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A B S T R A C T   

Despite the advantages of maximizing treated wastewater (TWW) reuse, this practice brought upon the presence 
of micropollutants in edible plants, animals, and even humans, since many micropollutants are not completely 
removed by conventional treatment plants. Clay polymer nanocomposites (CPNs) have been proposed and 
widely studied in recent years as a promising sorbent for micropollutant removal. However, most of these studies 
report the development of a single CPN for the removal of specific micropollutants in batch experiments, usually 
from synthetic water, and do not compare to the removal by commercial sorbents. Here, we thoroughly inves
tigated the adsorption mechanism of three chemically-diverse micropollutants; cationic, anionic, and non-ionic 
(metoprolol, diclofenac, and lamotrigine, respectively) from TWW by a CPN with a ‘loopy’ polymer configura
tion. The results suggest that both cation and anion exchange sites coexist on the CPN, and therefore anionic and 
cationic micropollutants adsorb simultaneously, and they do not compromise the adsorption of each other. The 
adsorption of the non-ionic micropollutant enhanced in the presence of the charged micropollutants due to a 
synergistic effect. These adsorption trends were also obtained for micropollutant filtration by CPN columns. 
Finally, we demonstrated the simultaneous filtration of effluent organic matter and an array of micropollutants 
from TWW by the CPN columns and compared it to the filtration by granular activated carbon (GAC). A cost- 
effective comparison indicates that the filtration by the CPN column is more efficient (ng pollutants/ sorbent 
cost) than by the GAC column.   

1. Introduction 

The reuse of treated wastewater (TWW) for agricultural irrigation, 
industrial processes and, even for human drinking dramatically 
increased over the past decades due to technological improvements 
(Gadipelly et al., 2014; Kosek et al., 2020; Meneses et al., 2010) and 
reduced treatment costs (Gupta et al., 2012; Muga and Mihelcic, 2008). 
Yet, most treatment plants fail to totally remove micropollutants and 
effluent organic matter (EfOM) from TWW, which may pose health is
sues. For example, the uptake of micropollutants such as pharmaceuti
cals by plants irrigated with TWW has been documented (Shenker et al., 
2011; Eggen and Lillo, 2012; Wu et al., 2013; Gorovits et al., 2020). 
Although the concentrations of these contaminants are typically low 
(<1 μg/L), they may pose risks, especially if bioconcentrated by crops 
(Chefetz et al., 2008; Oulton et al., 2010; Siemens et al., 2008). A recent 
report demonstrated the association between elevated urine carbamaz
epine concentrations and consumption of daily recommended quantities 
of vegetables irrigated with TWW within adult and children populations 

(Schapira et al., 2020). Uncertainties about the risks associated with 
chronic exposure to chemicals in TWW and their possible additive or 
synergistic mixture effects raise serious concerns about water reuse. 
Consequently, a few countries, mainly Switzerland and Germany, began 
monitoring and regulating the concentrations of several micropollutants 
in their water sources and are currently considering technologies for 
micropollutant reduction (Kosek et al., 2020; Miarov et al., 2020). 
Conventional techniques include oxidation, advanced oxidation, nano
filtration, reverse osmosis, membrane bioreactor, and adsorption by 
sorbents (Couto et al., 2019; Khanzada et al., 2020; Schaar et al., 2010; 
Shin et al., 2021; Van Der Bruggen and Vandecasteele, 2003). One of the 
most common sorbents applied in filtration columns for the removal of 
organic micropollutants is granular activated carbon (GAC) (Benstoem 
et al., 2017). The extensive use of GAC is attributed to its high adsorp
tion capacity, ability to adsorb a broad range of micropollutants with 
great efficacy due to its diverse pores size (Dąbrowski et al., 2005; Gur- 
Reznik et al., 2008; Moreno-Castilla, 2004; Namasivayam and Kavitha, 
2002). Nevertheless, micropollutant adsorption efficiency is 
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dramatically compromised in the presence of EfOM associated with pore 
blockage (Aschermann et al., 2019; Newcombe et al., 1997; Zietzsch
mann et al., 2014). The removal of EfOM itself by GAC has many 
drawbacks, mainly a rapid decrease in sorbent efficiency (Benstoem 
et al., 2017; Chowdhury et al., 2013), requiring frequent expensive 
regeneration (Lambert et al., 2002; Sebastiani et al., 1994). 

