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Abstract:

Emerging contaminants are widely detected and persistent in environmental waters. Advanced
oxidation processes are among the most effective methods for removing emerging contaminants
from water; however, high energy consumption greatly increases the operating costs and limits
large-scale applications. In this study, a passive treatment system consisting of four columns
packed with mixtures of silica sand, zero-valent iron (ZV1), biochar (BC), and a mixture of (ZVI
+ BC) were evaluated for simultaneous removal of eight pharmaceuticals, four artificial
sweeteners, and two perfluoroalkyl substances (PFASs) from water. Overall, the passive
treatment system was more effective for removing target pharmaceuticals (almost complete
removal) than artificial sweeteners and PFASs (partial removal). Columns ZVI, BC, and (ZVI +
BC) exhibited similar effective removal (>97%) of target pharmaceuticals, including
carbamazepine,  caffeine,  sulfamethoxazole,  3,4-methylenedioxyamphetamine,  3,4-
methylenedioxymethamphetamine, ibuprofen, gemfibrozil, and naproxen, from ~9 to < 0.25 g
L!; pharmaceuticals were more rapidly removed by Columns ZVI and (ZVI + BC) than Column
BC, except for ibuprofen. Column ZVI was more effective for removing artificial sweeteners
acesulfame-K and sucralose than Columns BC and (ZVI + BC); however, BC exhibited relatively
greater removal of saccharin than ZVI and (ZVI + BC). Acesulfame-K and saccharin (~110 ug
L™) were partially removed in the treatment columns. Cyclamate was not removed in any of the
columns. However, more than 76% of input sucralose (~110 ug L™) was removed in the three
treatment columns. Reactive medium BC alone was more effective for removing target PFASs
than ZVI and (ZVI + BC). Input perfluorooctanoic acid (PFOA) (~45 pg L) was partially

removed in the columns containing BC but not ZVI alone. Between 10 and 80% of input



perfluorooctane sulfonic acid (PFOS) (24—90 pg L™) was removed in Column ZVI; greater

removals (57-99%) were observed in Columns BC and (ZVI + BC).

Keywords: pharmaceutical compounds; artificial sweeteners; perfluoroalkyl substances; zero-

valent iron; biochar; passive treatment system

1. Introduction

Pharmaceuticals and artificial sweeteners are heavily consumed by society. These compounds
pass through human digestive tracts and end up in treated wastewater as unchanged parent
compounds or degradation products. However, at many locations, conventional wastewater
treatment systems cannot efficiently remove these emerging contaminants from water (Metcalfe
et al., 2003; Scheurer et al., 2009). This has resulted in the ubiquitous occurrence of
pharmaceuticals (such as carbamazepine (CBZ), caffeine (CAF), sulfamethoxazole (SMX),
ibuprofen (IBU), gemfibrozil (GEM), and naproxen (NAP)) and artificial sweeteners (such as
acesulfame-K (ACE-K), cyclamate (CYC), sucralose (SCL), and saccharin (SAC)) in the
environment (Rodil et al., 2012; Zhao et al., 2017). The concentrations of pharmaceuticals and
artificial sweeteners in environmental waters such as surface water and groundwater are usually
in the range of ng L™ to pg L™, with relatively higher concentrations observed in wastewater
derived from domestic and municipal sources. Metcalfe et al. (2003) report that up to 2 pg L™ of
CBZ,5 ug L™ of GEM, and 40 pg L™ of NAP and IBU are detected in the influents and effluents
of 14 Canadian sewage treatment plants. Carrara et al. (2008) observe up to 7 pg L™ of IBU,
GEM, and NAP in the septic system of Long Point Provincial Park, Ontario, Canada; later, Van
Stempvoort et al. (2011) report up to 100 pg L™ of artificial sweeteners ACE-K, CYC, SCL, and
SAC observed in the contaminated groundwater at the same site. Due to the persistence of some
pharmaceuticals and artificial sweeteners, they have been used to track anthropogenic
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contamination in aquatic environments (James et al., 2016; Liu et al., 2014a; Van Stempvoort et

al., 2013).

Perfluoroalkyl substances (PFASSs) are primarily used as surfactants in industrial, military,
and consumer products such as polymer additives, surface treatment agents, and fire retardants
because of their high thermal and chemical stability (Ahrens, 2011). These compounds are
extremely persistent and resistant to physical, chemical, and biological degradation and have
been reported to be transported globally (Rahman et al., 2014). Perfluorooctanoic acid (PFOA;
C7F15COOQOH) and perfluorooctane sulfonic acid (PFOS; CgF17SOg") are the most studied PFASs
because of their frequent detection and high observed concentrations. These contaminants have
been widely found in wastewater, surface water, groundwater, and drinking water in the range of
ng L™ to ug L™ (Ahrens, 2011; Schaider et al., 2014). Relatively higher concentrations of PFOA
and PFOS are usually detected near industrial or municipal wastewater treatment plants
(WWTPs), landfill leachate, airports, military bases, and manufacturing facilities. As an example,
Anderson et al. (2016) report up to 250 pg L™ of PFOA and 8970 pg L™ of PFOS in the surface

water and groundwater close to U.S. Air Force bases that utilized aqueous film-forming foams.

Pharmaceutical compounds and PFASs have been reported to be reproductive and
developmental toxicants and endocrine disruptors; moreover, PFASs are bioaccumulative and
possibly carcinogenic (Ding and Peijnenburg, 2013; Sanchez et al., 2011). Because most
drinking water and wastewater treatment systems (except for reverse osmosis and nanofiltration)
cannot efficiently remove pharmaceuticals (e.g., CBZ, CAF, and IBU), artificial sweeteners (e.g.,
ACE-K and SCL), and especially PFASs (e.g., PFOA and PFOS), different technologies such as
advanced oxidation, microbial treatment, and granular activated carbon (GAC) adsorption have

been extensively studied for removing these contaminants from water (Ahmed et al., 2016; Bo et
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al., 2015; Merino et al., 2016). Advanced oxidation processes (AOPs) such as UV photo- and
photocatalytic degradation and UV/H,0,, ozonation can effectively degrade many
pharmaceuticals and artificial sweeteners (Sharma et al., 2014; Tong et al.,, 2012). The
degradation or decomposition of PFASs is more challenging than for other emerging
contaminants due to the highly stable saturated C-F bond. Treatment methods for removing
PFASs, such as AOPs (Hori et al., 2006) or nanofiltration and GAC (Appleman et al., 2013),
either require strong oxidizing radicals (OH and SO4") under extreme conditions such as low
pH, high temperature, and high pressure or need to be frequently changed or renewed, which

makes these methods costly and less effective in field applications.

