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ABSTRACT: The presence of nanoconcentrations of persistent
pharmaceuticals in treated wastewater effluent and in surface
water has been frequently reported. A novel organic—inorganic
hybrid sorbent based on adsorbing quarternized poly vinyl-
pyridinium-co-styrene (QPVPcS) to montmorillonite (MMT)
was designed for the removal of the anionic micropollutants.
QPVPcS-clay composites were characterized by X-ray diffraction,
FTIR, thermal gravimetric analysis, Zeta potential and element
analysis. Based on these measurements polymer—clay micro- and
nanostructures, as a function of polymer loading, were suggested.
The affinity of the anionic pharmaceutical, diclofenac (DCF), to
the composite was high and did not decrease dramatically with an
increase of ionic strength, indicating that the interactions are not
only electrostatic. The presence of humic acid (HA) did not
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hinder DCF removal by the composite; whereas, its filtration by granulated activated carbon (GAC) was compromised in the
presence of HA. The kinetics and adsorption at equilibrium of DCF to the composite and to GAC were measured and modeled
by the time dependent Langmuir equation. The adsorption of DCF to the composite was significantly faster than to GAC.
Accordingly, the filtration of micro- and nanoconcentrations of DCF by composite columns, in the presence of HA, was more

efficient than by GAC columns.

B INTRODUCTION

The presence of micro- and nanoconcentrations of pharma-
ceuticals in aquatic environments has drawn significant
attention in the past decades.'™ Reviews on the efficiency of
removing pharmaceuticals by various technologies indicate that
many of these compounds are resistant to the degradation and
removal processes and therefore are present in the treated
effluent.*® Reusing the effluent for crop irrigation or
discharging it to surface waters has raised environmental and
health concerns which are currently investigated.é_8

One of the evasive pharmaceuticals which is frequently
detected in treated effluent is diclofenac (DCF), a nonsteroidal
anti-inflammatory drug. DCF has a relatively high water
solubility due to its low pK, = 4.15. In treated wastewater
effluent concentrations reached up to 2.5 ,ug/Lg’lO and in
surface water the detected concentrations were lower than 500
ng/L>"'""* The harmful effect of DCF at environmental
concentrations on marine animals has been reported,M_20 and
DCF was recently included in the European Union Priority
Substances Directive watch list.”

The detection of DCF in treated wastewater effluent and in
surface waters is mainly due to its low sedimentation* and poor
biodegradation®® by activated sludge, the most common
process in wastewater treatment.®** To improve DCF removal,
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advanced treatment processes were progosed23 including
sorption by granular active carbon (GAC).*' However, it has
been reported that the presence of dissolved organic matter
(DOM) in many cases reduces the efficiency of GAC to
remove micro-organic pollutants.”**> Recently the removal of
DCEF by micelle—clag' composite filters in comparison to GAC
filters was reported”® but the effect of DOM on the removal
was not explored.

We have recently reported the efficient removal of micro-
organic pollutants from water in the presence of DOM by
adsorption to a designed polymer—clay composite. Pyrene
adsorption to a poly-4-vinylpyridine-co-styrene (PVPcS)-clay
composite was high and increased in the presence of humic acid
(HA) which was explained by the high affinity of HA to the
composite and a cosorption mechanism.”” In contrast, pyrene
removal by GAC decreased in the presence of HA. Zedaka et
al.*® demonstrated the efficient removal of atrazine by
protonated PVPcS (HPVPcS)-clay composites. Atrazine
removal by filtration columns of the composite reached 93—
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96% and the removal was not compromised in the presence of
DOM, whereas GAC filters removed only 75—83%, which
decreased in the presence of DOM to 52—68%. The high
removal of atrazine was only obtained at low pHs and at natural
pHs atrazine removal dramatically decreased due to deproto-
nation of the pyridinium groups which compromises the
formation of hydrogen bonds between atrazine and the
polymer.”® Deprotonation at moderate pHs also reduces the
positive charge of HPVPcS, resulting in reduced interactions
with anionic pollutants. Since many contaminants such as DCF
are anionic at moderate pHs, designing composites based on
PVPcS with a permanent charge (non-pH dependent) would
be beneficial.