Clay polymer nanocomposites (CPNs) have been proposed and 
widely studied in recent years as an excellent alternative sorbent for 
micropollutant removal (Kohay et al., 2015; Levy et al., 2019; Medhat 
Bojnourd and Pakizeh, 2018; Mohd Amin et al., 2016; Shabtai et al., 
2021; Unuabonah and Taubert, 2014). Few studies investigate the 
removal of an array of micropollutants by CPNs (Ray et al., 2019; 
Shabtai and Mishael, 2018) but usually they do not address the diverse 
driving adsorption mechanisms (Lozano-Morales et al., 2018; Mohd 
Amin et al., 2016) .A recent review suggests that more studies should 
rigorously evaluate novel CPNs for the removal of emerging pollutants 
at environmentally relevant concentrations and in realistic operational 
conditions (Shabtai et al., 2021). Indeed, most studies on CPNs report 
the development of a single CPN for the removal of specific micro
pollutants in batch experiments, usually from synthetic water (which do 
not include EfOM), and do not compare to the removal by commercial 
sorbents (Khodakarami and Bagheri, 2021; Shabtai et al., 2021). 

Recently we reported the development of a novel CPN based on poly- 
4-vinylpyridine (PVP), 50% substituted with ethanol (OH50PVP), and 
its high affinity and rapid removal towards an anionic micropollutant 
(gemfibrozil) from TWW. The high affinity of gemfibrozil was explained 
in terms of more accessible adsorption sites on the polycation, due to its 
‘loops & tails’ configuration (Levy et al., 2019). In the current study, we 
thoroughly investigated the adsorption mechanism of three chemically- 
diverse micropollutants, positively charged, negatively charged, and 
neutral from TWW, and identified different adsorption sites on the 
OH50PVP-CPN. Furthermore, we studied the simultaneous filtration of 
EfOM and an array of micropollutants from TWW by the CPN and GAC 
columns. 

2. Materials and methods 

2.1. Materials 

Wyoming Na-montmorillonite SWy-2 (MMT) was obtained from the 
Source Clays Repository of the Clay Mineral Society (Columbia, MO). 
The cation exchange capacity (CEC) and nitrogen adsorption surface 
area of MMT are 76.4 cmol/kg and 31.82 m2/g, respectively (Olphena 
and Fripiat, 2009). Poly-4-vinylpyridine (PVP, Mw-6000 Da), diclofenac 
sodium salt (pKa 4.15), metoprolol tartrate (pKa 9.67), (all >97% pu
rity) 2-bromoethanol, ethanol, and all other reagents were purchased 
from Sigma Aldrich. Lamotrigine (pKa 5.71) (>99%) was purchased 
from EnzoBiochem Inc. (New York). Granular activated carbon (GAC) 
Hydraffin CC 8 × 30 (Donau Carbon) was obtained from Benchmark 
Technologies with a granulation (mesh) and total BET specific surface 
area of 0.6–2.36 mm and 1150 m2/g, respectively. Treated wastewater 
post-ultra-filtration was sampled from the wastewater treatment plant in 
Nir Etzion, Israel (Table S1). 

2.2. Methods 

2.2.1. CPN preparation 
Poly-4-vinylpyridine (PVP) was 50% (randomly) substituted with 

bromo-ethanol to synthesize OH50PVP, and this polymer was adsorbed 
to the MMT for composite fabrication according to our previous study 
(Levy et al., 2019). Briefly, MMT clay suspension (4.2 g/L, in 2 L) was 
added to OH50PVP solution (0.55 g/L, in 3 L), reaching a final con
centration of 1.67 g clay/L and 0.33 g polymer/L. The clay-polycation 
suspension was stirred with a magnetic stirrer for 24 h and filtered 
through paper (15 μm) using a Büchner funnel. The absorbance of the 
polycation in the supernatants was measured using UV − Vis 

spectrophotometry (Thermo Scientific, Evolution 300, Waltham, MA) at 
a wavelength of 230 nm. A standard calibration curve was fitted, and the 
amount of polycation adsorbed was calculated accordingly. 

2.2.2. CPN drying methods characterization 
To test the effect of drying methods on the CPN properties, the 

filtered CPN was freeze-dried using a lyophilizer or dried in a 105 ◦C 
oven for 24 h. The dried composites were sieved to particle sizes in the 
ranges of 50-140 μm, 250-500 μm, and 1-2 mm. 

