kd = 2.4 × 103 kg/L) in the
presence of HA. This improvement was attributed to the adsorption of
pyrene-HA complexes. PVPcoS-MMT was most efficient in removing pyrene (kd = 1.1 × 104 kg/L, >95% removal) which was
explained in terms of specific π donor−π acceptor interactions. Pyrene uptake by column filters of GAC reached ∼50% and
decreased to ∼30% in the presence of HA. Pyrene removal by the PVPcoS-MMT filter was significantly higher (100−85%
removal), exhibiting only a small decrease in the presence of HA. The utilization of HA as an enhancing agent in pollutant
removal is novel and of major importance in water treatment.

■ INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are a group of
persistent hydrophobic contaminants that have been detected
in aquatic systems all over the world and are included in the US
EPA and the EU priority list of pollutants (e.g., benzo(a)pyrene
limit in water is 0.0002 mg/L).1,2

Fate and transport of hydrophobic organic pollutants
(including PAHs) in the environment is strongly affected by
interactions with dissolved organic matter (DOM).3−5 These
interactions depend on both the chemical and structural
characteristics of the pollutant and of the DOM and on the
characteristics of the environmental system.6 Studies have
shown that in environmental systems the fate of organic
contaminants can vary greatly in terms of adsorption or
mobility. Several studies have demonstrated higher solubility
and mobility of the pollutants in the presence of DOM.7−9 For
example, a study on enhanced organic pollutant solubility by
DOM demonstrated increased partitioning coefficients into
DOM with a decrease in pollutant water solubility and DOM
polarity.7 On the other hand, other studies have shown that the
presence of DOM increased sorption and immobilization of
organic pollutants to soil sediments and solid surfaces.9−11 Rav-
Acha and Rebhun 1992 suggested that DOM tended to
solubilize organic pollutants when the adsorption coefficients
(of the DOM) to the clay were relatively low, while adsorption
of the pollutants to the clay increased as the DOM adsorption
coefficients to the clay increased.9 A later study also emphasized

this complex behavior; the adsorption of an insecticide to soils
decreased in the presence of DOM due to competition for
adsorption sites, while the presence of DOM increased the
adsorption of the more hydrophobic pollutants.12 PAHs tend to
exhibit higher mobility in the presence of DOM due to (a)
enhanced solubility induced by DOM-pollutant complexation
and/or (b) competitive adsorption to the binding sites of the
solid surfaces.6,7,10,12−14

DOM-pollutant interactions have an important role not only
concerning the pollutants’ fate in the environment but also in
water treatment processes. One of the most common sorbents
used for adsorption of PAHs is granulated activated carbon
(GAC), but it is well-known that DOM and its derivatives such
as humic and fulvic acids significantly reduce the effectiveness
of the filtration.15−17 Furthermore, DOM in itself is an
undesired component in water systems (regulatory levels in
drinking water in the US < 80 μg/L) due to color, taste, and
odor, the enhancement of biofilm formation, interactions with
Cl2 to form harmful disinfection byproduct, and also due to its
interference with water treatment processes (as occurs with
GAC). Despite many studies reporting the complexation of
DOM with organic pollutants, the exploitation of DOM to
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enhance remediation performance has not been systematically
investigated. Therefore, the development of sorbents which can
simultaneously remove DOM and organic pollutants without
decreasing the efficiency of pollutant removal (as occurs with
GAC) and in some cases even improving removal is of prime
interest.
In the last couple of decades a new class of materials based

on polymer adsorption to clay minerals has been developed as
sorbents.16,18−20,23 In several studies we have demonstrated the
superior adsorption of organic pollutants such as herbicides and
phenolic compounds to these composites.16,21,22 Efficient
removal of atrazine by poly-4-vinylpyridine-co-styrene
(PVPcoS)-clay composites was demonstrated.16 The high
binding affinity of atrazine to this composite was explained in
terms of compatibility between the herbicide and the polymer.
Column filters of the composite removed 93−96% of atrazine
even in the presence of DOM, whereas GAC filters removed
75−83% which decreased in the presence of DOM to 52−
68%.16