ZV1 is a strong reductant (reduction potential of -0.44 V) and has the potential to degrade
environmental contaminants, such as nitro-organic compounds and chlorinated hydrocarbons
(Jeen et al., 2013; Liu et al., 2018). Limited studies have reported the use of ZVI alone as a
reducing agent for removing pharmaceuticals and PFASs from water. Kdnig et al. (2016)
demonstrate reductive biotransformation of the pharmaceutical CBZ using ZVI sponge material
with 20% removal. Reductive degradation (38—96% removed) of four PFASs (PFOA, PFNA,
PFDA, and PFOS) has been reported using Mg-amino clay coated nanoscale ZVI under low pH

(pH 3) conditions (Arvaniti et al., 2015).

Biochar (BC) is a porous carbon residue derived from waste organic materials. BC has a
large surface area and high porosity, and contains various functional groups (carboxylic,
aliphatic, and phenolic groups) that provide exchange sites for the adsorption of cations, heavy
metals, and anions. In addition, the high carbon content makes biochar an effective sorbent for
nonpolar organic compounds in wastewater treatment (Scherer et al., 2000). Several studies
report effective sorption of pharmaceuticals CBZ, SMX, IBU, and NAP and perfluorinated
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compounds by BC (Jung et al., 2015; Kupryianchyk et al., 2016; Rajapaksha et al., 2015;

Williams et al., 2015).

ZV1 and BC are non-toxic and cost-effective reactive materials and easy to obtain. The
purpose of this study was to evaluate the potential of these reactive materials for the
simultaneous removal of three classes of emerging contaminants under dynamic flow conditions.
Four column experiments were conducted to evaluate the removal of pharmaceuticals (~10 pg L
Y, artificial sweeteners (~100 pg L™), and perfluoroalkyl substances (20-100 pg L™) from
simulated groundwater using ZVI, BC, and a mixture thereof. The target contaminants and their
concentrations were selected and chosen according to their occurrences and concentrations found
in wastewaters derived from domestic and municipal sources (Ahrens, 2011; Carrara et al., 2008;

Metcalfe et al., 2003; Van Stempvoort et al., 2011).

2. Materials and Methods

2.1 Column Design and Experimental Setup

The four acrylic columns each had a length of 30 cm and internal diameter of 5 cm. Ports were
attached to the bottom and top of each column to respectively introduce influent and discharge
effluent solutions. Seven sampling ports were installed along the length of each column at 3.75-
cm intervals. Column Control was packed with 100% silica sand (SS). Column ZVI was packed
with 50% (v/v) granular ZVI and 50% (v/v) SS. Column BC was packed with 50% (v/v) BC and
50% (v/v) SS. Column (ZVI + BC) was packed with 10% (v/v) granular ZVI1, 40% (v/v) BC, and
50% (v/v) SS. The SS was used as supporting material. The proportion of SS, ZVI, and BC in
four columns was adopted from previously published studies (Benner et al., 1999; Benner et al.,
1997; Gillham and O'Hannesin, 1994; Liu et al., 2014b). A 1 cm-thick layer of 100% SS was
packed on the top and bottom ends of the columns to separate the column packing from the

6



influent and effluent ports. The physical characteristics of the columns are provided in Table S1.
The SS (0.6-0.8 mm) was obtained from US Silica Company Inc. (Ottawa, IL, USA). The
granular ZV1 (0.25-1.19 mm) was obtained from Connelly-GPM Inc. (Chicago, IL, USA), and
was washed using 1.2 M HCI acid followed by ultrapure H,O (Type 1, 18.2 MQ cm @ 25 °C,
generated from a MilliQ A10 water system) before use. The BC (oak hard wood; 0.50-2.36 mm)
was obtained from Cowboy Charcoal Co. (Brentwood, TN, USA). The analysis of the hard wood
biochar used in this study has been reported previously by Liu et al. (2015). The carbon content
of the BC is 99.9%; fourier transform infrared spectroscopy (FTIR) analysis indicates the
presence of abundant hydroxyl, aliphatic, quinone, sulfate, and carbonate functional groups on
the BC surface. After packing, the columns were wrapped with aluminum foil to minimize
exposure to light. The columns were purged with CO; () for 24 h to displace atmospheric gases
in the void pore spaces of the column packing, except for the Column ZVI. CO; () is more
soluble in water than N, and O,, which enhances the saturation of the packing materials. Column
ZV1 was not purged with CO; ) to avoid the formation of carbonate precipitates, which can
cause a decrease in reactivity of the iron (Jeen et al., 2006). The columns were placed in an
anaerobic glove box (Coy Laboratory Products Inc., Grass Lake, IL, USA) that contained 5% H,

and 95% N, and were saturated with ultrapure H,O before the introduction of influent solution.

A concentrated stock solution was prepared that contained 10 mg L™ of pharmaceutical
compounds CBZ, CAF, SMX, 3,4-methylenedioxyamphetamine (MDA), 3/4-
methylenedioxymethamphetamine (MDMA), IBU, GEM, and NAP; 100 mg L™ of artificial
sweeteners ACE-K, CYC, SAC, and SCL; and 50-100 mg L™ of PFOA and PFOS in ultrapure
water. About 9% (v/v) methanol (HPLC grade, Sigma-Aldrich) was used in this concentrated

stock solution to dissolve the dry powders. The influent solution was prepared by adding 4 mL of



the concentrated stock solution to 4 L of Ar-purged simulated groundwater, resulting in < 0.01%
methanol. Simulated groundwater (CaCOj3 saturated water, 0.8-1.0 mM CaCOgs in H,0) was
used as the influent solution matrix to represent concentrations of dissolved Ca?*, HCO3, and
COs* that are often dominant species in natural surface water and groundwater. The final
influent solution contained approximately 10 ug L™ of pharmaceuticals CBZ, CAF, SMX, MDA,
MDMA, IBU, GEM, and NAP; 100 pg L™ of artificial sweeteners ACE-K, CYC, SAC, and SCL;
and 50 pg L™ of PFOA and 20 pg L™ PFOS for the first 21 pore volumes (PV) of flow. After 21
PV of flow through the columns, the concentration of PFOS in the influent solution was
increased to 50-100 pg L™ to match the influent PFOA concentration; the concentrations of the

other target contaminants remained the same.

