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The performance of adsorbents for the removal of organic micropollutants (MPs) from water can be
influenced by the presence of water matrix constituents. The objective of this research was to evaluate
the influence of water matrix constituents on the performance of coconut-shell activated carbon (CCAC),
porous B-cyclodextrin polymer (CDP), and CDP coated on cellulose microcrystal (CDP@CMC) adsorbents.
MP removals were measured in batch experiments for a mixture of 90 MP at 1 pg L~! and MP break-
through was measured in rapid small-scale column test (RSSCT) experiments for a mixture of 15 MP at
500 ng L~ All experiments were performed first with nanopure water, and subsequently with six
different water samples collected from two separate groundwater, surface water, and wastewater
effluent sources. The results of batch and RSSCT experiments demonstrate more rapid adsorption kinetics
and less adsorption inhibition in the presence of matrix constituents for CDP adsorbents relative to CCAC.
Further, the treatment capacity of CDP@CMC in the RSSCT experiments was higher than that of CCAC,
particularly in more complex water matrices. Statistical analyses were performed to investigate associ-
ations between adsorption inhibition among groups of MPs and the concentrations of specific water
matrix constituents. For CCAC, adsorption inhibition was observed for all MPs and was primarily
attributed to the presence of dissolved organic matter with molar weight less than 1000 Da. For CDP
adsorbents, adsorption inhibition was primarily observed for cationic MPs and was attributed to the
screening of the negative surface charge of CDP by inorganic ions in water samples with high ionic
strength. These data further demonstrate the value of CDP as an alternative adsorbent to CCAC for the
removal of MPs during water and wastewater treatment.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

micropollutants (MPs) due to their typical occurrence at trace levels
in the environment (Carpenter and Helbling, 2018; Carpenter et al.,

Natural water resources have been contaminated by a variety of 2019; Schwarzenbach et al., 2006). Because of their diverse physi-
anthropogenic organic chemicals, of which some are referred to as cochemical properties and low concentrations, MP removal is

generally limited in conventional water and wastewater treatment
processes (Benner et al., 2013). Activated carbon (AC) adsorption
has emerged as a leading technology and has been demonstrated to
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effectively remove a broad spectrum of MPs (Bonvin et al., 2015;
Kennedy et al., 2015; Margot et al.,, 2013). However, limitations of
AC adsorption arise from relatively slow kinetics (Bonvin et al.,
2015), poor removal of polar MPs (Kovalova et al., 2013), and
fouling by dissolved organic matter (DOM) and other matrix con-
stituents (Kennedy and Summers, 2015; Zietzschmann et al., 2016).
Further, the expenses of applying AC in water and wastewater
treatment processes are generally high because of the significant
energy required for AC regeneration (Margot et al, 2013). To
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address these deficiencies, alternative adsorbents such as porous f-
cyclodextrin polymers (CDPs) (Alsbaiee et al., 2015; Ling et al.,
2017) have been developed for potential implementation in batch
adsorption followed by ultrafiltration (BA-UF) processes. More
recently, CDPs coated on cellulose microcrystals (CDP@CMC) have
been developed by polymerizing CDPs in the presence of CMCs,
resulting in adsorbents with larger particle sizes amenable for
packed bed filtration (PBF) processes (Alzate-Sanchez et al., 2019).

The fouling of AC by water matrix constituents is perhaps the
major concern for MP removal in both BA-UF and PBF processes
(Bonvin et al., 2015; Zietzschmann et al., 2016). MPs adsorb to AC
materials primarily by means of hydrophobic interactions, though
charged functional groups on AC surfaces can also facilitate the
adsorption of ionic MPs by means of electrostatic interactions (Ling
et al., 2019). As AC adsorption is non-selective, both MPs and DOM,
which is generally present in all waters from either natural or
anthropogenic sources, can be adsorbed by means of hydrophobic
and electrostatic interactions. According to previous research, the
adsorption of MPs on AC can be inhibited through direct site
competition with low and medium molecular weight (MW) DOM
that is similar in size and charge state to MPs and through pore
blockage caused by high MW DOM (Ding et al., 2008; Li et al., 2003;
Newcombe et al., 1997). In addition, the presence of inorganic ions
in the bulk water can diminish the surface charge of AC by
screening local ionizable functional groups, thereby limiting their
electrostatic interactions with MPs (Newcombe and Drikas, 1997;
Summers and Roberts, 1988). For example, the coconut shell AC
(CCAC) employed in this study exhibits a positive surface charge at
neutral pH (de Ridder et al,, 2013). Therefore, the adsorption of
anionic MPs on CCAC could be inhibited by negatively charged, low
MW DOM through direct site competition and/or by the presence of
inorganic anions that screen the positive surface charge
(Newcombe and Drikas, 1997; Summers and Roberts, 1988). Though
the mechanisms of adsorption inhibition on AC adsorbents have
been evaluated in previous research, how adsorbent fouling will
influence the removal of diverse groups of MPs in BA-UF and PBF
processes remains less clear because previous studies were either
performed with very limited types of MPs (e.g., neutral MPs) or
with high concentrations of MPs that were not environmentally
relevant (Bonvin et al., 2015; Kennedy and Summers, 2015; Sgroi
et al,, 2018; Zietzschmann et al., 2016).