Pyrene adsorption to clay minerals has been widely
studied.24,25 In contrast; its adsorption to clays modified with
organic cations (organoclays) has been sparsely evaluated. Qu
et al. 2008, however, have demonstrated enhanced adsorption
of PAHs to MMT modified by quaternary ammonium cations,
attributed to cation-π interactions.26

In the current study the removal of pyrene by polycation-clay
composites and GAC in the presence of humic acid (HA) was
explored. Pyrene was chosen as a model PAH due to its specific
volatility and miscibility characteristics, relatively soluble yet
hydrophobic. Pyrene adsorption to these composites in the
presence of HA remained high and was even enhanced. We
suggest the results are due to (I) the composites being designed
to specifically bind pyrene, and therefore its adsorption is less
likely to be compromised by the presence of HA. Pyrene is a π-
electron donor able to bind specifically to the vinyl-pyridine
which is a strong π-electron acceptor. (II) HA which is
negatively charged is efficiently removed by the positively
charged composites and (III) the formation of HA-pollutant
complexes enhances pyrene adsorption by a cosorption
mechanism. The interactions between pyrene, HA, and
polycation-clay composites were meticulously investigated.
Pyrene uptake with/without HA by the designed composites
and by GAC was studied applying suspension (batch) and
filtration experiments. Previous studies report the detrimental
affect imposed by HA, We suggest the manipulation of the
complexation phenomenon to improve PAHs uptake from
water, which is a new concept in water treatment technologies.

■ MATERIAL AND METHODS
Materials. Wyoming Na-montmorilonite SWy-2 (MMT)

was obtained from the Source Clays Repository of the Clay
Mineral Society (Columbia, MO); cation exchange capacity
(CEC) and specific surface area were 76.4 meq/100 g and 756
m2/g, respectively.27 Poly-4-vinylpiridine-co-styrene - PVPcoS
(MW = 1,200,000−1,500,000 Da; PVP-to-S ratio 9:1), poly
diallyl-dimethyl-ammonium-chloride - PDADMAC (MW
400,000−500,000 Da), pyrene (98% purity), and humic acid
sodium salt technical grade (HA) were purchased from Sigma
Aldrich (Stenheim, Germany). To dissolve PVPcoS, 90% of the
monomers (pyridine) were charged by adding stiochometric
concentrations of H2SO4 (95% purity). Granular activated
carbon (Hydraffin 30N - 0.5−2.5 mm, 900 m2/g) was
purchased from Benchmark Ltd. (Israel). Quartz sand (grain

size 0.8−1.5 mm) was purchased from Shoshani and Weinstein
(Israel).

Methods. Fluorescence Measurements; Stern−Volmer
Plots. The fluorescence properties of pyrene (0.05 mg/L) in
the presence of PDADMAC, PVPcoS, and HA (0−24 mg/L)
were monitored. Pyrene solutions were prepared in a stock
solution of methanol (1000 ppm) and then diluted to the
required concentration. The Stern−Volmer fluorescence
quenching approach was applied, Stern−Volmer plots were
obtained, and the binding constants were calculated according
to Gauthier et al. 1986.28 The linear Stern−Volmer plots are
based on the assumption that the macromolecules are ideal
quenchers; quenching sites are homogeneous, and quenching is
a complete and solely dynamic or solely static process. The
slopes of the Stern−Volmer plots were calculated as follows:
F0/Fcor= 1 + kb[Macromolecule (mg/L)]; kb represents the
binding affinity of pyrene to the macromolecules, F0 is the
fluorescence intensity of pyrene alone in solution, and Fcor is
the fluorescence intensity of pyrene after binding to the
macromolecule (with inner filter correlation).28

In order to properly compare the adsorption results in this
study, pyrene adsorption isotherms (ranging in concentrations
from 0 to 0.05 mg/L) to PVPcoS and HA (for two
concentration 3 and 10 mg/L) were constructed and
Freundlich binding coefficients were obtained. The Freundlich
equation relates the concentration of pyrene adsorbed on the
surface (Cads (mg/kg)) to the concentration in the solution
(Ceq (mg/L)) as follows: Cads = kf*Ceq

n. Kd coefficients were
calculated for the appropriate concentrations- kd = kf*Ceq