The experiment was divided into two stages. The influent solution was pumped through
the columns from the bottom to the top at a rate of 0.3 pore volume (PV) d* during the first stage
and at a rate of 0.1 PV d™ after ~50 PV of flow during the second stage to evaluate the effect of
residence time on contaminant removals. The flow rate was set at 0.3 or 0.1 PV d™ to be
representative of average groundwater velocities reported at subsurface-wastewater disposal sites
(Benner et al., 1997; Carrara et al., 2008; Robertson et al., 2000). Profile samples were collected
four times during the experiments (after 1, 13, 25, and 53 PV of flow) along the length of the

columns.

2.2 Sample Collection and Analytical Methods

Water samples were collected from the effluent and profile ports using 125-mL amber glass
bottles, except those for PFOA and PFOS analysis which were collected using 30-mL
polypropylene bottles. Samples for pH and Eh analysis were not filtered; samples for alkalinity

measurements were filtered through 0.45-um cellulose acetate membranes (Pall Corp.,
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Mississauga, ON, Canada). Pharmaceutical samples were filtered through 0.45-pum nylon
membranes (Pall Corp., Canada) and collected in 25-mL amber glass vials. Artificial sweetener
samples were filtered through 0.2-um polyvinylidene difluoride (PVDF) membranes
(Chromatographic Specialties Inc., Brockville, ON, Canada) and collected in 8-mL polyethylene
(HDPE) bottles. Samples for PFOA and PFOS analysis were filtered through 0.45-pum
polypropylene membranes (Pall Corp., Canada) and collected in 15-mL HDPE bottles before 36
PV of flow through the columns, but not filtered thereafter. The pH, Eh, and alkalinity
measurements were performed immediately after sampling; all other samples were stored at 4 °C

until analysis within one month of collection.

The pH was measured using a Ross combination glass electrode (Orion 815600)
calibrated using standard pH 7, 4, and 10 buffers before use and checked against pH 7 and 10
buffers between samples. The Eh values were measured using a Pt-billeted Ag-AgCI
combination electrode (Orion 9678BNWP). The performance of the Eh probe was checked
against A and B solutions (redox/ORP electrode user guide, Thermo Scientific, Canada) between
samples. Alkalinity measurements were performed using a Hach digital titrator with bromocresol

green/methyl red indicator and 0.08 mol L ™* H,SO.,.

The analysis of target compounds involved isotope dilution of each compound to track
analyte recovery, instrument variability, and matrix suppression during sample analysis. The
strategy of using isotope-labelled internal standards and procedures for sample extraction (solid
phase extraction, SPE) are summarized in the supplementary information (SI). Analytical
procedures for target emerging contaminants using liquid chromatography-electrospray mass

spectrometry (LC/MS) or ion chromatography-electrospray mass spectrometry (IC/MS) are



described in the Sl, together with calibration curve preparation, quality assurance/quality control

(QA/QC) procedures, and method detection limits of target compounds.

3. Results and Discussion

3.1 Column Geochemistry

The average pH of Columns Control and BC effluents was about 8.3 during the first stage of the
experiment, consistent with influent pH values. In response to a decrease in flow rate during the
second stage of the experiment, the pH of Column Control effluent slightly increased to 8.6,
while the pH of Column BC effluent decreased to 6.9 (Figure S1). The pH of Column ZVI
effluent gradually increased from 7.8 at 5 PV to 9.4 until the end of the first stage of the
experiment (50 PV), likely due to the reduction of water by ZVI (Fe® + 2H,0 < Fe?* +
20H™ + Hy(g)) (Wilson, 1923); however, the pH of Column ZVI effluent then decreased to 8.6
in the second stage of the experiments (Figure S1). The average pH within Column (ZVI + BC)
and in its effluent was constant at 8.7 through the entire experiment despite the decrease in flow
rate. Average Eh values within Columns Control, ZVI, BC, and (ZVI + BC) were about -410, -
450, -395, and -440 mV, respectively (Figure S2), indicating strong reducing conditions were
maintained in all of the columns over the course of the experiment. The alkalinity of Columns
Control and BC effluents was consistent with the influent alkalinity, with values decreasing (51—
94 mg L™ as CaCOs3) during the experiment. The alkalinity of Column ZVI effluent increased
from 14 to 39 mg L™ (as CaCOs) during the first stage of the experiment, and then decreased
slightly to 27 mg L™ (as CaCOs) in the second stage of the experiment. The alkalinity of Column
(ZVI1 + BC) effluent was slightly lower than for Column BC effluent but higher than for Column

ZV1 effluent, likely as a result of the mixed composition of the two reactive media (Figure S1).
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3.2 Removal of Pharmaceutical Compounds in Columns

3.2.1 Removal of Pharmaceutical Compounds from Column Effluent

Pharmaceutical compounds CBZ, CAF, MDA, MDMA, IBU, GEM, and NAP were not removed
in Column Control, with similar influent and effluent concentrations observed (~9 pg L™)
(Figures 1 and 2). SMX was not removed in Column Control in the early stage of the experiment;
however, increasing removal was observed after 14 PV, especially during the second stage of the
experiment when the effluent concentration declined to ~0.3 pg L. The removal of SMX in
Column Control was likely due to biodegradation and sorption of SMX to biofilm as a result of
microbial growth during the extended operating period, as reported in other studies (Martinez-
Hernandez et al., 2016). The concentrations of pharmaceutical compounds in Columns ZVI, BC,
and (ZV1 + BC) effluents decreased from the average input concentration of ~9 to <0.25 ug L™
throughout the experiment, indicating almost complete removal (97-99%) of the eight target
pharmaceuticals (Figures 1 and 2). The decrease in flow rate did not affect the removal of

pharmaceutical compounds in Columns ZVI, BC, and (ZVI + BC).

3.2.2 Potential Removal Mechanisms of Pharmaceutical Compounds by ZVI and BC

The target pharmaceutical compounds were classified as acids, bases, and acid/base according to
the ionizable functional groups (acid deprotonates/base protonates) in their structure. Each type
of pharmaceutical was divided into three groups (neutral, cationic, and anionic compounds)
according to the charge of the occurring relevant species in the pH range investigated (7.0-9.5)
in this study (Table 1 and Figure S3). CBZ is a base (—-NH, functional group in its structure) and
was primarily in its neutral form (pH > pKa) in the pH conditions of this study. CAF, MDA, and
MDMA are basic compounds because the N-bearing functional groups in these compounds are

protonated in the investigated pH range; they were primarily in their cationic forms (positively
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charged, pH < their pKas). SMX is a zwitterion (with two pKas: 1.7 and 5.6) and contains both
acidic (-NH-) and basic (—NH;) functional groups; SMX predominantly exists as an anionic
species (negatively charged) at pH > 5.6. IBU, GEM, and NAP are acidic compounds because
their carboxylic groups are deprotonated at pH values above their pKas; they were primarily in
their anionic forms (negatively charged) in this study. The detailed removal mechanisms of

target pharmaceuticals by ZV1 and BC are summarized in Table S2.