In our previous study, a tetrafluoroterephthalonitrile (TFN)
crosslinked CDP exhibited rapid adsorption kinetics and efficient
removal of a variety of MPs, and was not fouled by humic acid (a
surrogate for DOM) or sodium chloride (a surrogate for inorganic
ions), demonstrating its potential as an alternative adsorbent to AC
for MP removal during water and wastewater treatment (Ling et al.,
2017). MP adsorption on CDP relies on the formation of host-guest
complexes in the 0.78 nm interior cavity of the B-cyclodextrin
monomer, which requires adsorbates to fit within a certain size
range (Ling et al., 2019, 2017). Additionally, CDP exhibits a negative
surface charge at neutral pH (Klemes et al., 2018). The specific role
that the negative surface charge of CDP plays in MP adsorption is
unknown, though enhanced adsorption affinity for cationic MPs
has been observed (Ling et al., 2017). While CDP is not fouled by
humic acid and NaCl, we could expect that smaller DOM molecules
could inhibit MP uptake through direct-site competition by binding
in the interior cavity of the B-cyclodextrin monomer. Further,
positively charged DOM and the presence of inorganic cations
could screen the negative surface charge of CDP, thereby lowering
the adsorption affinity for cationic MPs.

To further our understanding of the fouling of CCAC and CDP by
natural matrix constituents, we designed experiments to explore the
removal of MPs by means of CCAC and CDP adsorption in environ-
mentally derived water samples with varying types and amounts of

DOM and inorganic ions. The objectives of the research were to: (1)
benchmark the performance of CCAC and CDP in simulated BA-UF
processes with water samples from six different sources with
90 MPs; (2) benchmark the performance of CCAC and CDP@CMC in
rapid small-scale column test (RSSCT) experiments that simulate PBF
processes with water samples from different sources with 15 MPs;
and (3) identify the water matrix constituents contributing most to
adsorption inhibition on CCAC, CDP, and CDP@CMC. Our results
demonstrate less adsorption inhibition and greater treatment ca-
pacity for CDP adsorbents relative to CCAC. We also identified spe-
cific water matrix constituents that are associated with the
adsorption inhibition of certain groups of MPs. These data signifi-
cantly improve our understanding of the mechanisms by which
CCAC and CDP adsorbents remove MPs from water, and support the
continued evaluation of CDPs as alternative adsorbents for use in BA-
UF or PBF processes during water and wastewater treatment.

2. Materials and methods
2.1. Chemicals and adsorbents

All experiments with nanopure water were performed at pH 6.7;
the pH was confirmed to be stable by measuring pH throughout each
experiment. All experiments with real water samples were per-
formed at the original pH of the water samples without adjustment.
We selected 90 and 15 MPs for batch and RSSCT experiments,
respectively, according to their environmental relevance (Bradley
et al,, 2017; Carpenter and Helbling, 2018; Pochodylo and Helbling,
2017), their broad range of physiochemical properties, and previ-
ous studies exploring their adsorption on CCAC and CDP (Ling et al.,
2019, 2017; Rossner et al., 2009). A list of all MPs along with their
measured LogKp values for CCAC and CDP and charge state at neutral
pH is provided in Table S1 of the Supplementary Data (SD); all LogKp
values were measured experimentally in a previous study for each
MP-adsorbent pair (Ling et al., 2019). We selected 44 isotope-labeled
internal standards (ILISs) to account for the matrix effects of different
water samples on the quantification of MPs. A list of all ILISs along
with their suppliers is provided in Table S2 of the SD. The preparation
of stock solutions for each MP and two analytical mixtures con-
taining the 90 and 15 MPs were performed as previously described
(Li et al.,, 2018). For batch experiments, CCAC and CDP adsorbents
were prepared and synthesized according to previously established
methods (Alsbaiee et al., 2015; Ling et al., 2017). Briefly, the CCAC is
commercially available (AquaCarb 1230C, Westates Carbon, Siemens,
Roseville, MN) and has an average particle size of 850 um; the as-
synthesized CDP has an average particle size on the order of
50—60 pm. To increase the similarity in particle size between the
CCAC and CDP, the CCAC was pulverized with a mortar and pestle
until >95% (mass) passed a 74-um sieve (200 U.S. mesh). For RSSCT
experiments, the CCAC was pulverized with a mortar and pestle to
achieve an average particle diameter of approximately 125 um with
100 x 200 U.S. standard mesh (Kennedy and Summers, 2015). The
CDP@CMC, with an average particle diameter of approximately
125 um, was synthesized according to a previously published
method (Alzate-Sanchez et al., 2019). The particle size, surface area,
and porosity for these adsorbents were previously reported and are
provided in Table S3 (Alsbaiee et al., 2015; Alzate-Sanchez et al.,
2019; Ling et al., 2017).