The specific surface area (SSA) and pore volume (PV) of lyophilizer 
dried CPN (LD-CPN), and oven-dried CPN (OD-CPN) were measured by 
using the Brunauer–Emmett–Teller (BET) method (E20, P/N 05069 Rev. 
W, Quantachrome Instruments). The adsorbed gas was nitrogen (N2). 
The samples were degassed for two and a half hours under vacuum, in 
the temperature range between 40 ◦C and 120 ◦C, where every half hour 
the temperature increased by 20 ◦C. The basal (d001-value) spacings of 
oriented OD-CPN, LD-CPN, and MMT were measured by X-ray diffrac
tion (XRD). On a round glass slide, 1–2 mL of the suspension was placed 
and left to sediment (oriented sample) overnight. The basal spacing was 
measured using an X-ray diffractometer (Philips PW1830/3710/3020) 
with Cu KR radiation, λ = 1.526 Å. OD-CPN and LD-CPN microphoto
graphs were recorded using a field emission scanning electron micro
scope (SEM) (JSM-7800F, JEOL, Japan) equipped with a secondary 
electron detector with an accelerating voltage of 3 keV. 

2.2.3. Micropollutants and EfOM analysis 
Spiked micropollutants, diclofenac (DCF), lamotrigine (LTG), and 

metoprolol (MET), were analyzed by HPLC (Agilent Technologies 1200 
series) equipped with a diode-array detector (Table 2). HPLC column 
was Ascentis Express C18 for DCF and LTG, and XBridge Phenyl 3.5 μm 
for MET. The flow rate was 0.7 mL/min for LTG, 0.5 mL/min for DCF 
and 0.8 mL/min for MET. Measurements were carried out isocratically. 
DCF, LTG, and MET were detected at 275, 220, and 273 nm with a Limit 
of quantification (mg/L) of 0.05,0.05 and 1, respectively. The mobile 
phases were acetonitrile/acidic DDW (0.1% formic acid) 60/40, Phos
phate buffer (pH 8, 0.025 M): ACN:MeOH = 57/18/25 and acetonitrile/ 
acidic DDW (0.1% formic acid) 70/30 for DCF, LTG and MET, 
respectively. 

Abundant of micropollutants in TWW solutions were analyzed by LC- 
MS, Agilent 1200 Rapid Resolution LC system (Agilent Technologies 
Inc., Santa Clara, CA) equipped with a Gemini C-18 column (150 × 2 
mm, 3-μm particle size; Phenomenex, Torrance, CA, USA), coupled to an 
Agilent 6410 triple quadrupole mass spectrometer with an ESI ion 
source (Agilent). A binary gradient of 1.5% acetic acid in deionized 
water and 0.05% acetic acid in acetonitrile was used to separate the PCs. 

EfOM was filtered through PTFE syringe filter (AXIVA) 0.45 μm pore 
size prior to measurement. UV–vis absorbance at a wavelength of 254 
nm was measured with a spectrophotometer (Thermo Scientific, Evo
lution 300, Waltham, MA). Dissolved organic carbon (DOC) was deter
mined using a VCSH total organic carbon analyzer (Shimadzu, Japan; 
detection limit was 0.5 mg C L− 1). In order to obtain specific ultraviolet 
absorption (SUVA), UV absorbance at 254 nm was divided by DOC 
concentration. 

2.2.4. Micropollutant and EfOM adsorption at equilibrium 
The effect of drying method on the adsorption was conducted by 

preparing stock solutions of TWW spiked with MET (200 mg/L), DCF, 
and LTG (1 mg/L each). These solutions and unspiked TWW (9.4 mg 
DOC/L) were added to Eppendorf tubes containing different particle 
sizes of OD-CPN or LD-CPN (1.92–3.84 g/L). The CPNs were resus
pended, and the tubes were agitated for 24 h (reaching equilibrium). 
Supernatants were separated by centrifugation (10,000 RPM for 20 
min), filtered with PTFE syringe filter (AXIVA) 0.45 μm pore size, and 
measured by HPLC and spectrophotometer. Tests indicated that there 
was no sorption by the filter. The experiments were performed in trip
licate, and samples were kept in darkness to avoid photodegradation. 
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The adsorption isotherms experiments were performed by adding 
MET (25–700 mg/L), LTG (0.4–20 mg/L), and DCF (0.5–30 mg/L) to 
Eppendorf tubes containing medium size particles of LD-CPNs (1.9 g/L, 
7.68 g/L, and 0.95 g/L, respectively) or MMT (1.7 g/L, 6.68 g/L, and, 
0.84 g/L respectively). The adsorption experiment procedures and 
measurements were performed as described above. Using nonlinear 
regression with GraphPad Prism 5, the results were tested to fit the 
Langmuir and the Freundlich models. Langmuir: qe=QmaxK Ce

1+K Ce
, where qe is 

the concentration of contaminant added in equilibrium (mg/g), Ce is the 
concentration of the contaminant at equilibrium in the solution (mmol/ 
L), Qmax is the maximum adsorbent surface sites (mmol/g). 