In this study, removals of target pharmaceuticals by ZV1I were likely through direct and
indirect reduction by ZVI and iron oxides, adsorption or coprecipitation on corrosion products, H
bonding, and electrostatic interaction. Removal of pharmaceuticals CAF, MDA, MDMA, SMX,
IBU, GEM, and NAP using ZVI alone has not been previously reported; however, Konig et al.
(2016) report that CBZ can be reduced by ZVI through reductive catalytic hydrogenation (H;
was produced during anaerobic corrosion of ZVI by H,0) with nine hydrogenation products
identified. Reductive degradation of aqueous IBU (10 mg L™) by ZVI nanoparticles alone has
been reported by Machado et al. (2013), with removals of 54-66% observed; similarly, the
decreased removal of IBU observed in this study was likely due to passivation (oxidation) of the
ZV1 surfaces, which limits electron transfer from the core of the ZVI particles to its surface (Li et
al., 2006). The corrosion of Fe® in natural waters (pH 4-9) produces hydrated iron oxide films on
the metal surface (Wilson, 1923), and the —OH groups (H donors and acceptors) of iron
hydroxide can interact with N, -NH-, -NH,, =O, -O—, -COOH, and OH groups (H donors and
acceptors) of target pharmaceuticals through H bonding, which likely enhanced the removal of
target pharmaceuticals by ZV1 (Table S2). Common products of Fe® corrosion and precipitation
in dissolved calcium carbonate water (simulated groundwater) are iron hydroxy carbonate

[Fe2(OH),CO3] and aragonite (CaCOs), as have been identified by Jeen et al. (2007) in a
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previous column experiment conducted under similar geochemical conditions. The iron hydroxy
carbonate is likely negatively charged in the pH range of this study (pH 7.9-9.5) (Guilbaud et al.,
2013). The electrostatic interaction between negatively charged ZVI and positively charged
pharmaceuticals (CAF, MDA, and MDMA) can also contribute to the removal of

pharmaceuticals by ZV1.

Removal of organic contaminants by BC is attributed to the strong sorption affinity
between organic contaminants and BC through hydrophobic interaction, n—m electron donor-
acceptor (EDA) interaction, m—r electron coupling interaction between the graphite moieties of
BC and = electron of contaminants, electrostatic interaction, and H-bonding (Inyang and
Dickenson, 2015; Zhao et al., 2016). The BC used in this study is likely a n-donor (m-electron
rich) due to a high graphitic carbon content (99.9%) (Liu et al., 2015). The =~ EDA interaction
likely formed between electron withdrawing functional groups (N, -NH-, —-NH,, C=0, —-O-,
sulfonamide, heterocyclic ring, and carboxyl groups) in CAF, MDA, MDMA, SMX, IBU, GEM,
NAP and the m-electron rich BC (Jung et al., 2013; Zheng et al., 2013). The n—=n stacking
interaction between the aromatic rings in CBZ, MDA, MDMA, SMX, IBU, GEM, and NAP
molecules and the aromatic structure of graphene in the BC also likely enhanced the sorption of
these pharmaceuticals by BC. The BC was likely negatively charged at pH 7.0-9.5 (Mukherjee
et al., 2011); positively charged pharmaceuticals (CAF, MDA, and MDMA) can adsorb on
negatively charged BC through electrostatic interaction. In addition, H bonding and =n-H bonding
between the functional groups N, -NH—, —-NH,, C=0, and —OH (H electron donor or acceptors)
of target pharmaceuticals and the —OH (H electron donor or acceptors) and aromatic @ structure
of BC (Liu et al., 2015) also likely contributed to sorption of these compounds by BC.

Hydrophobic interaction between moderately hydrophobic CBZ (log Dow=2.77) and hydrophobic
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BC likely accounted for the sorption of CBZ by BC (Inyang and Dickenson, 2015); however, the
hydrophobic interaction between BC and other target hydrophilic pharmaceuticals (low log Doy
values; Table 1) was limited. In addition, CBZ, SMX, MDA, and MDMA may be sorbed to BC
through Lewis acid-base interaction; the amino (-NH- and —NH;) on the target pharmaceutical
molecules act as the Lewis bases and the O-containing groups (-OH, —CO—, and —CO3-) on the
BC act as Lewis acids (Zhao et al.,, 2016). Effective stabilization or removal of target
pharmaceuticals from contaminated soil and water has been reported using BC (Hurtado et al.,

2016; Jung et al., 2015).
3.2.3 Removal Rates of Pharmaceutical Compounds within Columns

The removal of pharmaceutical compounds within Columns ZVI, BC, and (ZVI + BC) followed a
first-order rate model (Figures 3 and 4) with R > 0.93. The removal rates, first-order removal
rate constants (Kops), mass normalized rate constants (kv), and surface area normalized rate
constants (ksa, specific reaction rate constant) of target pharmaceuticals are reported by Liu et al.

(2020).

Overall, the pharmaceuticals were removed more rapidly in Columns ZVI and (ZVI + BC)
than in Column BC. The removal rates of pharmaceuticals within the treatment columns
decreased by 67 to 99% over the experimental period. Decreases in the removal rates of
pharmaceuticals by ZVI may be related to declining reactivity of ZVI due to accumulation of
secondary precipitates on the ZVI surfaces, such as described for treatment of trichloroethylene
(TCE) by ZVI (Jeen et al., 2007). The decreasing removal of pharmaceuticals by BC may be due
to in-filling of pores and decreasing sorption sites over time. The removal rates of

pharmaceuticals within Columns zZVI and (ZVI+BC) was in the following order: SMX >
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MDMA > MDA > CAF > CBZ > GEM > NAP > IBU (i.e., SMX > cationic compounds >
neutral compounds > anionic compounds or N functional group-bearing compounds > carboxylic
functional group-bearing compounds). The removal rates of pharmaceuticals within Column BC
was in the following order: MDMA > MDA > CAF > CBZ > NAP > GEM > SMX > IBU (i.e.,
cationic compounds > neutral compounds > anionic compounds) (Liu et al., 2020). Overall,
removal rates for cationic pharmaceuticals were greater than for neutral and anionic
pharmaceuticals within each treatment column independent of the hydrophobicity (log Dow),
number of aromatic rings, and number of H acceptors and donors of the compounds. CBZ was
the most hydrophobic (high log Do, value) pharmaceutical considered in this study, but its
removal rate was lower than that of the cationic pharmaceuticals (MDMA, MDA, and CAF).
Electrostatic interactions were likely more important than other removal mechanisms such as
hydrophobic interactions, 7—t EDA and stacking interactions, and H bonding for removing target

pharmaceuticals.