(n‑1).
The excitation and emission for pyrene were measured at 273
and 371 nm respectively, by a fluorescence spectrophotometer
(Cary Eclipse, Varian fluorescence spectrophotometer, Agilent
technologies). To correct the “inner-filter effect’’,28 HA,
PVPcoS, and PDADMAC (0−24 ppm) absorbance was
measured by UV−vis spectrophotometry (Thermo Scientific,
Evolution 300, Waltham, MA, USA) at the above excitation and
emission wavelengths.

Preparation of Composites; PVPcoS and PDADMAC
Adsorption on MMT. The polymer−clay composites were
prepared as described in our previous studies.16,22,30 MMT clay
suspension of 0.05% w/w (0.5 g/L, 4 mL) was added to
PDADMAC (0.01−1 g/L) or PVPcoS (0.01−1 g/L) solutions
(8 mL). The composites were prepared by applying batch
experiments using glass tubes (12 mL) with screw on Teflon
caps. The clay-polycation suspension was agitated for 2 h
(equilibrium reached within 1 h) using a shaker, suspensions
were centrifuged (4000 rpm for 20 min), and supernatant was
separated. The precipitates were washed and freeze-dried, and
the percentage of carbon was measured using a CHNSO
analyzer (Thermo-Scientific, Fisons, EA1108). The amount of
polymer adsorbed was calculated accordingly. For the
suspension and filtration experiments the loadings chosen for
the composites PDADMAC-MMT and PVPcoS-MMT were
0.06 clay and 0.07 g polymer/g, respectively.

Zeta Potential Measurements. The mobilities/zeta poten-
tials of polymer clay composites, PDADMAC-MMT and
PVPcoS-MMT (0−2 mmol polymer/g clay), were monitored
as a function of HA adsorption using a Zetasizer Nanosystem
(Malvern Instruments, Southborough, MA). The different
composites were prepared as described, and zeta potentials
were measured in a ∼0.05% clay suspension sampled from the
top of the vial after settling of 0.5 min. Pyrene solutions (In.
Conc. 0.05 mg/L) containing HA (none or an initial
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concentration of 3 mg/L) were added to the composites; after
24 h of agitation and centrifugation (4000 rpm from 20 min)
the supernatant was discharged, the composites were
resuspended in water, and zeta potential was measured.
In addition, HA adsorption was quantified by UV−vis

spectrophotometer at a wavelength of 254 nm.
FTIR Measurements. FTIR spectroscopy was used to

examine the interactions of HA with the two polycations.
Solutions of 10 mg/L PDADMAC and PVPcoS were mixed
with HA in concentrations of 5 mg/L (1:1 w/w HA/Polymer
ratio) and 10 mg/L (2:1 w/w) in 250 mL centrifuge tubes for 4
h and then freeze-dried. The spectra were obtained by pellets
from dried HA, PVPcoS, PDADMAC, and complexes prepared
(PDADMAC+HA and PVPcoS+HA) mixed with KBr and were
recorded at room temperature in the range of 500−4000 cm−1

using a FTIR spectrometer (Nicolet Magna-IR-550, Madiso
WI).
Adsorption of Pyrene and Humic Acid on Polymer−Clay

Composites. Adsorption of Humic Acid on Polymer−Clay
Composites. HA solutions ranging from 1 to 20 mg/L were
added (no head space) to glass tubes (12 mL) containing
PDADMAC-MMT (0.055 g/L), PVPcoS-MMT (0.055 g/L)
composites, and MMT (0.5 g/L) or GAC (0.5 g/L). The
samples were agitated overnight (24 h) and centrifuged (4000
rpm from 20 min), and the supernatant was separated and
filtered through a 0.45 μm Acrodisc syringe filters before
analysis by UV−vis spectrophotometer at a wavelength of 254
nm.
Adsorption of Pyrene in the Presence of Humic Acid by