Freundlich: K is Langmuir constant (L/mmol), kf is Freundlich con
stant, and n is a correction factor. qe = kfCe

1/n. 
To study the effect of competition, two micropollutants were added 

at equal concentrations (2 mg/L) to the same solution, i.e., three com
binations were tesetd (MET+LTG, DCF + MET, LTG + DCF). The solu
tions were added to Eppendorf tubes containing OH50PVP CPN (1.92 g/ 
L), and the adsorption experiment procedures and measurements were 
performed as described above. 

2.2.5. Micropollutant and EfOM Filtration 
All filtration experiments were conducted in duplicates with glass 

columns (20 cm length, 1 cm diameter, 5 mL pore volume), containing 1 
g of sorbent (OH50PVP CPN or GAC) mixed with 20 g of quartz sand 
(0.8–1.5 mm). Columns washed first with 500 mL DW to thrust any 
possible dirtiness. Three separate stock solutions of TWW spiked with 
MET (5 mg/L) LTG (1 mg/L) and DCF (1 mg/L), prepared and pumped 

through the columns at a flow rate of 1.5 mL/min. Samples were filtered 
with PTFE syringe filter (AXIVA) 0.45 μm pore size prior to HPLC 
analysis. 

In addition, simultaneous filtration of TWW spiked with the three 
micropollutants, MET (5 mg/L) LTG (1 mg/L) and DCF (1 mg/L), pre
pared and pumped through the columns at a flow rate of 1.5 mL/min. 
The effluent of the columns was collected with time, and the concen
trations of the micropollutant and of the EfOM were measured as 
described above. 

3. Results and discussion 

3.1. Effect of CPN drying mode on its physical properties 

CPN drying mode, oven vs. lyophilizer, must have an immense effect 
on CPN physical properties, including pore size distribution. While the 
effect of GAC pore size on the adsorption capacity and kinetic of mole
cules as a function of their molecular weight has been reported (Kilduff 
et al., 1996; Piai et al., 2019; Schreiber et al., 2005; Valderrama et al., 
2008), the effect of CPN pore size on adsorption is rarely addressed 
(Zusman et al., 2020). EfOM and micropollutants have a broad range of 
molecular weights, therefore we characterized oven-dried CPN (OD- 
CPN) and lyophilizer-dried CPN (LD-CPN) employing BET (total pore 
volume mm3/g), SEM (micro-pores), and XRD (nano-pores) (Fig. 1). 

The surface area of LD-CPN, at different particle sizes, small (50-140 
μm), medium (250-500 μm), and large (1-2 mm), was higher than the 
OD-CPN with the same particle size, by 130%, 320%, and 480%, 

Fig. 1. Characterization of OD-CPN and LD-CPN. (A) BET [surface area ± 0.15 m2/g, pore volume ± 0.02 cm3/g], (B) X-Ray diffraction, and (C, D) SEM images of 
LD-CPN and OD-CPN, respectively. 
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respectively. The average pore volume of LD-CPN is one order of 
magnitude higher than that of OD-CPN (Fig. 1A). The higher surface 
area and pore volume of LD-CPN and OD-CPN can be explained by the 
water exclusion mechanism during the drying process. In oven drying, 
water molecules are removed by evaporation which creates high pres
sure on the pores and results in pore collapse. In contrast, the freezing 
drying process is based on the sublimation of water molecules, which 
induces small pressure on the pores, and therefore they remain intact 
(Thompson et al., 1985). 

These different water exclusion mechanisms, may also explain why 
particle size had a minor effect on the surface area for the LD-CPNs, 
while for the OD-CPNs, an increase in surface area was obtained as 
particle size decreases. The smaller OD-CPN particles have a surface area 
of nearly 3-fold higher than the surface area of the large particle, 26.7 
and 9.2 m2/g, respectively. Such a trend is expected when the external 
surface area is dominant, however, if the degree of the internal surface 
area is high, the effect of particle size on the surface area would not be 
pronounced, as observed in the case of the LD-CPNs. 