In the current study we aimed to synthesize a permanently
charged novel quaternized poly vinylpyridinium-co-styrene
(QPVPCS) in order to design composite sorbents for anionic
pollutants. Composites at low and high polymer loadings were
characterized by adsorption isotherms, Zeta potential, XRD,
FTIR, elements analysis, and TGA and different polymer
conformations at the adsorbed state were deduced. The
removal of DCF by the composites was investigated and an
adsorption mechanism was suggested. The removal of DCF in
the presence of HA by filtration with composite columns was
compared to the removal by GAC columns.

B MATERIALS AND METHODS

Materials. Wyoming Na-montmorillonite 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 mequiv/100 g and
756 m*/g, respectively. Poly-4-vinylpiridine-co-styrene (PVPcS)
(PVP:S ratio 9:1), poly diallyl-dimethylammonium-chloride
(PD) (MW 400 000—500 000 Da), diclofenac (DCF), methyl
iodide (95%) and humic acid (HA) sodium technical grade
were purchased from Sigma-Aldrich. Granular activated carbon
(GAC) (Hydraffin 30N, 0.5-2.5 mm, 900 m’/g) was
purchased from Benchmark Ltd. (Israel). Quartz sand (grain
size 0.8—1.5 mm) was purchased from Shoshani & Weinstein
(Israel).

Methods. Polymers Preparation. Quarternization of
PVPcS was preformed according to previous studies.*>?’
PVPcS was freeze-dried, solubilized in N,N-dimethylforma-
mude (DMF) for 24 h and methyl iodide was added in excess
(1.5 molar ratio). The reaction mixture was refluxed for 12 h at
60 °C and was washed thoroughly with hexane. The solvent
was removed under reduced pressure and the sample was
lyophilized. The quarternization was verified by FTIR and
HNMR measurements (Bruker Avance II 500, in DMSO-d6 at
500.2 MHz). The HNMR spectrum of QPVPcS shows a
characteristic signal corresponding to methyl, pyridine and
styrene protons (Supporting Information Figure S1). HPVPcS
solution was prepared in acidified distilled water (DDW)
solution by adding pyridine stoichiometric concentrations of
H,S0, (95% purity). PD was dissolved in DDW.

Polymer Adsorption. MMT clay suspension of (0.5%) was
added to QPVPcS (0.2—3.75 g/L), HPVPcS (0.2—2 g/L) or
PD (1 g/L) solutions. The clay-polycation suspensions were
agitated (for at least 4 h, reaching equilibrium), suspensions
were centrifuged (12 000g for 10 min, 18 °C) and supernatant
was separated. The precipitates were freeze-dried and polymer
concentration in supernatant was measured using UV—vis
spectrophotometer at a wavelength of 223—226 and 249-256
nm for QPVPcS and HPVPCS, respectively, and polymer
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adsorption was calculated. For PD, the percentage of carbon
was measured using a CHNSO analyzer (Thermo-Scientific,
Fisons, EA1108) and the amount of polymer adsorbed was
calculated accordingly.

Composite Characterization. Zeta Potential Measure-
ments. Zeta potentials of MMT, QPVPcS and HPVPcS (0.5 g/
L) were measured using a Zetasizer Nanosystem (Malvern
Instruments, Southborough, MA). Zeta potential of the
composites (0.43—0.83 and 0.69—1.2 mmol/g clay for QPVPcS
and HPVPcS composites, respectively) was monitored using
composite suspensions (0.17% MMT). Zeta potential of
HPVPcS/PVPcS composites (0.8 mmol/ g) was measured as
a function of pH (3—8) by adding a concentrated NaOH
solution to the composite suspension and reaching equilibrium.

FTIR Measurements. FTIR spectra were obtained for
QPVPcS and QPVPcS composites (0.43 mmol/g and 0.83
mmol/g). Pellets were prepared from dried polymer or
composite mixed with KBr (2:98 ratio). FTIR spectra were
recorded at room temperature in the range of 500—4000 cm ™
using a FTIR spectrometer (Nicolet Magna-IR-550, Madiso

X-ray Diffraction (XRD) Measurements. The basal (d 001)
spacings of MMT and QPVPcS composite (0.43—0.83 mmol/g
clay) were measured by XRD. On a round glass slide, 1-2 mL
of the suspension (0.17% MMT) were placed and left to
sediment (oriented sample) for 1 day. The basal spacing was
measured before and after heat treatment at 360 °C using an X-
ray diffractometer (Philips PW1830/3710/3020) with Cu KR
radiation, A = 1.526 A.