2.2. Water samples

Six water samples collected from two separate groundwater
(GW1 and GW?2), surface water (SW1 and SW2), and wastewater
effluent sources (WW1 and WW2) were employed in this study. All
experiments were also performed in nanopure water, against
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which the performance of the adsorbents in environmentally
derived water samples were benchmarked. Each water sample was
characterized for its pH, dissolved organic carbon (DOC, a surrogate
measurement for DOM) concentration, total dissolved solids (TDS)
concentration, conductivity, and inorganic ion concentrations using
standard methods (Baird et al., 2017). Further, to investigate the
effect of DOM size on MP adsorption, we characterized the MW
distribution of DOM in each water sample through high-
performance, size-exclusion chromatography (HPSEC) followed by
total organic carbon (TOC) analysis; more details are provided in
the SD (including a description of our procedure and an example
chromatogram provided in Fig. S1). All water samples were pre-
filtered with a 47 mm GF/F glass-fiber membrane (Whatman) and
a 0.45 pm polyethersulfone syringe filter successively to remove
suspended solids before they were employed in adsorption ex-
periments (Knappe et al.,, 1997; Zietzschmann et al., 2016).

2.3. Batch experiments

Batch experiments to evaluate the fouling of CCAC and CDP in
BA-UF processes were performed in 100 mL of water in 125 mL
glass Erlenmeyer flasks with magnetic stir bars on a multi-position
stirrer (VWR) with a stirring rate of 400 revolutions per minute
(rpm) at 23 °C. MPs were spiked to generate an additional con-
centration of each adsorbate of 1 pg L~! to any background con-
centration of the MPs that may have been present. Experiments
investigating CCAC and CDP were both performed at an adsorbent
dose of 10 mg L. These adsorbate and adsorbent doses were
selected according to previous research investigating MP removal
by CCAC and CDP adsorbents (Ling et al., 2019, 2017), and previous
research regarding the application of AC in BA-UF processes
(Bonvin et al., 2015). The restoration of the dried adsorbents was
performed as previously described to create a suspension of each
adsorbent (Ling et al., 2017). Briefly, 10 mg of adsorbent was added
to a 20 mL amber vial containing nanopure water (10 mL) to yield a
1 g/L suspension. The suspension was mixed with a vortex mixer
(Fisher Scientific) for 30 s, sonicated for 1 min to break small ag-
gregates, and then stirred on a multiposition stirrer for 30 min at
360 rpm. Following this restoration procedure, appropriate vol-
umes of water samples, the analytical MP mixture (90 MPs, each
MP at 100 ug L~ 1), and the adsorbent suspension (1 g/L) were added
to each flask successively. Samples were collected in 8 mL volumes
after 1 h of contact time and filtered through a 0.22 pm PVDF sy-
ringe filter (Restek). This contact time was selected according to
previous research exploring MP removal by CCAC and CDP adsor-
bents and typical hydraulic retention times in BA-UF processes
(Bonvin et al., 2015; Ling et al., 2019, 2017). Control experiments to
account for other MP losses were performed under the same con-
ditions with no addition of adsorbent. All experiments were per-
formed in triplicate. The samples were analyzed by means of high-
performance liquid chromatography and tandem mass spectrom-
etry (HPLC-MS/MS) to determine the concentration of each MP in
the aqueous phase. The removal efficiency of each MP was deter-
mined by the following equation:

G -Gt

Ryp G x 100 Equation 1

where Ryp is the percent removal of each MP; Cp (ng Lfl) is the
average concentration of a MP in the samples of the control ex-
periments; C; (ng L™!) is the concentration of a MP in the liquid
phase at sampling time t. We defined a fouling scale index (FSI) as a
metric to quantify the extent of adsorption inhibition for each MP in
each experiment relative to the adsorption in nanopure water. The
FSI for batch experiments was determined by the following

equation:
. _ >>(Rmp in NP — Ryjp in a water sample)
Fouling Scale Index = S~ Rypp il NP
x 100

Equation 2

2.4. RSSCT experiments

For the RSSCT experiments with CCAC and CDP@CMC, a
stainless-steel HPLC column (Restek) with an inside diameter of
0.4 cm, a column length of 3 cm, and stainless-steel frits was
employed as the host of packed-bed adsorption materials. A Shi-
madzu LC-20AD pump with parallel double micro plunger was
employed to deliver a constant flow rate of 1 mL min~! of feed
solution for all RSSCT experiments. All RSSCT experiments were
performed with a simulated empty bed contact time (EBCT) of
9.6 min. The CCAC and CDP@CMC tested in the column experiments
both had an average particle size of 125 um. The flow rates, particle
sizes, and the dimensions of the RSSCT column were determined
according to the constant diffusivity approach (Crittenden et al.,
1991, 1986), which has been successfully applied in previous
research to simulate pilot-scale MP breakthrough (Knappe et al.,
1997). Detailed information on the RSSCT experiments and the
simulated column can be found in Table S4 of the SD. We note that
RSSCT experiments were selected as a test system to compare the
performance of CCAC and CDP@CMC under uniform experimental
conditions, similar to a previous study employing RSSCT to evaluate
the potential of ion exchange resins for the removal of per-
fluoroalkyl acids (Schaefer et al., 2019); robust extrapolation of the
results from the RSSCT experiments to the simulated system would
require further validation, particularly for the CDP@CMC adsorbent.