At a lower scale (micron), we can also identify that the LD-CPNs have 
a more porous structure than the OD-CPNs based on SEM images 
(Fig. 2C-D). The differences between LD-CPN and OD-CPN were not only 
observed at the micron scale but also at the platelet-platelet scale (nm) 
(Fig. 1B). A basal spacing of 12.2 Å was obtained for MMT by XRD 
measurements. In the OD-CPN diffractogram, one peak was observed at 
14.6 Å, while in the LD-CPN diffractogram, two broad peaks were 
observed at the range of 12.5–14.6 Å and 19–24 Å. The basal spacings of 

14.6 Å and 12–14.6 Å, for OD-CPN and LD-CPN, respectively, can be 
related to polymer intercalation in a ‘train’ configuration (ref.) whereas 
the 19–24 Å basal spacing, found only in LD-CPN, can be related to 
polymer intercalation in a more extended configuration such as ‘loops & 
tails’ as we have previously reported (Levy et al., 2019). Additional 
studies have also suggested that CPN diffractions at low angles can be 
attributed to a polymer configuration of ‘loops & tails’ (Churchman, 
2002; Radian and Mishael, 2008). In the OD-CPN diffractogram, this 
peak at low angles does not appear, perhaps water evaporation during 
the oven drying brings upon pore and polymer structural collapse. 

3.2. The effect of CPN drying mode on DCF, LTG, and MET removal 

In order to test the effect of CPN pore size on the adsorption effi
ciency, DCF, LTG, and MET, with molecular weights of 250–300 g/mol 
and EfOM, a group of molecules with an extremely broad range of mo
lecular weights (Nam and Amy, 2008; Shon et al., 2006; Yu et al., 2012), 
were adsorbed to OD-CPN and LD-CPN with increasing particle size 
(Fig. 2). 

The removal by LD-CPNs was dramatically higher than the removal 
by OD-CPNs. For EfOM the removal was three times higher by the small 
LD-CPNs particles and one order of magnitude higher by the large par
ticles. The adsorption of DCF, LTG and, MET by LD-CPNs was also 
significantly higher than OD-CPN, for example, the removal by medium- 
size particle LD-CPN was 2, 1.8 and, 1.5 times higher, respectively. For 
the OD-CPNs, micropollutant removal increased as particle size 

Fig. 2. Removal of (A) DCF (1 mg/L), (B) MET (200 mg/L), (C) LTG (1 mg/L), and (D) EfOM (9 mg/L) from TWW, by lyophilized and oven dried CPNs with particle 
sizes of small (50–140 μm), medium (250–500 μm), and large (1000–2000 μm). 
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decreased, while, for the LD-CPNs, the removal was not affected by 
particle size, correlating with particle surface area trends. Specifically, 
no differences in removal were obtained for LTG, even for the OD-CPNs, 
due to its extremely low removal. 

LTG (1 mg/L), a non-ionic micropollutant, removal was also 
extremely low by the LD-CPNs (~20%), while the cationic MET removal 
was high (~80%) despite its relatively high initial concentration (200 
mg/L), and the removal of the anionic micropollutant, DCF (1 mg/L), 
also reached ~80% removal. To further explore these trends, adsorption 
isotherms of the three micropollutants to unmodified MMT and to the 
LD-CPN (medium size particles), were obtained (Fig. 3A-C), and 
adsorption coefficients were extracted (Fig. 3D). 

3.3. DCF, LTG and MET adsorption to CPN and MMT 

The adsorption isotherms of MET and DCF well fit the Langmuir 
model while LTG isotherms well fit to the Freundlich model (Fig. 3D). 
The adsorption of the micropollutants to the unmodified-MMT was as 
expected, i.e., negligible for DCF and LTG due to chemical repulsion and 
weak attraction, respectively, and very high for MET due to strong 
electrostatic attraction. The adsorption of MET to the OH50PVP CPN 
was an order of magnitude higher than DCF and two orders of magni
tude than LTG (Fig. 3A-C). 

For LTG, the Freundlich 1/n coefficient was nearly one, a linear 
equation, suggesting a partition mechanism generally attributed to the 
attraction between relatively non-polar molecules to non-specific bind
ing sites, particularly by van-der Walls bonds. Supporting this result, we 
performed an additional adsorption test, in which LTG concentration 
was constant (2 mg/L) while increasing the OH50PVP CPN concentra
tion (1.9–15.2 g/L) and the trend remained linear (Fig. S1). 

The higher adsorption of DCF to the OH50PVP CPN (Qmax = 0.04 
mmol/g), in comparison to the unmodified-MMT, was attributed to the 
electrostatic attraction between the anionic DCF and the positively 
charged composite (Levy et al., 2019). DCF affinity constant (K) to the 
OH50PVP CPN was high 23.4 L/mmol, compared to the negligible af
finity to unmodified-MMT, indicating DCF adsorption to the OH50PVP 

CPN was to the polymer component. Identical DCF adsorption co
efficients to a CPN with a similar polymer were obtained (Kohay et al., 
2015). Accordingly, the affinity of the cationic MET to the OH50PVP 
CPN is relatively low (10 L/mmol) due to electrostatic repulsion. 