Thermal Measurements. Thermal gravimetric analysis
(TGA) of air equilibrated freeze-dried QPVPcS and QPVPcS
composites (0.43—0.83 mmol/g clay), before and after rinsing
the composites with tap water, was carried out by a Q500
termogravimetric Analyzer (TA Instruments Inc.). The high
resolution-dynamic program (sensitivity-3, resolution-2) in-
cludes a heating rate of 25 °C/min, temperature ranged from
30 to 800 °C, nitrogen flow rate was 60.0 mL/min.

Elemental Analysis (CH,N, and lodide). Determination of
C, H, and N was performed using the PerkinElmer 2400 series
Il Analyzer. A combustion method (950—10000 °C) to
convert the sample elements to simple gases was applied. The
system uses a steady-state, wavefront chromatographic
approach, to separate the controlled gases which are detected
as a function of thermal conductivity. Determination of iodide
was done using the oxygen-flask combustion method
(Schoniger application) for the decomposition of organic
samples, and subsequent potentiometric titration by the 835
Titrando Metrohm Titroprocessor and by ion chromatography
analysis using a Dionex IC system.

Diclofenac Adsorption to Polymer—Clay Composites.
Diclofenac Analysis. DCF (0.05—200 mg/L) was analyzed by
HPLC (Agilent Technologies 1200 series) equipped with a
diode-array detector. HPLC column was LiChroCARTR 250—
4 PurospherR STAR RP-18 (S um), the flow rate was 1.0 mL/
min and detection wavelengths was 276 nm. Measurements
were carried out isocratically. A mobile phase of acetonitrile/
acidic water (0.1% formic acid) 80/20 was used. Limit of
quantification (LOQ) was 0.05 mg/L.

DCF (0.025—12 pg/L) was measured by LC-MS/MS. The
solutions were analyzed by an Agilent 1200 Rapid Resolution
LC system (Santa Clara, CA) equipped with an Acclaim C18
RSLC column (Dionex, 2.1 X 150 mm, particle size 2.2 um),
coupled to a triple quadruple mass spectrometer with an
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electrospray ionization ion source. LC solvents were acidic
water (0.1% AcOH) (A) and acetonitrile (0.05% AcOH) (B).
Gradient started from 40% of A reaching 5% within 8 min at a
flow rate of 0.35 mL/min, injection volume was 100 yL. MS
was operated in the positive ionization mode. Drying gas
(nitrogen) temperature and flow were 350 °C and 10 L/min,
respectively. Quantitative analysis of DCF was performed in
multiple reaction monitoring (MRM) mode, fragmentor
potential was 50 V and MRM transitions were 296 — 278
and 296 — 215. LOD was 0.01 pg/L and LOQ was 0.025 pg/
L. Isotopically labeled analogue of DCF was used as an internal
standard.

Diclofenac Adsorption to QPVPcS Composites. Prior to
DCEF addition composites were washed by tap water in order to
adjust the pH to ~7 (for all batch experiments). DCF (30 mg/
L) was added to centrifuge tubes containing QPVPcS
composites (0—0.83 mmol polymer/g clay, 0.17% MMT).
The tubes were agitated for 24 h. Supernatants were separated
by centrifugation (12000g for 10 min) and prior to HPLC
analysis filtered with PTFE syringe filter (AXIVA) 0.4S pm
pore size. Tests indicated that there was no sorption of DCF by
the filters. The experiments were performed in triplicate and
samples were kept in darkness in order to avoid photo
degradation.

Effect of lonic Strength on DCF Adsorption to Polymer—
Clay Composites. QPVPcS, PVPcS, and PD composites (0.15
g/g, 0.17% MMT) were prepared. The pH of the suspension
was adjusted to 6.5—7 by rinsing with tap water. DCF (1 mg/
L) was added in the presence of NaCl (0—100 mM). DCF
concentrations in supernatants were measured after 24 h and its
adsorption was calculated.