All natural water samples were pre-filtered with a 47 mm GF/F
glass-fiber membrane (Whatman) and a 0.45 um polyethersulfone
syringe filter to remove suspended solids. Then, the analytical MP
mixture (15 MPs, each MP at 100 pg L) was spiked into each water
sample to generate an additional concentration of each MP at
500 ng L~! to any background concentration of the MPs that may
have been present. Though the designed dimensions of the RSSCT
columns for both materials are identical, due to their different
densities, the mass of CCAC and CDP@CMC packed into the columns
to achieve a 1 cm bed depth are ~85 mg and ~65 mg per column,
respectively. The RSSCT columns were run continuously until all
15 MPs exhibited over 10% breakthrough or the predetermined
60,000 bed volumes of treatment were achieved; we selected
60,000 bed volumes of treatment as a conservative threshold for
the economical usage of CCAC or CDP@CMC for drinking water
production, which is often cited as 15,000 bed volumes of treat-
ment (Kennedy et al., 2015). Samples were collected in 8 mL vol-
umes on an hourly basis and filtered through a 0.22 pm PVDF
syringe filter before they were analyzed by means of HPLC-MS/MS.
To confirm that influent concentrations of all MPs remained con-
stant throughout each RSSCT experiment, samples were collected
at the influent of the column every 24 h for each test. These samples
were also filtered and analyzed by means of the same method. The
adsorbent use rate of CCAC and CDP@CMC for each MP was
determined by the following equation:

Adsorbent Use Rate = w Equation 3

Viox

where BVjgy is the 10% breakthrough bed volumes of each MP on
each adsorbent in each water matrix and padsorpent is the density of
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each adsorbent (mg L™1).
The FSI for RSSCT experiments was determined by the following
equation:

. _ >2(BVygy in NP — BV gy in a water sample)
Fouling Scale Index = S~BVy0 in NP

x 100
Equation 4

We selected BVygx as the metric to evaluate adsorption inhibi-
tion based on previous research (Kennedy and Summers, 2015;
Zietzschmann et al., 2016).

2.5. Analytical methods

The quantification of analytes in samples from the batch ex-
periments and RSSCT experiments was performed by means of
HPLC-MS/MS (QExactive, ThermoFisher Scientific). The analytical
method is described in the SD and analytical details used for the
detection and quantification of each analyte can be found in
Table S5 of the SD.

3. Results and discussion
3.1. Water characterization

The six environmentally derived water samples were selected
for their diverse matrix compositions and their relevance for water
and wastewater treatment. Each water sample was characterized
for general water quality parameters including pH, DOC concen-
tration (a surrogate measurement for DOM), conductivity, TDS
concentration, and the concentrations of several target inorganic
ions. All water characterization data are provided in Table 1.

The pH of the six water samples were all between 8.1 and 8.3,
which is consistent with pH measurements of water samples from
the same region reported in previous research (Carpenter et al.,
2019). Due to the minor pH differences among these water sam-
ples, no further insights can be achieved into the impacts of pH on
MP removal by CCAC and CDP adsorbents in these water samples.
However, it is worth noting that MP removal by CDP can be
enhanced at pH values lower than 5 (Li et al., 2018). The conduc-
tivity and TDS measurements generally demonstrate increasing
ionic strength from the relatively clean groundwater matrices to
the more complex surface water and wastewater effluent matrices.
The concentrations of several target inorganic ions also demon-
strate an expected increase from groundwater to wastewater, with
a couple of notable exceptions; the nitrate (NO3) concentration was
highest in GW2 and sulfate (S0%°), magnesium (Mg?*), and calcium
(Ca®>*) concentrations were more uniform across the water
samples.

The remaining data in Table 1 provide the characterization re-
sults of the DOM MW distributions for each water sample. The
concentrations of DOM (i.e., unfractionated water samples) in all
water samples fit well into the respective typical ranges of DOM in
groundwater, surface water, and wastewater effluent (Sgroi et al.,
2018; Thurman et al., 1982; Wagoner et al., 1997) with one excep-
tion; the DOM concentration in SW2 was anomalously high. We
note that the water collected from this site was rather turbid and
contained some algae and other planktonic organisms. The lowest
DOM concentrations were measured in the groundwater samples
and higher concentrations were measured in surface water and
wastewater effluent. Similar trends were noted among the con-
centrations of DOM fractions with different MW; L-DOM, M-DOM,
and H-DOM represent the DOM fractions with MW less than

Table 1
Water characterization results of six water samples.

Parameters GW1 GW2 SW1 SwW2 WW1 WWwW2
pH 8.2 8.3 8.2 8.1 8.3 8.2
“DOM 1.5 1.2 4.6 42.2 7.6 43
bL-DOM 04 04 0.6 03 14 1.0
"M-DOM 0.4 0.4 0.7 2.7 2.2 1.8
‘LM-DOM 0.8 0.8 1.3 3.1 35 2.8
PH-DOM 04 0.4 3.6 54.6 35 14
4Sum-DOM 1.1 1.2 4.8 57.7 7.0 42
€Conductivity 272 343 334 432 780 616
DS 137 171 169 216 387 309
8F 0.1 0.0 0.0 0.0 0.0 0.0
- 8.9 11.2 53.6 334 174.5 115.2
NO3 0.0 19.6 2.7 1.0 1.6 2.8
S032 18.7 11.0 20.1 7.9 23.7 22.6
Li™ 0.0 0.0 0.0 0.0 0.0 0.0
Na* 232 5.1 40.1 23.1 122.5 834
NHZ 0.0 0.0 0.0 0.0 15.9 0.2
K* 1.2 0.8 2.8 25 9.2 5.1
Mg?+ 7.8 13.2 10.7 6.9 11.3 12.8
Ca?* 26.8 47.2 24.8 213 16.5 326