3.3 Removal of Artificial Sweeteners in Columns

3.3.1 Removal of Artificial Sweeteners from Column Effluent

Artificial sweeteners ACE-K, CYC, SAC, and SCL (input concentration: 90-120 pg L™) were
not removed in Column Control. About 27 and 14% of input ACE-K (~100 ug L™) was removed
in Columns ZVI and (ZVI + BC), respectively, during the first stage of the experiment; the
removal of ACE-K increased to 61% in Column ZVI and to 31% in Column (ZVI + BC) during
the second stage of the experiment as the flow rate decreased from 0.3 to 0.1 PV d™. No removal
of ACE-K was observed in Column BC (Figure 5), consistent with poor removal (~10%) of

ACE-K reported using powdered activated carbon (PAC) filtration (Mailler et al., 2015). CYC
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was not removed in this study. Scheurer et al. (2010) report poor removal of CYC in a GAC

filter with 80% breakthrough after 3 d.

Partial removal of SAC was observed in the two columns containing BC, but not Column
ZV1. The concentration of SAC in the effluents of Columns BC and (ZVI + BC) gradually
increased from trace levels of 1.1-7.3 pg L™ before 6 PV to 81.5-85.5 pg L™ at ~50 PV during
the first stage of the experiment with higher concentrations of SAC observed in Column (ZVI +
BC) than Column BC. The concentration of SAC then slightly decreased to 70.3 pg L™ at 65 PV
in Column BC effluent and remained at the input concentration in Column (ZVI + BC) effluent

during the second stage of the experiment (Figure 5).

More than 88, 85, and 76% of input SCL (~110 pg L™) was removed in Columns ZVI,
BC, and (ZVI + BC), respectively. The SCL concentration in Column ZVI effluent increased
from 2.6 to 9.3 pg L in the first stage of the experiment, and then increased further to 13.1 pg
L at 58 PV in the second stage of the experiment. The removal of SCL in Column ZVI was not
enhanced by the decrease in flow rate from 0.3 to 0.1 PV d™*; however, the removal of SCL in
Columns BC and (ZVI + BC) was slightly enhanced with decreasing flow rate. The concentration
of SCL in Columns BC and (ZVI + BC) effluents respectively increased from 7.4 and 0.9 pg L™
at 10 PV to 17.2 and 28.4 pg L™ at 53 PV in the first stage of the experiment, then slightly
decreased to 12.8 and 24.3 pug L™ at 63 PV in the second stage of the experiment (Figure 5).
Greater removal (> 99%) of SCL by AC is demonstrated by Minten et al. (2011) compared to the

removal of SCL (85-99%) by BC in this study.

3.3.2 Potential Removal Mechanisms of Artificial Sweeteners by ZVI and BC
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Artificial sweeteners ACE-K, CYC, and SAC were predominantly anionic (negatively charged)
in the investigated pH range (7.0-9.5) due to dissociation of these compounds at pH values
above their pK,s (Table 1 and Figure S3). SCL was mainly in its neutral form (pH < pKj) in this
study. The potential removal mechanisms of artificial sweeteners by ZVI and BC are
summarized in Table S3. The removal of ACE-K and SCL by ZVI has not been previously
reported. The removal of ACE-K by ZVI was likely due to reduction; removal of SCL by ZVI
was likely through dechlorination of the chlorine atoms in the SCL molecule by ZV1. In addition,
the H bonding between =O and N bearing groups (H acceptors) of ACE-K, —OH groups (H
donors and acceptors) of SCL, and —OH groups on the surface of ZVI may also have contributed

to removal of ACE-K and SCL by ZVI.

The sorption of SAC by BC is attributed to ©—r stacking interaction between the aromatic
ring in SAC and aromatic structure of graphene in the BC. The n—n EDA interaction between
electron-withdrawing sulfonamide and carbonyl functional groups (r electron acceptors) in SAC
and the m-electron-rich BC (w-electron donors) also likely contributed to the sorption of SAC by
BC (Inyang and Dickenson, 2015). In addition, the H bonding between the =O and N bearing
groups (H acceptors) in the SAC molecule and the —OH (H donors) of BC could also contribute
to sorption of SAC by BC. Similarly, Seo et al. (2016) report that the H bonding between the —
NH_ group (H donor) on modified sorbent and =O (H acceptor) in the SAC molecule contributes
to the adsorptive removal of SAC by urea-modified metal-organic frameworks. The sorption of
SCL by BC was likely through H bonding. Sucralose contains —OH, which might be attracted to
the —CO- and -OH in BC through H bonding. Hydrophobic interactions and electrostatic

interactions between SAC and SCL (hydrophilic and neutral or negatively charged) and BC
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(hydrophobic and negatively charged) were assumed to have been limited in this study (Table

S3).
3.3.3 Removal Rates of Artificial Sweeteners within Columns

The removal of artificial sweeteners followed first- or zero-order rate models or followed a first-
order rate in the early stage of the experiment followed by a zero-order rate in the late stage of
the experiment (Figure 6). The first- and zero-order removal rates, removal rate constants (Kops),
mass normalized rate constants (ky), and surface area normalized rate constants (ksa, specific

reaction rate constant) are reported by Liu et al. (2020).

ACE-K was removed more rapidly within Column ZVI (first-order model) than Column
(ZV1+BC) (zero-order model). The average removal rate of ACE by ZVI in this study was much
greater than observed by direct photolysis of ACE-K at pH 4 in deionized water with a rate
constant of 0.036 d™ (Gan et al., 2014). The removal rate of SAC within the three treatment
columns was in the following order: BC > (ZVI + BC) > ZVI. The removal rate of SCL within
the three treatment columns occurred in the order ZVI > (ZVI + BC) > BC before 13 PV and then
BC = (2VI + BC) > 2ZVI after 13 PV (Figure 6) (Liu et al., 2020). This decrease in SCL removal
rates by ZVI was likely due to the declining reactivity of ZVI. The removal rates of ACE-K,
SAC, and SCL within treatment columns were lower than those observed using advanced

oxidation technologies (Sharma et al., 2014; Toth et al., 2012).