Diclofenac Humic Acid Interactions. HA solution was
filtered under vacuum through a prewashed membrane filter
(0.45 pm). Total organic carbon (TOC) was measured by
TOC analyzer and based on that HA concentration in solution
was calculated.>* DCF (100 mg/L) in the presence of HA (1—
20 mg/L) and CaCl, (10 mM) were added to QPVPcS
composites (0.63 mmol/g, 1.9 g/L). Suspensions were agitated
for 24 h and centrifuged (25000g for 15 min), DCF
concentration in supernatants was measured by HPLC and
DCEF adsorption was calculated.

Adsorption Isotherms of Diclofenac. QPVPcS composites
(0.63 mmol/g) were prepared as mentioned. DCF (1—200
mg/L) was added to centrifuge tubes with suspensions of the
composite or GAC (1.9 g/L) and agitated for 24 h (equilibrium
was reached). DCF concentrations in supernatants were
measured by HPLC and DCF adsorption isotherms were
constructed. The results were fitted to the Langmuir model
using numerical solutions.*

Kinetics of Diclofenac Adsorption. Freeze-dried QPVPcS
composites (0.63 mmol/g) and GAC were added to an agitated
DCEF solution (2 mg/L, 180 mL); final sorbents concentrations
were 0.55 g/L. The concentration of DCF in the suspension
was monitored with time (0—3 h). For each measurement 0.5
mL were removed from the suspension and analyzed by HPLC.

The kinetics of adsorption was analyzed as follows:>*

dCe
dt
R, is the molar concentration of sorbent surface sites. Kinetic
parameters C (M~ s7*), forward coefficient of adsorption, and

D (s7"), rate coefficient of desorption, satisfy the relation K=
C/D (R, and Kwere determined by the adsorption isotherm).

= —C x Ce(t) x R(t) + D(R, — R(t))

9282

R(t) denotes the molar concentration of unoccupied sites of the
sorbent at time (t). Ce is the contaminant molar concentration,
Ce(t) relates to the contaminant molar concentration at time
(t). This set of equations was solved by a Taylor series, as
described previously.*

Diclofenac and HA Filtration by Composite and GAC
Columns. Filtration of Diclofenac Microconcentrations.
Experiments were conducted as published previously.”” DCF
(1 mg/L in tap water at pH-7.4) filtration by columns of
QPVPcS and PVPcS composites (0.15 + 0.01 g/g) and GAC
was studied (4 replicates). The flow rate was 2 mL/min, 600
mL solution were filtered per column equivalent to 30 pore
volumes (PV). Columns were filled with 70 g sand mixed with
0.7 g QPVPCS or PVPcS composites (1:100 w/w) or with a
layer of 0.7 g of GAC.

The filtration (4L, 200 PV, 2.3 mL/min) of DCF (1 mg/L in
tap water, pH-7.4) in the presence of HA (S mg/L) by QPVP
and GAC columns was measured (two replicates). The
columns were prepared with a higher ratio of active sorbent
3.75 g composite or GAC/sand (~1:19 w/w). In both cases the
eluting solutions were collected with time and DCF
concentrations were determined by HPLC.

Filtration of Diclofenac Nanoconcentrations. DCF (10
ug/L) and HA (S mg/L) filtration (2L, 100 PV) by GAC and
QPVPcS composite columns was measured (two replicates).
The columns were prepared as described above with active
sorbent (composite or GAC) sand ratio of ~1:19w/w and a
flow rate of 1.05 mL/min. DCF concentrations were analyzed

by LS-MS/MS.