the Polymer−Clay Composites and Unmodified MMT.
Pyrene (0−0.075 mg/L) and HA (0−10 mg/L) solutions
were added to glass tubes (12 mL) containing PDADMAC-
and PVP-co-S-MMT composites. The samples were agitated
for 0.125−24 h in the presence of 3 mg/L HA for the kinetic
experiments and for 24 h in equilibrium experiments. The
samples were centrifuged (4000 rpm from 20 min), and the
supernatants were separated for analysis; pyrene by fluores-
cence spectroscopy and HA concentrations by UV−vis
spectrophotometer.
All analyses were performed in triplicates and compared with

control tubes containing pyrene to account for any loss during
the course of the experiment. The pyrene concentrations for
samples containing HA were recalculated by the Stern−Volmer
correlation and compared with separate calibration curves for
each concentration.
Pyrene and HA Removal by Filtration with Composites

and GAC Filters. Pyrene (0.06 mg/L in tap water) filtration,
with and without HA (5 mg/L), was studied. Glass columns of
22 cm in length and of 1.5 cm in diameter were filled with 65 g
of sand mixed with 0.65 g composites (1:100 w/w) or with a
layer of 0.65 g of GAC. Preliminary experiments showed no
significant difference in pollutant removal by filtration through
columns filled with a layer of GAC or with it mixed with the
sand. The composites were mixed with excess quartz sand to
enable high flow through the column. The sand was thoroughly
washed in distilled water and dried at 105 °C for 24 h.
Nonwoven polypropylene geo-textile (Markham Culverts Ltd.,
Papua New Guinea) was placed on both ends of the column to
prevent exit of the sand from the column. The pyrene stock
solutions (5 L) were passed through each of the filters at a flow
rate of 7 mL/min. The eluting solutions were collected every
70 min (0.5 L) and analyzed by UV−vis spectrophotometer for
the HA and fluorescence spectrophotometer for the pyrene.

The pyrene concentrations for samples containing HA were
recalculated by the Stern−Volmer correlation and separate
calibration curves for each HA-pyrene concentration.

■ RESULTS AND DISCUSSION
The removal of pyrene in the presence of HA by two polymer
clay composites was investigated. One composite incorporated
PDADMAC, a highly charged quaternary ammonium polycat-
ion adsorbed on MMT (0.06 mmol/g) and the second
composite, incorporated PVPcoS, a copolymer containing
styrene and positively charged pyridine rings (ratio of 1:9)
adsorbed on MMT (0.065 mmol/g). It was hypothesized that
pyrene would show higher affinity to the PVPcoS composites as
a result of structural compatibility (enabling π−π interactions),
HA (negatively charged) would show high affinity to both
composites due to strong electrostatic interactions, and pyrene
would complex with HA and enhance (cosorption mechanism)
pyrene adsorption to the composites. Enhancement of pyrene
adsorption in the presence of HA would be more pronounced
in the case of PDADMAC composites compared with PVPcoS
composites due to direct low and high pyrene adsorption on
the composites, respectively.

Pyrene Interactions with Polycations or HA; Fluo-
rescence Measurement. Interactions between pyrene and
the three macromolecules (PDADMAC, PVPcoS or HA) in
solution were characterized. The binding of pyrene was
analyzed by two models, Stern−Volmer plots28 and Freundlich
adsorption isotherms, to determine the relative affinity of
pyrene (Supporting Information (SI) Figure S1A-B). These
models have been implemented in studies on HA interactions
(and other fractions of DOM),25,28,30−32 and in the current
study they were expanded to characterize interactions with
polycations. Linear Stern−Volmer plots were observed for all
three macromolecules. Freundlich isotherms were derived for
pyrene binding to HA and PVPcoS (binding to PDADMAC
was not calculated since the interactions observed by Stern−
Volmer were low) and coefficients were fitted (SI Table S1).
Pyrene binding affinities calculated from the Stern−Volmer