3The DOM levels (mg L) presented in this row are the overall DOC concentrations
measured with unfractionated water samples; "The DOM levels (mg L~!) presented
in these rows are the DOC concentrations of low MW fraction, medium MW fraction,
and high MW fraction, respectively; “The DOM levels (mg L") presented in this row
are the sum of L-DOM, M-DOM; 9The DOM levels (mg L") presented in this row are
the sum of L-DOM, M-DOM, and H-DOM, which is another measurement of the
overall DOM concentration in each water sample; & The TDS and conductivity of
each water sample was measured with Fisher Accumet AP74 meter. The units of TDS
and conductivity are ppm and pS, respectively; #The inorganic ions in each water
sample were measured with Thermo DIONEX ICS-2100 Ion Chromatography system
with the reference standards of all anions and cations reported in the above table
used for the determination of retention time and quantification. The unit of each ion
ismg L.

600 Da, between 600 and 1000 Da, and over 1000 Da, respectively.
It is worth noting that much of the DOM measured in SW2 is
contained in the largest H-DOM size bin, and that SW2 actually had
the lowest L-DOM concentration (0.33 mg L~!) among the water
samples. Finally, the sum of the three DOM concentrations
measured for the three size bins is consistent with the DOM con-
centrations measured in the original water samples, demonstrating
the robustness and reliability of the HPSEC method employed in
this study.

3.2. Batch experiments

Of the 90 MPs employed in the batch experiments, eleven
responded erratically to either the experimental (poor repeat-
ability) or analytical conditions (poor limits of quantification).
Therefore, we report data from the batch experiments for 79 of the
90 MPs. We first calculated the removal of each MP (Ryp) on each
adsorbent in each water sample after 1 h of contact time as
described in Equation (1). The data are provided in Tables S6 and S7
and the results are summarized in Fig. 1, which provides plots of
Ryp on each adsorbent in each real water sample versus the Ryp on
each adsorbent in nanopure water. Data for CCAC are provided in
Fig. 1A for groundwater, Fig. 1C for surface water, and Fig. 1E for
wastewater effluent. Analogous plots for CDP are provided in
Fig. 1B, D, and 1F.

MP removal on CCAC was generally good after 1 h of contact
time, but adsorption was inhibited in real water matrices relative to
nanopure water; the degree to which Ryp was inhibited increased
from groundwater to surface water to wastewater effluent. For
example, whereas 75 (GW1) and 74 MPs (GW2) exhibited more
than 50% removal in groundwater, only 11 (WW1) and 2 MPs
(WW?2) exhibited more than 50% removal in wastewater effluent.
Among groups of MPs delineated by their charge, matrix
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Colors indicate the charge state of the MP at pH 7.4. Error bars represent the standard deviations of triplicate measurements. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

constituents had the largest effect on the Ryp of anionic MPs but
effected MPs in other charge groups to varying extents regardless of
their charge.

MP removal on CDP was more variable than on CCAC after 1 h of
contact time, with 34 MPs exhibiting less than 20% removal in
nanopure water, reflecting the greater selectivity of MP adsorption
on CDP; the MPs that were removed to less than 20% in nanopure
water were mostly anionic MPs or small and neutral MPs in
agreement with our previous study (Ling et al.,, 2017). Ryp was
inhibited to some extent for CDP in real water matrices relative to
nanopure water, though the extent of adsorption inhibition was
less than what was observed for CCAC. For example, of the 45 MPs
that were removed to greater than 20% by CDP in nanopure water,
34 (in GW1) and 33 (in GW2), 30 (in SW1) and 40 (in SW2), and 21

(in WW1) and 28 (in WW2) were removed to greater than 20% in
real water matrices. It is also clear from the data in Fig. 1 that the
adsorption of cationic and zwitterionic MPs on CDP is selectively
inhibited in the real water samples; the adsorption of neutral MPs
is generally not inhibited in groundwater or surface water and is
inhibited only to a limited extent in wastewater effluent whereas
anionic MPs exhibit low affinity for CDP in all water matrices
including nanopure water. To explore the selective adsorption in-
hibition of cationic MPs further, we calculated the fraction of the
adsorption affinity (Kp values) that could be explained by electro-
static interactions by using the coefficients of a previously
described QSAR model (Ling et al., 2019). We found a significant
positive association (Permutation Test, p < 0.01) between the
extent of adsorption inhibition for each cationic MP and the fraction
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of its adsorption affinity attributed to electrostatic interactions. For
example, the Kp values for cationic MPs morphine and albuterol on
CDP are almost entirely explained by molecular descriptors that
relate to electrostatic interactions; these two MPs exhibit the
greatest adsorption inhibition in these experiments. In contrast,
acebutolol and metoprolol are cationic MPs with Kp values that rely
more on molecular descriptors related to hydrophobic interactions
and these two MPs exhibit the least amount of adsorption inhibi-
tion in these experiments. Therefore, we attribute the selective
inhibition of cationic MPs on CDP to a weakening of electrostatic
interactions in real water matrices.