B RESULTS AND DISCUSSION

Adsorption of QPVPcS and HPVPcS to Montmorillon-
ite. The adsorption isotherms of HPVPcS and of QPVPcS to
MMT present similar trends and consist of three stages: linear
increase at low polymer concentrations, a plateau and increased
adsorption at high polymer concentrations (Supporting
Information Figure S2). The adsorption of HPVPcS, at all
added concentrations, was higher than the adsorption of
QPVPcS, reaching the cation exchange capacity (CEC) of the
clay at the plateau region. On the other hand, QPVPcS
adsorption reached the CEC only when very high concen-
trations of the polymer were added. The high adsorption of
HPVPcS to MMT can be attributed to the H-bonds formed
between HPVPcS and the clay and between the polymer
chains®*(not relevant in the case of QPVPcS). In addition, the
methyl group of QPVPcS may cause steric interference
explaining its lower adsorption on the clay. Despite the lower
adsorption of QPVPcS to the clay, zeta potentials of the
QPVPcS composites are higher than those of the HPVPcS
composites, +40 to +80 vs +30 to +40 mV, respectively,
advantageous for binding anionic pollutants. These values are in
agreement with the zeta potential of the polymers: +53 2 mV
for QPVPcS and+20 + 2 mV at pH 3.2 for HPVPcS, as pH
increases (above ~6.5) HPVPcS deprotonates and zeta
potential become neutral (results not shown). The positive
and neutral zeta potentials of QPVPcS and of HPVPCS (at
~pH 7), respectively, can explain the higher affinity of the
anionic DCF to QPVPcS composites. Since QPVPcS
composites were found more suitable for DCF removal they
were further characterized.

Characterization of QPVPcS-Clay Composites. En-
hanced adsorption at high polymer concentrations is usually
explained in terms of polymer reorganization on the clay from a
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Figure 1. QPVPcS LOW and HIGH composites characterization. (a) FTIR spectra (1800—1400 cm™"). (b) XRD Diffractograms. (c) Differential

thermogravimetric analysis profiles before and after washing with tap water.

train configuration into a more extended configuration of loops
and tails.’”*® To test whether QPVPcS loading on the clay
affects its configuration, two QPVPcS composites were further
characterized: a low loading composite (0.41 mmol/g)
(denoted LOW) and a composite with a higher loading (0.83
mmol/g) (denoted HIGH).

Monitoring the desorption of the counteranion of the
adsorbing polycation enables to estimate the degree of
polycation exchange. Ion exchange indicates direct contact
between the polycation with the clay surface. Complete
exchange indicates all polymer segments are “on” the clay in
a train configuration, while partial exchange indicates polymer
segments also extend into solution (with I7) in a loops
configuration. Therefore, upon polycation adsorption the
percent of I (the exchangeable anion of QPVPcS) was
measured.

For the LOW composite the iodide/carbon molar ratio was
0.036 while the ratio in the HIGH composite was significantly
higher reaching 0.074. The molar ratio iodide/carbon for the
QPVPcS in solution is 0.12 indicating that in the LOW and
HIGH composites ~30 and 62% of the anion sites are occupied
by iodide, respectively. The low percent of iodide in the LOW
composite indicates that the polycation adsorbed by ion
exchange (desorbing the iodide) adsorbing as trains. The
relatively high percent of iodine in the HIGH composite
indicates that the polycation adsorbed as trains and as well as
loops and tails, retaining the exchangeable anion.

The suggestion that the polymer adsorbs as trains and as
loops and tails in addition to trains in the LOW and HIGH
composites, respectively, was supported by FTIR measure-
ments of the composites (Figure 1a). Quarternization of PVPcS
by methylation of the pyridine was confirmed by the absence of
the characteristic pyridine vibrations at 1414 and 1596
em™%* in the QPVPcS sample and appearance of the three
characteristic peaks of pyridinium at 1519, 1575, 1643 cm™'.*!
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The shift from 1596 to 1643 cm™" is assigned to pyridinium™**
(1637 and 1643 cm™ for HPVPcS and QPVPcS respectively).
The intensities of the vibrations 1519 and 1575 ecm™" obtained
from the composites were in agreement with polymer loading.
Upon QPVPcS adsorption a red shift of the 1643 cm™
vibration to 1663 cm™" was measured which may be attributed
to the formation of electrostatic interactions between the
pyridinium and the negatively charged clay surface. A major
shift to 1663 cm™" was observed for the LOW composite while
both vibrations, 1643 and at 1663 cm™, were recorded for the
HIGH composite indicating that at high polymer loading a
fraction of the adsorbed QPVPcS does not interact directly with
the clay. This supports our suggestion that in the LOW
composite the polymer mainly adsorbs as trains whereas at high
polymer loadings a polymer configuration of loops and tails
occurs as well.