MET adsorption capacity to the unmodified-MMT reached 80% of 
the clay’s CEC (0.6 of 0.76 mmol/g). Despite the positive zeta potential 
of the OH50PVP CPN (+50 mV) MET adsorption capacity was high (0.3 
mmol/g), indicating that at least 0.3 mmol/g are not occupied by the 
polycation. Although the polycation loading in the CPN is extremely 
high (1.33 mmol/g) (Levy et al., 2019), a maximum of 0.44 mmol sites/g 
are occupied by the polycation. This observation further supports our 
previous conclusion that OH50PVP adsorbs on MMT in a ‘loopy’ 
configuration (Levy et al., 2019). MET adsorption capacity to the 
OH50PVP CPN was higher than the adsorption capacity of the anionic 
DCF to the OH50PVP CPN (0.04 mmol/g), suggesting that both cation 
and anion exchange sites coexist on the OH50PVP CPN with a magni
tude higher amount of cation exchange capacity sites (due to MMT 
sites). 

MET adsorption to the OH50PVP CPN was very high, 0.3 mmol/g, 
suggesting its intercalation between the clay platelets. To verify MET 
intercalation, XRD measurements of unmodified-MMT, OH50PVP CPN, 
MET adsorbed on unmodified-MMT, and MET adsorbed on OH50PVP 
CPN, were performed (Fig. 3E). MET adsorption to the clay (0.6 mmol/ 
g) increased the basal spacing from 12.2 Å (one layer of water) to 14.8 Å, 
indicating MET adsorbed between the platelets. The OH50PVP CPN has 
two peaks, at 12.5–14.6 Å and 19–24 Å, attributed to polycation inter
calation as train and as loops & tails, respectively (Fig. 1B). Upon MET 
adsorption to the OH50PVP CPN, the 19–24 Å peak appears, the peak at 
12.5–14.6 Å does not appear, but an additional peak appears at 14.8 Å as 
obtained for the MET-MMT complex. To explain this phenomenon, we 
hypothesize that upon the adsorption of 40% of the CEC by the cationic 
MET (adsorption coefficient 10.01 L/mmol) it may thrust the polycation 
adsorbed as trains (adsorption coefficient of 9 L/mmol (Levy et al., 
2019)) but less likely thrusts the polycation adsorbed as loops & tails 
(adsorption coefficient 24 L/mmol (Levy et al., 2019)). Micropollutants 
may intercalate between CPN platelets without thrusting the polycation 

Fig. 3. Adsorption isotherms of (A) DCF (0.25–30 mg/L) (B) LTG (0.4–20 mg/L) and (C) MET (25–700 mg/L) to unmodified MMT (0.8–1.7 g/L) and OH50PVP CPN 
(1–2 g/L), (D) Adsorption coefficients, (E) MMT and OH50PVP CPN XRD diffractogram prior and upon MET adsorption. 
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as reported for DCF, which adsorbed to the intercalated quarternized 
poly vinyl- pyridinium-co-styrene (QPVPcS) (very similar chemical 
structure to OHPVP) (Kohay et al., 2019). 

3.4. DCF, LTG, and MET simultaneous adsorption by CPN – batch 
experiments 

To conclude, based on the adsorption isotherms, we suggest that 
MET and DCF adsorb with relatively high affinity to the unmodified 
MMT surface and to the OH50PVP CPN, respectively, due to electro
static interactions. LTG adsorption is negligible to the unmodified MMT 
and has low affinity and capacity to the OH50PVP CPN. To reinforce 
these conclusions that molecules with different chemical properties 
adsorb to different sites, MET, DCF, and LTG adsorption in competition 
was conducted, i.e., simultaneous adsorption of two molecules 
(Table 1). The removal of MET was not compromised in the presence of 
DCF or LTG, however, the removal of DCF and LTG was affected by 
competition. MET has a high affinity to the CEC sites of the clay, which 
are not relevant for DCF and LTG, and therefore its removal was not 
compromised. DCF adsorbs with high affinity to the polycation 
component therefore, we hypothesized that the presence of LTG (low 
affinity to the polycation) or MET (does not adsorb to the polycation) 
would not affect its removal. Indeed, LTG had a slight effect on DCF 
removal, however, DCF removal significantly enhanced in the presence 
of MET. MET screens the local negative surface charge of MMT and may 
even bring upon a local positive charge, which obviously enhances DCF 
removal. 