(kb) plots and Freundlich isotherms (kd) were in the order of
PVPcoS > HA > PDADMAC. The very high affinity between
pyrene and PVPcoS (kb 4.5 × 104 L/kg and kd 1.2 × 105 L/kg)
and high affinity to HA (kb 3.9 × 104 L/kg and kd 6 × 104 L/
kg) were explained by the degree of structure compatibility
(aromatic nature) between pyrene and the macromolecules,
high in the case of PVPcoS and moderate for HA. This
compatibility results in π donor-π acceptor interactions; pyrene
is a π-electron donor able to bind specifically to the vinyl-
pyridine which is a strong π-electron acceptor, and these
interactions are not present in the case of PDADMAC
explaining the lower binding affinity to this polymer (kb 9.9
× 103 L/kg). The kb and kd constants for pyrene binding to HA
are in the same magnitude as coefficients previously
reported.28,31,32

PDADMAC and PVPcoS Interactions with HA; FTIR
Measurements. FTIR spectra of PDADMAC- and PVPcoS-
HA complexes (10 mg/L polycation with 5 or 10 mg/L HA)
were compared to those of pure HA and polycations spectra
(SI Figure S2). The pure HA spectrum indicated characteristic
bands at 3430, 2870−2960, 1580, 1390, and 1030−1100
cm−1.33,34 The bonds at the range of 2870−2960 cm−1

correspond to CH2−CH3 stretching; the bands at 1580 cm−1

and 1390 cm−1 are indicative of COO−asymmetric and
symmetric stretching, respectively. The COOH vibrations at
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1720 cm−1 were not present since the HA was in a salt
form.33,34 The lower range bands 1030−1100 cm−1 correspond
to alcohol and ethers stretching. PDADMAC spectrum showed
characteristic peaks at 3460, 2800−3000, 2084, 1647, 1480, and
970−1000 cm−1.22 The band at 2084 cm−1 is attributed to the
quaternary ammonium chloride bond;35 this vibration showed a
slight shift at the low concentration of HA and at higher HA
concentration diminished significantly. We suggest that this
behavior is a result of the formation of electrostatic interactions
between the quaternary ammonium and the negatively charged
HA.22,36,37 PVPcoS showed distinctive peaks at 3050, 3000−
2800, 1950, 1450−1600, 1200−1210, 1000, and 800−680
cm−1. The band at 1950 cm−1 corresponds to the charged
ammonium on the pyridine; this vibration disappeared as well
upon HA-polymer complexation. The aromatic moieties are
responsible for the bands at 3050, 1450−1600, and 680−800
cm−1. Small shifts in the aromatic vibration especially in the
fingerprint region were observed upon complexation (546−683
cm−1). These shifts may be due to π−π interactions between
aromatic moieties of the HA and the phenyl groups of the
polycation.38 The FTIR measurements support our hypothesis
that the interactions between the polycations and the HA are
mainly electrostatic, and in the case of PVPcoS π−π
interactions occur as well.
PDADMAC-MMT and PVPcoS-MMT Interactions with

HA and Pyrene; Zeta Potential Measurements. FTIR
measurements suggested that the interactions between HA and
the two polymer−clay composites are mainly electrostatic;
therefore, upon HA adsorption zeta potential is expected to
decrease (less positive). Zeta potential of PDADMAC-MMT
and PVPcoS-MMT at varying polymer loadings (0−2 mmol
polymer/g clay) was monitored upon HA (3 mg/L) adsorption
(Figure 1A, B). Negatively charged unmodified MMT (−45
mV) did not adsorb the negatively charged HA (−15 mV).
The initial zeta potential of PDAMAC-MMT composites

ranged from −30 mV for a loading of 0.225 mmol/g (below
CEC) and reached +60 mV at a loading of 2 mmol/g (250% of
the CEC) as previously reported.22,30 Charge neutralization was
reached at a polymer loading of 0.3 mmol polymer/g clay,
below the CEC, which was explained in terms of MMT surface
screening by the highly charged polycation extending into the
solution even at loadings lower than stochiometric neutraliza-
tion.22,30 The adsorption of HA to the negatively charged
composite (prior to surface charge neutralization) was very low
(<10%). At a polymer loading of 0.5 mmol/g PDADMAC, zeta
potential was +27.5 mV and HA adsorption was complete. At
higher PDADMAC loadings (1 mmol/g) a decrease in HA
adsorption was apparent despite the positively charged
composite. This was explained in terms of aggregation caused
by HA bridging between composites which decreased accessible
surface area.22