Furthermore, the HIGH composite reached a very positive
zeta potential of 80 mV which is in agreement with the high
QPVPcS loading exceeding the CEC of MMT. For the LOW
composite, although QPVPcS adsorption is below the CEC
zeta potential reached a positive value, 45 mV. We have
reported that positive values of zeta potential may be reached at
polycation loadings below the CEC due to screening of the clay
surface by the highly charged polycation.® In addition, at
polymer loadings below the CEC, polymer intercalation is
probably not complete, that is, internal exchangeable sites may
be unoccupied, but all external sites are associated with the
adsorbed polymer resulting in a positive zeta potential.

To test whether the polycation intercalates the clay platelets
X-ray diffractograms of the two composites and MMT before
and after heat treatment (360 °C) were obtained (Figure 1b
and Supporting Information Figure S3). The basal spacing of
MMT, with one water layer, is 1.24 nm. For the LOW
composite the spacing increased to 1.55 nm but for the HIGH
composite it only increased to 1.29 nm. Upon heating the
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spacing of MMT is 0.97 nm, whereas for both composites a
spacing of 1.34"' nm was reached indicating polymer
intercalation.

For the HIGH composite the peak is broad and non-
symmetric with a shoulder (1.5 nm) and partial exfoliation (at
low angles) is observed. Such a pattern is recorded for
composites with heterogeneous intercalation/exfoliation. The
decrease of the basal spacing with an increase in polymer
loading may be attributed to water exclusion upon high
polymer intercalation, suggesting that in the case of the LOW
composite both water and polymer are intercalated. A similar
effect of water inclusion/exclusion on the d-space of
composites has been described for methylene blue-clay
composites.** The d-space similarity upon heating can be
attributed to water exclusion for LOW composite and
reorganization in more extended configuration for the HIGH
composite. Serratosa™ reported that upon an increase in
pyridine monomer adsorption, a decrease in the basal spacing
was obtained due to a shift from perpendicular to parallel
orientation. Such a shift is less probable to occur for polymer
adsorption.

The suggestion that polymer intercalation in the HIGH
composite includes water exclusion is supported by derivative
thermogravimetric (DTG) measurements of MMT and of the
composites (Figure 1c). For MMT weight loss was obtained at
60 and 674 °C which is attributed to hygroscopic water and
dehydration of structural water, respectively.***” For the LOW
composite an additional weight loss at ~105 °C, attributed to
water, is recorded supporting the conclusion that water is
intercalated in the LOW composite.

QPVPcS polymer exhibited two discrete weight loss
temperatures at 268 and 310 °C (Supporting Information
Figure S4). For both composites weight loss of the polymer was
recorded at ~260 °C (similar to the nonadsorbed polymer) and
at higher temperatures of 380 and 600 °C. Thermal stability of
organic molecules upon adsorption to MMT, that is, shift of
polymer, surfactant and intercalated organic compounds onset
temperature to higher temperatures in the composite, has been
thoroughly reported and discussed.***

The extremely high shift to an onset of 600 °C could be
attributed to highly stable intercalated QPVPcS. The main
difference obtained from the DTG between the two composites
is that for the washed HIGH composite a decrease in the peak
at 260—280 °C was observed. Conceivably, a fraction of the
high loading is less thermo-stable, polymer was loosely
associated with the clay resulting in polymer desorption.

Finally, based on the zeta potential, TGA, XRD, FTIR, and
iodide/carbon measurements of the LOW and HIGH
composites, a nanostructure of polymer configuration on
MMT surface was suggested (Figure 2). In the LOW
composite, QPVPcS adsorbed to the external surface in a
train configuration and its intercalation was accompanied by
water. In contrast, for the HIGH composite polymer
intercalated without water, its adsorption at the clay surface
was as trains but also in a configuration of loops and tails and a
fraction of the adsorbed polymer was loosely associated with
the clay resulting in its desorption upon composite rinsing.
Indeed, the desorption increases with an increase in polymer
adsorption. At low polycation loadings, polymer desorption is
negligible. However, some desorption was obtained in the case
of the HIGH composite. Despite QPVPcS desorption DCF
removal was not compromised (see below).
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Figure 2. Schematic representation of QPVPcS composites con-
formation at low and high loading.