3.3. RSSCT experiments — breakthrough curves

We selected 15 MPs (5 cationic, 5 anionic, and 5 neutral) from
among the 90 MPs studied in the batch experiments to evaluate MP
removal and breakthrough in RSSCT experiments designed to
simulate a PBF with an EBCT of 9.6 min. We performed the RSSCT
experiments with all six real water samples for COP@CMC and with
GW1, SW1, and WW1 for CCAC. Breakthrough curves for all 15 MPs
for all RSSCT experiments are provided in Figures S2 through S7 of
the SD, and for representative anionic (naproxen), cationic (ven-
lafaxine), and neutral (acetochlor) MPs in Fig. 2 (on an experi-
mental time basis) and Fig. S8 (on a throughput (bed volumes)
basis). Data for CCAC are provided in Fig. 2A, C, and 2E and data for
CDP@CMC are provided in Fig. 2B, D, and 2F.

All three MPs exhibit gradual breakthrough on CCACin GW1 and
SW1 and relatively steep breakthrough in WW1, and the shapes of
the breakthrough curves for each MP in each water matrix are
similar. This observation corroborates previous findings that MP
uptake on CCAC is relatively slow and non-selective (Ling et al.,
2017). Specifically, each MP exhibits continuously increasing
breakthrough in GW1 and SW1 until about 50% breakthrough is
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achieved after 120 h. Complete breakthrough is observed relatively
quickly for each MP in WW1, with over 80% breakthrough observed
in less than 20 h. The similar shapes of the breakthrough curves in
GW1 and SW1 suggest similar adsorption kinetics and capacity of
CCAC in these matrices, while the rapid breakthrough of each MP in
the WW1 experiments demonstrate that the fouling caused by the
WW1 matrix reduced the adsorption capacity of CCAC to a great
extent. As demonstrated in a previous study, DOM with MW less
than 1000 Da can inhibit MP adsorption on AC adsorbents to a
much greater extent than DOM with MW greater than 1000 Da
(Kennedy and Summers, 2015). Therefore, the rapid breakthrough
can be attributed to the significantly elevated concentration of LM-
DOM in WW1.

In contrast to the RSSCT experiments with CCAC, all MPs
exhibited steep breakthrough in the RSSCT experiments conducted
with CDP@CMC. Steep breakthrough curves in PBF processes are a
general indication of rapid adsorption kinetics, which is a known
feature of MP adsorption on CDP and CDP@CMC (Alzate-Sanchez
et al,, 2019; Ling et al, 2017). Importantly, these data demon-
strate that rapid adsorption kinetics are preserved in column ex-
periments and in the presence of matrix constituents. Rapid
adsorption kinetics, coupled with the high adsorption capacity of
CDP adsorbents, can be leveraged in PBF processes to increase the
throughput of water treatment and the volume of water treated per
day when the objective is to achieve low MP concentrations in the
effluent. Further, rapid adsorption translates to narrow mass
transfer zones within the PBF process, implying that only small
fractions of unused adsorbent will be wasted when a process rea-
ches its treatment capacity. The data in Fig. 2 also show that the
breakthrough time for each of the three MPs is shorter in the
wastewater effluent matrices than in the groundwater and surface
water matrices, which could be attributed to the elevated con-
centration of L-DOM and the enhanced ionic strength in WW1 and
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Fig. 2. Breakthrough curves of three example MPs with different charge states: (A) and (B) breakthrough curves of naproxen (the example of anions) on CCAC and CDP@CMC; (C)
and (D) breakthrough curves of venlafaxine (the example of cations) on CCAC and CDP@CMC; (E) and (F) breakthrough curves of acetochlor (the example of neutral MPs) on CCAC
and CDP@CMC. Missing data in breakthrough curves: all RSSCTs were run continuously for several days, during which no sample was collected from 12 p.m. to 7 a.m.
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WW?2 (see further discussion in the following). This effect is most
pronounced for the cationic MP (Fig. 2D), in agreement with ob-
servations in batch experiments.

3.4. RSSCT experiments — treatment capacity

The operational capacity of a PBF process is typically evaluated
based on the number of bed volumes treated before a certain level
of contaminant breakthrough (Kennedy et al., 2015; Kennedy and
Summers, 2015; Zietzschmann et al., 2016). In this study, we used
the breakthrough curves to calculate the number of bed volumes
treated before 10% contaminant breakthrough (BVjgy) as has been
done before in evaluating MP removal in RSSCT experiments
(Kennedy and Summers, 2015; Zietzschmann et al., 2016). The BVgy
values of each MP on each adsorbent in each water sample is
provided in Table S8 and are summarized in Fig. 3. Considering the
different densities of CCAC (567 g/L) and CDP@CMC (433 g/L), the
use rate of each adsorbent to achieve BVjpy for each MP in each
water matrix is also provided in Table S9 to provide further insights
into the relative adsorption capacity of CCAC and CDP@CMC in PBF
processes.

The BVjpy values of all 15 MPs on CCAC were over 60,000 bed
volumes in nanopure water (Table S8), but decreased substantially
in real water matrices; the degree of BVjgy reduction increased from
groundwater to surface water to wastewater effluent, in agreement
with adsorption inhibition observations in batch experiments.
Though 10 MPs exhibited BVgy values of more than 5,000 bed
volumes in GW1, no MP exhibited BV;py values of more than 5,000
bed volumes in WW1. In addition, the BVjgy values of anionic MPs
were inhibited to the greatest extent, whereas cationic and neutral
MPs exhibited varying degrees of inhibition. These data are also
consistent with our observations in batch experiments.