PVPcoS-MMT composites showed similar behavior; initial
zeta potential of the composites ranged from −30 mV for 0.4
mmol/g loading (50% of CEC) reaching +30 mV for a loading
of 200% of CEC (1.7 mmol polymer/g). As with PDADMAC-
MMT composites the HA adsorption was complete for the
positively charged composites (>0.65 mmol/g). Insignificant
aggregation was observed in the case of PVPcoS-MMT
composites. The zeta potential of the composites decreased
with the adsorption of HA; however, the decrease was not as
significant in the case of the PDADMAC-MMT composite due
to the lower charge density on the composites’ surface.

The composites which obtained maximum HA adsorption
were chosen to be further explored, PDADMAC-MMT (0.5
mmol/g, 0.06 g/g) and PVPcoS-MMT (0.65 mmol/g, 0.07 g/
g).

HA Adsorption on PDADMAC-MMT, PVPcoS-MMT,
and GAC. The adsorption of HA (0−10 mg/L) by the two
chosen composites and by GAC was studied (Figure 2). The d-
spacing was also measured upon HA adsorption; however, no
increase in the spacing was observed, suggesting that the HA
did not enter the interlayers of the composites. The adsorption
by GAC decreased as HA concentrations increased from 80% at
1 mg/L HA to less than 2% adsorption at 10 mg/L HA. The

Figure 1. Zeta potential and adsorption of HA (3 ppm) on A.
PDADMAC-MMT (0−2 mmol/g) and B. PVPcoS (0−1.7 mmol/g).

Figure 2. HA (0−10 mg/L) removal by PDADMAC-MMT, PVPcoS-
MMT, and GAC (0.5 g sorbent/L).
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uptake of HA by the PDADMAC-MMT composite was high
(100%) at low HA concentration but decreased to 53%
adsorption at 10 mg/L; in contrast, HA adsorption by the
PVPcoS-MMT composite was complete even at high HA
concentrations. Electrostatic interaction occurs between the HA
and both composites, but in the case of PVPcoS-MMT there
are π−π interactions in addition as suggested by the FTIR
measurements.
Pyrene Adsorption on Polycation Composites and

GAC in the Presence of HA. Adsorption of Pyrene on
PDADMAC-MMT, PVPcoS-MMT, and Unmodified MMT in the
Presence of HA. To elucidate the effects of HA on pyrene
adsorption by the different composites, pyrene adsorption to
unmodified MMT, PDADMAC-MMT, and PVPcoS-MMT
composites was measured in the presence of HA (0−10 mg/L)
(Figure 3). Pyrene adsorption to unmodified MMT which was

relatively high (85%) in comparison to the literature25,39−42 was
attributed to interactions with the siloxan surfaces, cation-π
interactions or energetic gain due to the release of water
molecules.25

Unmodified MMT (ξ = −45 mV) did not bind HA (ξ = −15
mV) under the conditions set; therefore, pyrene adsorption to
MMT decreased upon an increase in HA concentrations which
complexes with pyrene-enhancing its solubility. This indicates
that pyrene-HA interactions are stronger than those of pyrene-
MMT. In contrast, the presence of HA enhanced pyrene
adsorption by the polycation-clay composites. The adsorption
of pyrene to PDADMAC-MMT was poor at low HA
concentrations (<50%) as predicted by the Stern−Volmer
plots but improved as HA concentrations increased reaching
∼70% removal. This behavior can be attributed to a cosorption
(or sweeping) mechanism caused by the HA-pyrene complex
adsorbing on the external surface of the composite. The
PVPcoS-MMT composite adsorbed pyrene efficiently due to
molecular compatibility, as predicted by the fluorescence
measurements (Stern−Volmer and Freundlich), and a slight
increase in the pyrene adsorption was apparent (90% at 0 mg/L
to 95% at 10 mg/L HA). This was also attributed to cosorption,
however, since the pyrene adsorption on the composite is so
high the phenomenon is less pronounced.
Kinetic Measurements of Pyrene Adsorption on Polycat-