Diclofenac Adsorption to QPVPcS Composites. The
efficiency of DCF adsorption to QPVPcS composites increased
with polymer loading in the composite (Supporting Informa-
tion Figure SS). DCF adsorption reached a plateau with nearly
complete DCF adsorption at a polymer loading of 0.63 mmol/
g, similar to the HIGH composite. The interactions between
DCEF and the HIGH QPVPcS composite were further explored.

The interaction between DCF and the adsorbed QPVPcS
could be based on electrostaticc van der Waals, 7—7z and
hydrophobic interactions. To test the significance of electro-
static interactions the effect of ionic strength on DCF
adsorption to the QPVPcS composite was tested. Results
were compared to a composite that mainly forms electrostatic
interactions, PD-MMT, and to a composite for which
electrostatic interactions are minor, PVPcS-MMT (Figure 3).
Indeed the adsorption of DCF to the PD composite decreased
dramatically as the ionic strength increased due to screening of
the electrostatic interaction. On the other hand, DCF
interaction with the PVPcS composite were high and hardly
affected by the increase in the ionic strength, indicating that
noncoloumbic bonds, such as H-bonds, 7—z and hydrophobic
interactions, dominate DCF PVPcS interactions. The increase
in ionic strength slightly decreased DCF adsorption to the
QPVPcS composite but even at high ionic strengths the
adsorption remained high suggesting that not only electrostatic
interaction dominate the adsorption but also noncoloumbic
bonds. At a higher DCF/composites ratio (DCF 2 mg/L,
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Figure 4. Kinetics of DCF (2 mg/L) adsorption on QPVPcS
composite (0.63 mmol/g) and GAC (0.55 g/L).

composites 0.55 g/L, 0.15 g/g) (not shown), DCF adsorption
to a QPVPcS composite was 3-fold higher than to a PVPcS
composite. Hence, we can conclude that electrostatic
interactions along with more specific ones promote DCF
removal by QPVPcS composites.

To determine the capacity of the QPVPcS composite and of
GAC to adsorb DCF, adsorption isotherms were constructed
and Langmuir coefficients were calculated (Supporting
Information Figure S6 and Table 1). The adsorption capacities
(Qmax coefficient) and the binding coefficients (K) to the
composite and to GAC were in the same order of magnitude.
The adsorption capacity to the QPVPcS composite was
somewhat higher than to GAC, whereas the binding coefhicient
was slightly higher to GAC than to the composite. The
adsorption capacity of the QPVPcS composite is higher or
similar to other sorbents such as Cetylpyridinium-zeolite®® and
CNts/alumina®" or hybrid poloxamer-MMT?>? respectively. Nir
et al. (2014) studied the adsorption of DCF to ODTMA—
MMT composites and reported a high capacity but the binding
affinity coefficient (K) was lower than reported for the QPVPcS
composite. However, the main advantage of the QPVPcS
composite is not only its high capacity and binding affinity but
rather the high removal of DCF in the presence of humic
substances (see below).

Although the equilibrium isotherms were similar for QPVPcS
composite and GAC, the adsorption rate of DCF to the
composite was significantly faster (Figure 4). While DCF
removal by GAC was reached only 53% after 3 h, the removal
by the composite was complete within 45 min.

The binding affinity coefficient (K) can be described by the
adsorption (C) and desorption (D) coefficients, K = C/D
which can be calculated from the kinetic time dependent
Langmuir equation. By relating this equation to the kinetic
results, C and D can be quantitatively determined (Table 1).

The kinetic adsorption coefficient (C) of DCF to QPVPcS
composite is a magnitude higher than to GAC. On the other

hand, the release coefficient (D) of DCF from GAC is
significantly lower. The kinetic adsorption coefficient is a
dominant parameter in the first stages of filtration. Since Q,,,,
values of the sorbents are similar and the adsorption of DCF to
the composite is faster than to GAC eflicient removal of DCF
by filtration with composite columns is expected.