Overall, adding ZVI to BC did not enhance the removal of artificial sweeteners ACE-K,
CYC, SAC, and SCL; artificial sweeteners were less effectively removed in Column (ZVI + BC)

than in either Column ZVI or BC. The removal rate of four artificial sweeteners was SCL > ACE-
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K > SAC > CYC (no removal) within Column ZVI and SCL > SAC > ACE-K and CYC (no

removals) within the column containing BC.

3.4 Removal of PFOA and PFOS in Columns

3.4.1 Removal of PFOA and PFOS from Column Effluent

PFOA and PFOS were persistent and not removed in the Column Control. More than 89% of
input PFOA (~45 pg L™) was removed in Columns ZVI, BC, and (ZVI + BC) early in the first
stage of the experiment (< 10 PV); the removal efficiency then greatly decreased in all three
treatment columns over the remainder of the experiment. The concentration of PFOA in Column
ZVI effluent was < 0.5 pg L™ before 10 PV with a removal of 99%, then rapidly increased to
51.4 pg L™ (10 to 25% higher than the input PFOA) at 18 PV until the end of the first stage of
the experiment. The concentration of PFOA then gradually decreased to the influent PFOA level
during the second stage of the experiment. More than 90% of the input PFOA was removed from
Columns BC and (ZVI + BC), from an influent concentration of 44.6 ug L™ to effluent
concentrations of < 5 pg L™, within the first 6 PV in the first stage of the experiment. However,
the effluent PFOA concentration in both columns gradually increased to influent concentrations,
with much greater removals observed in Column BC than in Column (ZVI + BC). In addition, an
effluent PFOA concentration (~55.4 pg L™) greater than the influent concentration was observed
in Column (ZVI + BC), similar to Column ZVI. The removal of PFOA in Columns BC and (ZVI
+ BC) was slightly enhanced at lower flow rates; however, breakthrough of PFOA in both
columns was observed by the end of the experiment with effluent concentrations of 50.7 pg L™

in Column BC and 45 pg L™ in Column (ZVI + BC) (Figure 7).
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Columns containing BC removed about 49-98% of input PFOS (24.0-89.6 ug L™) over
the experimental period; less was removed by Column zZVI (Figure 7). More than 81% of input
PFOS (24.0-82.6 pg L™) was removed in Column ZVI before 37 PV during the first stage of the
experiment; however, as the average input PFOS concentration increased from 47.5 to 82.9 ug L
! during over the course of 34 to 50 PV, the concentration of PFOS in Column ZVI effluent
rapidly increased from 2.23 to 51.2 ug L™ with removals decreased to 25-46% by the end of first
experimental stage. The concentration of PFOS in Column ZVI1 effluent followed the same trend
as the influent PFOS, with relatively lower removals of 11-49% during the second stage of the
experiment (Figure 7). More than 82% of input PFOS (which varied from 24.0 to 89.6 ug L™)
was removed in Column BC throughout the experiment with effluent concentrations < 8.6 pg L™
and removal of up to 99%, except for 13-21 PV with removals of 63-94%. Relatively less
removal of PFOS was observed in Column (ZVI + BC) compared to Column BC. Similarly, low
concentrations of PFOS (< 6.07 pg L™) were observed in the Column (ZV1 + BC) effluent before
41 PV with removal > 88%, except for 15-22 PV with smaller removals of 57-95%. As the
average input PFOS concentration increased from 49.0 to 84.7 pg L™ at ~40 PV, the effluent
PFOS concentration in Column (ZVI + BC) then increased from 6.07 to 19.2 pg L™ and
remained consistent at ~20 ug L™ with relatively smaller removals of 56-79% through the
remainder of the experiment (Figure 7). Overall, PFOA (up to 89%) and PFOS (up to 99%) were
removed more effectively by high carbon content (99%) BC in this study compared to a previous
study. Specifically, Kupryianchyk et al. (2016) report little or no removal of PFOA and PFOS
from the top 20 cm of soils at a fire fighting training site contaminated with PFASS; this is

attributed to the low C content (19-53%) of their biochars.

3.4.2 Potential Removal Mechanisms of PFOA and PFOS by ZVI and BC
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PFOA and PFOS are acidic compounds that deprotonate and exist primarily in their anionic
forms (negatively charged) in the pH range of this study (pH > pKas; Table 1). Removal of
PFOA and PFOS by ZVI during the early stage (before 18 PV) of the experiment was likely due
to electrostatic interactions, H bonding, and ion-dipole interactions; however, electrostatic
interactions were limited after 18 PV through Column ZVI. The pH of pore water in Column ZVI
ranged from 7.1 to 8.2 before 18 PV (Figure S1); Fe(lll) (oxy)hydroxide surfaces are positively
charged at pH < 8.3 (Parks, 1965), which may have promoted sorption of negatively charged
PFOA and PFOS through electrostatic interactions. Similarly, the sorption of PFOA and PFOS
by ZV1 oxidation products (iron oxides and hydroxides) through electrostatic interactions in a
low pH (3.0-6.0) aqueous solution has been reported (Gao and Chorover, 2012). However, the
pH of pore water in Column ZVI was > 8.3 after 18 PV, which resulted in negatively charged
iron hydroxides and led to a reduction in electrostatic interactions between the iron hydroxide
surface and negatively charged PFOA and PFOS. This pH-induced decrease of electrostatic
interactions possibly resulted in the desorption of PFOA from ZVI, resulting in the higher
concentration of PFOA (10-25%) in Column ZVI effluent compared to the influent PFOA (18 —

50 PV) (Figure 7).

The H bonding between PFOA/PFOS and ZV1 likely occurred between the —OH groups
(H donors) on iron hydroxide surfaces and the carboxylic (-COO", 20 as 2H acceptors) and
sulfonic (-SO3’, 30 as 3H acceptors) groups of PFOA and PFOS. The H bonding between PFOS
(3H acceptors) and ZVI was likely greater than between PFOA (2H acceptors) and ZVI; this may
account for the greater removal of PFOS by ZVI than PFOA (Table S4). The anionic PFOA and
PFOS molecules can also develop ion-dipole interactions with the polar —OH functional groups

(dipole) on the ZVI surface (Punyapalakul et al., 2013). In addition, the formation of Fe-
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carboxylate complexes from the ferric Fe hydroxide on the surface of ZVI and the carboxylic
group in PFOA may also contribute to sorption of PFOA by ZVI (Gao and Chorover, 2012).
Park et al. (2018) also reported removal of PFOS by nano-ZVI through adsorption and

complexation with Fe hydroxide.