ion Composites and GAC in the Presence of HA. The kinetics

of pyrene adsorption by the composites in comparison to GAC
was studied in suspension with and without HA (Figure 4) and
were found to be in agreement with the equilibrium studies
(Figures 3 and 5). The PVPcoS-MMT composite adsorbed
pyrene most efficiently, and equilibrium was reached within 2 h
while its adsorption by PDADMAC-MMT was relatively poor
and equilibrium was reached within 4 h. Pyrene adsorption to
GAC was efficient (∼92%); however, equilibrium was reached
within 24 h. As previously reported, the adsorption kinetics to
GAC is slow due to molecular diffusion within the closed,
irregular-shaped micropores, while the ordered, semiopened
layered structure of clay composites enhances adsorption
kinetics.23

The presence of HA enhanced pyrene adsorption and
hastened equilibrium (shortened to 0.5 h), on the two
polycation clay composites. These trends were more
pronounced in the case of PDADMAC-MMT due to the low
affinity of pyrene to the composite. Conversely, the presence of
HA in the case of GAC decreased pyrene adsorption
significantly and hindered equilibrium supporting our findings
(Figure 4) that HA adsorption to GAC is low.

Adsorption Isotherms of Pyrene to MMT, PDADMAC-MMT,
and PVPcoS-MMT in Equilibrium in the Presence of HA.
Adsorption isotherms of pyrene to unmodified MMT and to
the two composites in the presence of 0 and 3 mg/L HA were
obtained (SI Figure S3), and the fitted Freundlich coefficients
are listed in Table 1. Binding coefficient were in the order of
PVPcoS-MMT (HA) > PVPcoS-MMT > MMT > MMT (HA)
> PDADMAC-MMT (HA) > PDADMAC-MMT. The trends
observed from the isotherms were consistent with the former
findings (Figures 3 and 4); pyrene adsorption to the

Figure 3. Pyrene adsorption (0.05 mg/L) by unmodified MMT,
PDADMAC-MMT, and PVPcoS-MMT (0.5 g sorbent/L) in the
presence of HA (0−10 mg/L).

Figure 4. Adsorption kinetics of pyrene (0.05 mg/L) with and without
HA (10 mg/L) by PDADMAC-MMT, PVPcoS-MMT, and GAC (0.5
g sorbent/L).

Table 1. Freundlich Coefficients from Pyrene Adsorption
Isotherms (0.05 ppm) to MMT, PDADMAC-MMT, and
PVPcoS-MMT without and in the Presence of HA (3 ppm)

adsorbent kf n R2
kd (L/kg)

(0.04 mg/L)

PVPcoS-MMT + HA 8 × 103 0.76 0.9789 1.7 × 104

PVPcoS-MMT 5.5 × 103 0.77 0.9991 1.1 × 104

MMT 1.7 × 103 0.65 0.999 5.1 × 103

MMT+HA 7.1 × 102 0.54 0.9995 3.3 × 103

PD-MMT + HA 1 × 103 0.74 0.9826 2.4 × 103

PD-MMT 9.5 × 102 0.74 0.9919 2.2 × 103

Environmental Science & Technology Article

dx.doi.org/10.1021/es300964d | Environ. Sci. Technol. 2012, 46, 6228−62356232



composites was higher in the presence of HA, whereas
adsorption of pyrene to the unmodified MMT in the presence
of HA decreased. Pyrene adsorption to PVPcoS-MMT was
exceptionally high with and without HA (kd = 1.79 × 104 and kd
= 1.15 × 104 L/kg, respectively), and the coefficients (kd)
calculated were a magnitude higher than the ones previously
reported for organo-clays (MMT modified by quaternary
ammonium) (100−1100 L/kg).28 However, the Freundlich
sorption coefficients for pyrene adsorption to HA in solution
calculated from the fluorescence experiments (3−6 × 104 L/
kg) were significantly larger than the coefficients calculated for
both the unmodified MMT and composites. These results
imply that HA-pyrene complexation was favorable which
resulted in enhanced pyrene adsorption via its complexation
with HA to the composites and respectively compromised
pyrene adsorption to the unmodified MMT and to GAC.
Pyrene Filtration with/without HA by Composites and