Surprisingly, compared to the low removal without competition 
(10%), LTG removal increased moderately in the presence of MET (36%) 
and dramatically in the presence of DCF (85%). The results can be 
explained by a synergistic adsorption mechanism. Adsorption of posi
tively charged molecules to the negative clay surface, or alternatively, 
adsorption of negatively charged molecules to the positive polycation, 
screens the local charges and therefore enhances the adsorption of 
lipophilic molecules, such as LTG, to the polymer and the MMT through 
hydrophobic interaction. 

3.5. DCF, LTG, and MET simultaneous adsorption by CPN and GAC – 
filtration experiments 

The adsorption capacities and affinities of MET, DCF, and LTG to the 
OH50PVP CPN were determined, and various adsorption mechanisms 
were suggested based on equilibrium experiments. To further test the 
suggested mechanisms, we examined the effect of separate and simul
taneous filtration of the three micropollutants spiked to TWW by an 
OH50PVP CPN and GAC columns (Fig. 4). 

The filtration efficiency of the micropollutants by the OH50PVP CPN 
columns correlated with the trends observed from the adsorption iso
therms. The removal of MET by filtration with the OH50PVP CPN col
umn was complete throughout the entire experiment, while the removal 
by the GAC column decreased from 95 to 86%. The filtration of MET by 
the OH50PVP CPN column was not compromised in the presence of DCF 
and LTG (Fig. 4C). The removal of DCF by the OH50PVP CPN column 

was complete throughout the first 20 PV and decreased to 50% at the 
end of the experiment (110 PV), whereas the removal by the GAC col
umn decreased to 55% after 60 PV. Similar to the equilibrium study, the 
removal of DCF slightly improved in the presence of LTG and MET 
(Fig. 4A). As mentioned above, we suggested (based on the equilibrium 
studies) that the LTG adsorption is mainly via hydrophobic interactions. 
Indeed its filtration by GAC, a well-known hydrophobic sorbent, is 
extremely high. The filtration of LTG by the OH50PVP CPN column was 
extremely enhanced in the presence of MET and DCF (Fig. 4B), rein
forcing the suggested synergistic effect obtained from the equilibrium 
studies. 

3.6. Multimicropollutant filtration from TWW 

Finally, the efficiency of treating TWW by OH50PVP CPN columns 
was demonstrated by studying the simultaneous filtration of several 
abundant micropollutants and EfOM and comparing it to the filtration 
by GAC columns (Fig. 5-6). 

The micropollutant concentrations ranged from 12 ng/l (Bezafi
brate) to 1475 ng/l (Carbamazepine), while EfOM concentration was 
four orders of magnitude higher, 9 g/l. 

Micropollutant removal by filtration within 30 min (Fig. 5A) and 90 
min (Fig. S2) by the OH50PVP CPN and GAC columns was high by at 
least one sorbent for most pollutants. LTG, DCF, and MET were adsorbed 
by the OH50PVP CPN with 30, 90, and 100% removal, respectively, 
roughly following the trends obtained in this study. 

From an economic and applicable point of view, the removal of 
micropollutants per sorbent price (ng pollutants/ sorbents price) in
dicates the productivity of the sorbents (Fig. 5B). The average price of 
GAC is ~0.56 cent/g (Alhashimi and Aktas, 2017; Paredes et al., 2018), 
while the composite unit price is ~0.115 cent/g (table S2). The filtration 
of all micropollutants by the OH50PVP CPN column (ng pollutants/ cent 
sorbent) was much higher than by the GAC column. The total removal 
by OH50PVP CPN and by GAC reached 1938 vs. 555 ng pollutants/cent 
sorbent, expressing the cost-effective advantage of the OH50PVP CPN. 

3.7. EfOM filtration from TWW 

Despite the high interest in micropollutant removal, the real chal
lenge in treating TWW is the coexisting of diverse micropollutants with 
EfOM, with a concentration of three to six orders of magnitude higher. 
Therefore, demonstrating the high removal of EfOM by the developed 
CPN is essential (Fig. 6). 