Fluoride, the indicative by-product of defluorination, was not observed in the treated
effluent of any column in this study; this is attributed to a lack of defluorination reactions,
analytical limitations, or the removal of F by the reactive media. Sorption of F by iron
hydroxide (Sujana et al., 2009) and biochars (Guan et al., 2015) has been reported. In addition,
Ca®" in the simulated groundwater used in this study may have reacted with F~ to form CaF,
precipitates, therefore also removing F from the column effluent and pore water. Therefore,
reductive defluorination of PFOA and PFOS by ZV1 cannot be confirmed in this study. However,
reductive defluorination of PFOA and PFOS is demonstrated by Arvaniti et al. (2015) using Mg-

aminoclay modified nanoscale ZVI.

Removal of PFOA and PFOS by BC is attributed to hydrophobic interactions between the
hydrophobic perfluoroalkyl tail and hydrophobic surface of BC (Du et al., 2014). In addition, H
bonding and ion-dipole interactions may also contribute to the removal of PFOA and PFOS by
BC. Greater removals of PFOS than PFOA by BC are attributed to the stronger hydrophobic
interaction between PFOS and BC. PFOA and PFOS have the same carbon chain length (C8);
however, PFOS contains two additional C-F bonds, which leads to stronger hydrophobicity of
PFOS than PFOA (Higgins and Luthy, 2006). Similarly, H bonding between the —OH groups (H
donors) in BC and the —SOj3 group (3H acceptors) in PFOS was greater than the H bonding
between the —OH groups in BC and the —COO" group (2H acceptors) in PFOA. This stronger H

bonding between BC and PFOS may have contributed to the stronger sorption of PFOS than
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PFOA by BC (Gao and Chorover, 2012). A relatively weak ion-dipole interaction between the —
OH dipole groups in BC and anionic PFOA and PFOS molecules can also contribute to the
sorption of PFOA and PFOS to BC (Du et al., 2014; Karoyo and Wilson, 2013). In addition, the
Ca’* present in simulated groundwater in this study has been reported to enhance the sorption of
PFOA and PFOS to adsorbents due to the formation of a cation bridge between Ca*" and
negatively charged carboxyl and sulfonate groups (Wang and Shih, 2011). Electrostatic
interaction between negatively charged PFOA and PFOS and negatively charged ZVI1 and BC

was likely limited in this study.
3.4.3 Removal Rates of PFOA and PFOS within Columns

The removal of PFOA and PFOS followed first-order, zero-order, or first-order (early stage of
the experiment) followed by zero-order (late stage of the experiment) rates (Figure 8). The
removal rates, removal rate constants (Kqps), mass normalized rate constants (ku), and surface
area normalized rate constants (ksa, specific reaction rate constant) are reported by Liu et al.
(2020). The removal rate of PFOA occurred in columns in the following order: BC > (ZVI +
BC) > ZVI. The removal rate of PFOS occurred in columns in the order (ZVI + BC) > BC > ZVI
during the first stage of the experiment and BC > (ZVI + BC) > ZVI during the second stage of
the experiment (Figure 8). Overall, PFOA and PFOS were removed more rapidly within the two

columns containing BC than only ZVI.

The decreasing removal rates of PFOA and PFOS by the columns containing BC were
likely due to the competitive sorption between PFASs and other organic contaminants
pharmaceuticals, and artificial sweeteners, as previously reported (Yu et al., 2012). In addition,

Du et al. (2014) demonstrate that the adsorbed negatively charged PFAS molecules on the
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sorbents produce a repulsive force which prevents further adsorption of negatively charged
PFASs. This repulsive interaction on the surface of BC also likely decreased the sorption
efficiency of PFOA and PFOS by BC over time. The removal rates of PFOA and PFOS by ZVI
and BC were slower than reported using the iron containing material hematite (Gao and

Chorover, 2012) and carbonaceous sorbent GAC (Zhang et al., 2016).

4. Conclusions

Simultaneous removal of 13 emerging contaminants, specifically pharmaceutical compounds
(CBZ, CAF, MDA, MDMA, SMX, IBU, GEM, and NAP with removals > 97%), artificial
sweeteners (ACE-K, SAC, and SCL with partial removals), and perfluoroalkyl substances
(PFOA and PFOS with partial removals), was observed in a passive treatment system (four
columns) containing reactive media composed of zero-valent iron, biochar, and a mixture thereof.
Eight pharmaceuticals were more rapidly and completely removed in the columns containing
ZV1 than only BC. In general, removal rates of pharmaceuticals within the three treatment
columns followed a predictable pattern; SMX (in Column ZVI but not in the columns containing
BC) > cationic compounds (MDMA, MDA, and CAF) > neutral compound (CBZ) > anionic
compounds (NAP, GEM, and IBU). The removal rates of artificial sweeteners within the
treatment columns occurred in the order SCL > ACE-K and SAC > CYC (no removal). Unlike
pharmaceuticals, greater and relatively more rapid removals of PFOA and PFOS were observed
in the columns containing BC than only ZVI; PFOS was more effectively removed than PFOA.
Overall, target pharmaceuticals, artificial sweeteners (except for CYC with no removal), and
perfluoroalkyl substances were better removed using the combination of ZV1 and BC than either
ZV1 or BC alone. These results suggest that the reactive mixture of ZVI and BC has the potential

to be an effective combination for use in large-scale field applications such as in situ reactors and
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permeable reactive barriers (PRBs) for remediation of emerging contaminants. These materials
are relatively low cost and, when combined, show considerable reactivity for ubiquitous trace
organic emerging contaminants present in wastewater. However, more extensive study is
required when the reactive mixture is applied to remove emerging contaminants from different
wastewater streams, as the complex matrix of the wastewater such as DOC content and ionic
strength may influence the removal efficiency. In addition, the identification of degradation
products of target emerging contaminants by reactive media should be considered in future

studies.
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Column 1: Control Column 2: ZVI Column 3: BC Column 4: ZVI + BC

T 12 —
— ]
o 8 .
b ‘
0
- 12
&
o 8 =
5 ]
0
= 12
&
D8 .
0
12
o
= -
<
= 4 G
g I
= 0 PR TP I [ 5
0O 20 40 60 80 0 20 40 60 80 0O 20 40 60 80 0O 20 40 60 80
@ Influent Pore volume (PV)
—&— Effluent