GAC Columns. The removal of pyrene (0.065 mg/L) with and
without HA by the composites and GAC filtration columns was
examined (Figure 5A-C). HA removal by the sorbent filters
demonstrated the same trend as in suspension (Figure 2).
PDADMAC-MMT and PVPcoS-MMT exhibited high HA
removal (Figure 5A) from the solution due to the strong
electrostatic interactions (93−86 and 100%, respectively).
PVPcoS-MMT showed complete removal even after the
passage of 10 L (equivalent to 625 pore volumes) (results
not shown) which was explained in terms of π−π interaction in
addition to electrostatic ones as observed by FTIR measure-
ments. HA removal by the GAC columns was the lowest (70−
50%).
PDADMAC-MMT showed relatively poor uptake of pyrene

with/without HA (Figure 5B); however, due to the poor
pyrene removal the increase in pyrene adsorption by a
cosorption mechanism in the presence of HA is noticeable. It
should be noted that since HA adsorption was nearly complete
(Figure5A) and pyrene removal was not efficient, a large
fraction of the pyrene does not complex with HA (under these
experimental conditions).
Pyrene uptake by the GAC filter (Figure 5c) decreased from

90% to ∼60% after passage of only 0.5 L and stayed relatively
low (∼55% removal). Furthermore, pyrene removal in the
presence of HA dropped to ∼30% after the passage of 0.5 L
solution. The reduction of pollutant uptake by GAC in the
presence of HA has been reported16,17,43 and has been
previously explained by blockage of the GAC adsorption
sites; however, the current results suggest a different
explanation. High complexation of pyrene with HA as shown
by the adsorption coefficients from the fluorescence experi-
ments preserves the pyrene in the solution and since GAC
exhibits poor removal of HA and consequently of the HA-
pyrene complex, pyrene uptake is compromised.
In agreement with the suspension experiments pyrene uptake

was the most efficient by PVPcoS-MMT without and with HA
(100−88% and 100−75%, respectively) (Figure 5C). The
presence of HA caused a small decrease in pyrene uptake unlike
the slight increase observed in the batch experiments (Figure
3).This trend is explained in terms of kinetic competition; the
electrostatic adsorption of HA and HA-pyrene to the composite
may be faster than that of the free pyrene (undetectable by the
suspension kinetic measurements in which the fastest measure-
ment was after15 min). The adsorption process in filtration (7
mL/min) is much faster and may give the HA a kinetic

advantage over the pyrene which will cause the occupation of
adsorption sites reducing noncomplexed pyrene adsorption.
To conclude, pyrene-HA complexation coefficients as

calculated by Stern−Volmer and Freundlich models were a
magnitude higher than complexation to the composites and
unmodified MMT. This complexation improved pyrene
adsorption by polycation-clay composites due to the strong
electrostatic interactions between the complexed HA and the
composite. In contrast, pyrene removal by GAC was suppressed
due to low HA-pyrene complex removal and not solely due to
competition on the adsorption sites as previously reported.
Filtration and suspension experiments demonstrated the
extremely efficient removal of pyrene, even in the presence of
HA, by the PVPcoS-MMT composite which was explained in
terms of specific interactions between the pollutant and the
polymer. We suggest that polymer−clay composites can be
design to specifically bind a variety of target pollutants and

Figure 5. A. Removal of HA (5 mg/L) by filtration columns of
PVPcoS-MMT, PDADMAC-MMT, and GAC (mixed with sand
(1:100 w/w)). B. Removal of pyrene (0.065 mg/L) and pyrene in the
presence of HA (5 mg/L) by PDADMAC-MMT column filter. C.
Removal of pyrene (0.065 mg/L) and pyrene in the presence of HA (5
mg/L) by PVPcoS-MMT or GAC column filters.
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remain highly efficient even in the presence of HA.
Furthermore, the novel utilization of HA as an enhancing
agent in pollutant removal is of major importance in water
removal technologies.
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