EfOM removal by filtration with the OH50PVP CPN column, 
throughout the entire experiment, was almost twice that of the GAC 
column when measured by UV254, while the removal efficiency of the 
sorbents was equal, reaching ~60% when DOC was measured (Fig. 6A). 
These results indicate selective adsorption by the sorbents and attraction 
of different fractions from the EfOM. To further demonstrate that 
different EfOM components are attracted by different sorbents, the 
specific ultraviolet absorption (SUVA) was calculated at the inlet and the 
outlet of the columns (Fig. 6B). SUVA is strongly correlated with the 
aromaticity of the organic matter compound and describes the nature of 
EfOM in the water in terms of hydrophobicity and hydrophilicity 
(Edzwald and Tobiason, 1999; Matilainen et al., 2011). The inlet SUVA 
was 1.8, and post-filtration through the OH50PVP CPN column, the 
SUVA decreased to 1.4, suggesting that dissolved humic substances (the 
main contribution to the bulk EfOM UV absorption) mainly adsorbed, 
whereas, upon filtration through GAC columns, the SUVA increased to 3, 
suggesting that dissolved humic substances did not adsorb. The same 
trend, decrease and increase in SUVA values upon filtration with posi
tively charged CPN and with GAC, respectively, were reported in our 
previous study on surface water (Zusman et al., 2020). The reduction of 
dissolved humic substances is essential because it one of the fractions 
related to disinfection by-products formation and biofilm generation. 
From an economic point of view, the total removal of EfOM by 

Table 1 
Adsorption of MET, DCF and LTG (2 mg/L) by OH50PVP CPN (2 g/L).  

Target pollutant In the presence of Removal of target pollutant (%) 

MET MET 100 
DCF 100 
LTG 100 

DCF MET 78 ± 0.6 
DCF 57 ± 7.5 
LTG 72 ± 6 

LTG MET 36 ± 0.6 
DCF 85 ± 0.25 
LTG 10 ± 0.13  
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OH50PVP CPN and by GAC reached 10 vs. 50 g EfOM/cent sorbent, 
expressing the cost-effective advantage of the OH50PVP CPN. 

4. Conclusion 

Simultaneously removing a wide range of micropollutants at low 
concentrations is challenging, but the presence of relatively high EfOM 
concentrations in TWW further increases the complexity of the goal. To 
overcome these challenges, a multi-site CPN sorbent with a ‘loopy’ 
polycation structure was selected, and the adsorption of three chemi
cally diverse micropollutants, MET (positive), DCF (negative), and LTG 
(neutral), was studied. The adsorption affinities of the micropollutants 
to the positively charged CPN (zeta potential 50 mV) correlated to their 
chemical properties DCF > MET>LTG, surprising the capacity of the 
positively charged micropollutant, MET, was extremely high and even 
higher than the negatively charged micropollutant, DCF. Based on the 
adsorption isotherms of each micropollutant to the unmodified MMT 
and the CPN and based on XRD measurements, we suggest that both 
MET and DCF adsorbed both on the external surface and between the 

CPN clay platelets. While DCF adsorbed to the ‘loopy’ polycation, MET 
adsorbs directly to the unmodified MMT and even partially excludes 
adsorbed polycation monomers from the clay surface. Despite the high 
interest in micropollutant removal, reduction in EfOM concentrations is 
just as important. Indeed, we demonstrated the successful simultaneous 
filtration of EfOM and an array of micropollutants from TWW by the 
CPN columns and compared them to the filtration by GAC columns. The 
filtration of the micropollutants and EfOM by the CPN column was more 
cost-effective (total removal /sorbent price) in comparison to the GAC 
column. Although the EfOM removal, measured via TOC, by both the 
CPN and GAC columns reached the same value (60%), the removal, 
measured via UV 254, was higher by the CPN column, indicating that the 
CPN adsorbs dissolved humic substances (the main contribution to bulk 
EfOM UV absorption) with high efficiency. Dissolved humic substance 
reduction is essential because it one of the fractions related to disin
fection by-products formation and biofilm generation. 

TWW is an extremely complex medium containing an enormous 
amount of different micropollutants and EfOM, making the under
standing of the adsorption driving forces challenging. Looking at only 

Fig. 4. Filtration of (A) DCF (1 mg/L), (B) LTG (1 mg/L), and (C) MET (5 mg/L), from TWW spiked with a single or with the three micropollutants by OH50PVP CPN 
and GAC columns (mix with sand with 1:20 ratio). 

Fig. 5. Filtration of micropollutants (0.01–2 μg/L) from TWW within 30 min by OH50PVP-CPN and GAC column (mix with sand 1:20 w/w). Removal of micro
pollutants (A) percent of inlet concentration removed by column (%), (B) weight of micropollutant removed per gram sorbent (ng/g) divided by sorbent price (cent/ 
g sorbent). 
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three models micropollutant to reach an in-depth understanding of the 
entire system may be somewhat simplistic. Experimentally studying the 
removal of hundreds of molecules from TWW is not feasible and perhaps 
a modeling approach is necessary. 
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