In contrast to the uniformly high BV;gy values of all MPs on CCAC
in nanopure water, MP BVgy values on CDP@CMC were more var-
iable in nanopure water due to the selective adsorption on CDP
(Table S8); all 5 cationic MPs exhibited BV values over 60,000 bed
volumes, which we attribute to the negative surface charge of CDP
facilitating the adsorption of cationic MPs through electrostatic
interactions (Klemes et al., 2018; Ling et al., 2019), whereas anionic
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and neutral MPs exhibited varying treatment capacity. Interest-
ingly, three anionic MPs (diclofenac, gemfibrozil and naproxen) and
one neutral MP (isoproturon), which were poorly removed by CDP
in batch experiments, exhibit high BVjgy values over 55,000 bed
volumes on CDP@CMC in nanopure water. This could be attributed
to differences between the morphology of CDP and CDP@CMC and/
or the distinct hydraulic conditions in batch and RSSCT experi-
ments. The inhibition of MP adsorption capacity on CDP@CMC was
also observed to some extent in real water matrices; of the 10 MPs
that exhibited BV;gy values over 10,000 in nanopure, 7, 7, and 5 MPs
exhibit BVjgy values over 10,000 in GW1, SW1, and WW1, respec-
tively. Additionally, as observed in batch experiments, the BVjgy
values of cationic MPs were inhibited to the greatest extent,
whereas neutral and anionic MPs exhibited moderate to limited
inhibition in real water matrices.

Though the MP removal on CDP@CMC was inhibited in real
water matrices, the extent of inhibition was lower compared to that
on CCAC. As shown in Fig. 3, for most MPs, the BVygy values on
CDP@CMC were much higher than that on CCAC with the exception
of a few anionic and neutral MPs in GW1 which exhibited rather
poor performance on both types of adsorbents. These data
corroborate our observations in batch experiments that the extent
of MP adsorption inhibition on CDP adsorbents is not as relevant to
the complexity of the water matrix as that on CCAC, demonstrating
less adsorption inhibition for CDP relative to CCAC. Further, the
great treatment capacity of COP@CMC is especially notable when
we consider that there was nearly 25% less mass of CDP@CMC in the
RSSCT experiments when compared to CCAC due to the differences
in their densities; the data in Table S9 demonstrate that the use rate
of each adsorbent to achieve BV;pg for each MP in each water matrix
is frequently much lower for CDP@QCMC compared to CCAC.
Furthermore, approximately 77% of the mass of CDP@CMC is
attributed to the cellulose microcrystals, which have been shown
not to contribute to MP removal (Alzate-Sanchez et al., 2019).

3.5. Factors contributing to adsorbent fouling

The overall extent to which an adsorbent is fouled is generally
determined by the composition of matrix constituents in real water
matrices. To enable further insights on the fouling mechanisms of
CCAC and CDP, we used the Ryp data and the BVjpy values to
calculate the FSI for each adsorbent in each water sample, as
described in Equations (2) and (3) for batch and RSSCT experiments,
respectively. Because the inhibition of MP adsorption depended on
the charge state of MPs, the FSI of each adsorbent was calculated
both for all MPs and for MPs grouped by their charge states. The FSI
of each adsorbent in each water sample for batch experiments are
summarized in Fig. 4, and Tables S10 and S11 for batch and RSSCT
experiments, respectively. To quantitatively interpret fouling
mechanisms on both adsorbents, we investigated the associations
between the FSIs calculated with MPs in different charge groups
and all water quality parameters by means of Pearson correlations
(Table S12).

As presented in Fig. 4A and Tables S10 and S11, the fouling of
CCAC increases with the complexity of the water matrix (i.e., the
fractions of DOM and the ionic strength). The general adsorption
inhibition observed for all MPs could be attributed to direct site
competition with L-DOM or M-DOM and/or pore blockage caused
by H-DOM (Ding et al., 2008; Li et al., 2003; Newcombe et al., 1997).
As seen in the Pearson correlation coefficients provided in
Table S12, all groups of MPs exhibit the strongest positive correla-
tions (>0.81, p-value <0.05) with the concentrations of LM-DOM
(i.e., L-DOM plus M-DOM), indicating that direct site competition
caused by LM-DOM could be a major contributor to the general
adsorption inhibition observed for all MPs on CCAC. Further, MP
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removal across all groups was only weakly correlated with H-DOM
concentration (<0.27, p-value >0.50), indicating that pore blockage
caused by H-DOM might not be a relevant fouling mechanism for
CCAC. It is also worth noting that the anomalously high H-DOM
concentration measured in SW2 did not result in a significant
performance difference, further demonstrating that pore blockage
caused by H-DOM might not be a relevant fouling mechanism for
CCAC. These findings agree with observations in previous research
that DOM with MW less than 1000 Da inhibits MP adsorption on AC
adsorbents to a much greater extent than DOM with MW greater
than 1000 Da (Kennedy and Summers, 2015; Zietzschmann et al.,
2016).