— — Indicates a change in flow rate from 0.3 to 0.1 PV d’

Figure 1 Concentrations of neutral pharmaceutical carbamazepine (CBZ) and cationic
pharmaceuticals caffeine (CAF), 3,4-methylenedioxyamphetamine (MDA), and 3,4-
methylenedioxymethamphetamine (MDMA) as a function of pore volumes (PV) in effluent from
the control column and columns containing zero-valent Fe (ZV1), biochar (BC), and a mixture
thereof; dashed lines indicate a decrease in flow rate in each column, dividing the experiment
into two stages.
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Figure 2 Concentrations of anionic pharmaceuticals sulfamethoxazole (SMX), ibuprofen (IBU),
gemfibrozil (GEM), and naproxen (NAP) as a function of pore volumes (PV) in effluent from the
control column and columns containing zero-valent Fe (ZVI), biochar (BC), and a mixture
thereof; dashed lines indicate a decrease in flow rate in each column, dividing the experiment
into two stages.
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Figure 3 Concentrations of neutral pharmaceutical carbamazepine (CBZ) and cationic
pharmaceuticals caffeine (CAF), 3,4-methylenedioxyamphetamine (MDA), and 3,4-
methylenedioxymethamphetamine (MDMA) as a function of distance along flow direction
within the control column and columns containing zero-valent Fe (ZVI), biochar (BC), and a
mixture thereof. Blue circles, orange squares, and green triangles represent data collected during
the first stage of the experiment (flow rate = 0.3 PV d™), while grey diamonds represent data
collected during the second stage of the experiment (flow rate = 0.1 PV d), given in terms of
pore volumes (PV).
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Figure 4 Concentrations of anionic pharmaceuticals sulfamethoxazole (SMX), ibuprofen (IBU),
gemfibrozil (GEM), and naproxen (NAP) as a function of distance along flow direction within
the control column and columns containing zero-valent Fe (ZV1), biochar (BC), and a mixture
thereof. Blue circles, orange squares, and green triangles represent data collected during the first
stage of the experiment (flow rate = 0.3 PV d™), while grey diamonds represent data collected
during the second stage of the experiment (flow rate = 0.1 PV d*), given in terms of pore

volumes (PV).
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Figure 5 Concentrations of acesulfame-K (ACE-K), cyclamate (CYC), saccharine (SAC), and
sucralose (SCL) as a function of pore volumes (PV) in effluent from the control column and
columns containing zero-valent Fe (ZVI), biochar (BC), and a mixture thereof; dashed lines
indicate a decrease in flow rate in each column, dividing the experiment into two stages.
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Figure 6 Concentrations of acesulfame-K (ACE-K), cyclamate (CYC), saccharine (SAC), and
sucralose (SCL) as a function of distance along flow direction within the control column and
columns containing zero-valent Fe (ZVI), biochar (BC), and a mixture thereof. Blue circles,
orange squares, and green triangles represent data collected during the first stage of the
experiment (flow rate = 0.3 PV d), while grey diamonds represent data collected during the
second stage of the experiment (flow rate = 0.1 PV d'*), given in terms of pore volumes (PV).

31



Column 1: Control Column 2: ZVI Column 3: BC Column 4: ZVI + BC
80 T L) L) T T
[

so-ll:;

PFOA, ug L™
NN
o

120F 7 77
80
40

PFOS, g L™

O A
0O 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
B Influent Pore volume
—8— Effluent

— — Indicates a change in flow rate from 0.3 to 0.1 PV d’

Figure 7 Concentrations of perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid
(PFOS) as a function of pore volumes (PV) in effluent from the control column and columns
containing zero-valent Fe (ZVI), biochar (BC), and a mixture thereof; dashed lines indicate a
decrease in flow rate in each column, dividing the experiment into two stages.
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Figure 8 Concentrations of perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid
(PFOS) as a function of distance along flow direction within the control column and columns
containing zero-valent Fe (ZVI), biochar (BC), and both. Blue circles, orange squares, and green
triangles represent data collected during the first stage of the experiment (flow rate = 0.3 PV d),
while grey diamonds represent data collected during the second stage of the experiment (flow

rate = 0.1 PV d™), given in terms of pore volumes (PV).
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Table 1 Physicochemical variables for target compounds.

Character logDow
Target compound Structure (charge) pKa  logKow at pH=8
J
Carbamazepine (CBZ) oo Base(N) -049 277 277
™
Caffeine (CAF) {I(Y\ Base (+) = 104 -0.07 -2.20
3,4-methylen(e'\(j||g>2/)amphetam|ne <]©/Y : Base (4) 9.7 143 .0.55
Pharmace 3,4- ¢ e
utical  methylenedioxymethamphetamine ]@Ar Base (+) 9.9 1.86 -0.25
compoun (MDMA) O
3¢ 17 Acid/Base 1.7, )
Sulfamethoxazole (SMX) Q i © 5 6 0.79 0.11
Ibuprofen (IBU) (" Acid(-) 45 384 0.85
Gemfibrozil (GEM) i;r T Acid(e) 48 439 1.14
Naproxen (NAP) “ Acd(-) 42 299 -0.36
Acesulfame-K (ACE-K) O Add() 20 069 -3.06
Cyclamate (CYC) e Acid(-) 17 061 -1.77
Atrtificial Mo ©
sweetene Saccharine (SAC) ©f< Acid(-) 194 045 -0.49
r o
Sucralose (SCL) ﬁIL Acid(N) 119 -047  -0.47
Perfluorooctanoic acid " Acid o) 05 511 158
Perfluoro (PFOA) Yo ' ' '
alkyl _ _ R
substance Perfluoroocélt:)agg ggjlfonlc acid I :;li Acid () 23 543 3.05

Note: (N): Neutral; (+): Positively charged; (-): Negatively charged. pK, l10g Kow, and log Dy, of
target compounds were obtained from Chemicalize.org by ChemAxon
(http://www.chemicalize.org). The log Doy (pH dependent log Ko,) values reported in this study
were for pH 8.
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e Zero-valent iron and biochar were used in a passive treatment system (four columns)

e Simultaneous removal of 13 emerging contaminants in passive treatment system

e >97% of 8 pharmaceuticals were removed (rate: cationic>neutral>anionic compounds)
e 15-60% of input acesulfame-K and >75% of input sucralose was removed

e Partial removal of PFOA and PFOS; greater removal of PFOS than PFOA