Diclofenac Filtration by Composite and GAC Col-
umns. Diclofenac Removal by Filtration with QPVPcS and
PVPcS Composites and GAC Columns. The removal of DCF
(1 mg/L, pH 7.4) by filtration with GAC, QPVPcS, and PVPcS
composite columns was tested (Supporting Information Figure
S7). DCF removal by the PVPcS composite column was not
efficient due to deprotonation of the composite at the pH of
tap water. The GAC column showed relatively low affinity to
DCF (55%), but removal stayed constant throughout the
experiment. On the other hand, DCF removal by the QPVPcS
composite column was complete for up to 10 pore volumes
followed by a linear decrease. These trends correlate to the
values calculated for the adsorption (C) and desorption (D)
coefficients, that is, high and low for the composite and GAC,
respectively.

DCEF filtration (1 mg/L, pH 7.4) by composite columns was
higher than by GAC columns (for the first 40 PV) and not
reduced in the presence of HA (S mg/L), whereas its filtration
by GAC was significantly compromised in the presence of HA
(reduced to 76% from 93%) (Figure Sa and b). High efficiency
of DCF removal by columns of QPVPcS composite was
demonstrated despite desorption of QPVPcS from the column
(desorption was completed after 15 PV). Further studies
addressing the stability of QPVPcS-clay composites may
include, exploring the effect of decreasing QPVPcS charge
density (less methylation) or increasing the preparation
solution ionic strength, which should both increase composite
stability.

The reduction in micropollutant removal by GAC in the
presence of DOM has been explained in terms of pore

Table 1. Coefficients for Equilibrium (Q,,,,, K) and for Kinetic (C-Adsorption, D-Desorption) Isotherm for QPVPcS Composite

and GAC
Qunax (mol/g) K (L/mol)
GAC 28 x 1074 3.8 x 10*
QPVPcS composite 34 x 107* 2.6 x 10*

C (L/min-mol) D (1/min) R?
11 28 x 107* 9.5 x 107!
2.5 X 10? 9.4 x 1073 93 x 107"
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clogging®™ which is not a limitation in the case of the
composite. Indeed, not only in filtration, but also in suspension,
the presence of HA (1—20 mg/L) did not affect the removal of
DCF (100 mg/L) by the QPVPcS composite (1.9 g/L) which
reached 33 + 2 mg/g in all cases (results not shown). The
adsorption of HA and DCF on composite surfaces can be
affected in three main mechanisms: 1. Co-adsorption. 2.
Competition. 3. Independently. Since DCF and HA are both
anionic (at natural pHs) strong interactions between the two
are not expected, excluding coadsorption. Both filtration and
batch results suggest that HA and DCF do not compete on the
same adsorption sites on the composite,that is, the adsorption
may be independently. More research must be conducted in
order to establish a complete understanding.

DCF filtration at nanoconcentration (10 pg/L) in the
presence of HA (5 mg/L) by GAC and QPVPcS composites
was measured (Table 2). Throughout the experiment (~100

Table 2. DCF (10 pg/L) Removal in the Presence of HA (§
mg/L) by Columns of QPVPcS Composites (0.63 mmol/g)
and GAC Mixed with Sand (1/19), Flow Rate 1.05 + 0.1
mL/min

C/C,
pore volumes QPVPcS composite GAC
18 5.0 % 1073 6.0 x 1073
26 40 x 1073 8.0 x 1073
33 5.0 % 1073 11 x 1073
40 5.0 % 1073 13 x 1073
48 5.0 % 1073 16 x 1073
73 12 x 1073 35 %1073
103 26 X 1073 43 x 1073

pore volumes) the removal of DCF by the composite columns
was higher than by the GAC columns. At the end of the
experiment DCF concentration eluting from the GAC column
was 2-fold higher than the concentration eluting from the
composite columns emphasizing the advantage of the
composite as a sorbent. A better understanding of the
DOM-—composite interactions may explain the high adsorption
of DCF by the composite even in the presence of high DOM
concentrations.
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The removal of DCF by the QPVPcS composite was
advantageous since it was efficient and not reduced at high
ionic strength or in the presence of HA (common in surface-
and wastewater). In contrast, the performance of most
commercial sorbets, such as GAC, is compromised under
such conditions. In addition, DCF removal by QPVPcS
composite was faster than by GAC which is crucial in upscale
filtration. Further studies may address the suitability of the
composite to remove additional acidic micropollutants and the
regeneration of the composite filters.
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