The fouling of CCAC is greatest for anionic MPs (Fig. 4A, Tables S8
and S9). The selective adsorption inhibition observed for anionic
MPs could be attributed to direct site competition with negatively
charged L-DOM or M-DOM and/or to the presence of inorganic
anions which screen the positive surface charge of CCAC
(Newcombe, 1999; Summers and Roberts, 1988). As seen in the
correlation coefficients provided in Table S12, the FSI calculated
with the group of anionic MPs exhibit a strong positive correlation
(0.85, p-value < 0.05) with the concentrations of LM-DOM, indi-
cating that LM-DOM could be a major contributor to the selective
adsorption inhibition of anionic MPs on CCAC. Further, the group of
anionic MPs exhibit the weakest positive correlation with ionic
strength when compared to the other groups of MPs. As a result,
although the Pearson correlation coefficients alone cannot disen-
tangle the effects of direct site competition and surface charge
screening on the selective adsorption inhibition for anionic MPs,
our data suggest that direct site competition with negatively
charged LM-DOM might play an important role.

CDP and CDP@CMC notably exhibit nearly uniform FSIs across
the water matrices (Fig. 4B, Tables S10 and S11). These data indicate
greater fouling for CDPs relative to CCAC in the relatively clean
groundwater matrices but less fouling for CDPs relative to CCAC in

the more complex surface water and wastewater effluent matrices.
The data also show significant adsorption inhibition for the group
of anionic MPs, but that result must be interpreted with caution;
the group of anionic MPs are not removed to great extents by CDP
in nanopure water (Fig. 1) which inevitably led to great variability
in the respective FSI, so the influence of matrix constituents on that
adsorption cannot be reliably assessed. As observed in the data
from the batch and RSSCT experiments and corroborated by the
FSIs provided in Fig. 4B, the extent of fouling on CDPs is greatest for
cationic and zwitterionic MPs. We have previously observed
enhanced adsorption affinity for cationic MPs on CDPs (Ling et al.,
2017), and hypothesize that the enhanced adsorption inhibition
for the groups of cationic and zwitterionic MPs may result from the
presence of inorganic cations that screen the negative surface
charge of CDP. As presented in Table S12, the FSI calculated with the
group of cationic MPs exhibits strong positive correlations with
ionic strength for CDP (0.88, p-value < 0.05) and CDP@CMC (0.86,
p-value < 0.05), indicating that ionic species could be major con-
tributors to the enhanced adsorption inhibition of cationic and
zwitterionic MPs on CDP adsorbents. However, we observed pre-
viously that NaCl does not result in significant adsorption inhibition
(Ling et al., 2017), and the correlation coefficients in Table S12 do
not allow us to identify specific inorganic ions that contribute the
most to the observed adsorption inhibition. Finally, we observed
the least amount of adsorption inhibition for the group of neutral
MPs on CDP adsorbents. MP adsorption on CDP is associated with
the formation of host-guest complexes in the interior cavity of the
B-cyclodextrin monomers, which requires adsorbates to fit within a
certain size range (Ling et al., 2019, 2017). Therefore, we expect that
neutral MPs would compete only with neutral DOM species within
a certain size range. The FSIs calculated with the group of neutral
MPs exhibit strong positive correlations with the concentrations of
L-DOM for CDP (0.94, p-value <0.05) and CDP@CMC (0.91, p-value
<0.05), providing quantitative support to this proposed fouling
mechanism. Additionally, the FSIs calculated with all groups of MPs
exhibit weak or negative correlations with the concentrations of M-
DOM and H-DOM, agreeing with our expectations that large mol-
ecules cannot bind to CDP due to size-exclusion (Ling et al., 2019,
2017; Szejtli, 1998). This result is particularly important because it
corroborates the adsorption mechanism of CDP adsorbents
demonstrated in our previous studies, validates our hypothesized
fouling mechanism of CDP adsorbents, and explains the resilience
of CDP adsorbents relative to CCAC in more complex water
matrices.

4. Conclusions

e We measured the removal of 79 MPs on CCAC and CDP adsor-
bents in simulated BA-UF processes with water samples from six
different sources. Overall, the extent of MP removal was greater
and more consistent on CCAC than on CDP, which agrees with
our previous study with TFN crosslinked CDPs.

e We observed increased adsorption inhibition for CCAC as the
complexity of the water matrix increased, and enhanced
adsorption inhibition was noted for anionic MPs. We observed
lower extents of adsorption inhibition for CDP relative to CCAC,
and selective adsorption inhibition for cationic MPs.

¢ We measured the breakthrough curves of 15 MPs on CCAC and
CDP@CMC in RSSCT experiments that simulate PFB processes.
Slow and constant breakthrough was observed for all MPs in
columns packed with CCAC, though rapid and early break-
through was observed for all MPs in experiments conducted
with wastewater effluent. Rapid and late breakthrough was
observed for all MPs in columns packed with CDP@CMC,
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demonstrating fast adsorption kinetics and narrow mass
transfer zones.

e Treatment capacity in RSSCT experiments was greater for
CDP@CMC than CCAC for nearly all MPs in nearly all experi-
ments; the exceptions are a few MPs that exhibited rather poor
removal on both adsorbents.

e The general adsorption inhibition observed for CCAC was
attributed to direct site competition with L-DOM and M-DOM.
The selective inhibition of anionic MPs on CCAC was attributed
to the abundance of negatively charged L-DOM and M-DOM.
The resilience of CDP adsorbents to fouling in complex matrices
was attributed to size-exclusion; only L-DOM directly competes
with MPs for the active sites on CDP adsorbents. The selective
adsorption inhibition of cationic MPs on CDP adsorbents was
attributed to ionic strength.
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