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Rapid sand filters (RSFs) have shown potential for removing organic micropollutants (OMPs) from groundwater.
However, the abiotic removal mechanisms are not well understood. In this study, we collect sand from two field
RSFs that are operated in series. The sand from the primary filter abiotically removes 87.5% of salicylic acid,
81.4% of paracetamol, and 80.2% of benzotriazole, while the sand from the secondary filter only removes
paracetamol (84.6%). The field collected sand is coated by a blend of iron oxides (FeOx) and manganese oxides
(MnOx) combined with organic matter, phosphate, and calcium. FeOx adsorbs salicylic acid via bonding of
carboxyl group with FeOx. The desorption of salicylic acid from field sand indicates that salicylic acid is not
oxidized by FeOx. MnOx adsorbs paracetamol through electrostatic interactions, and further transforms it into p-
benzoquinone imine through hydrolysis-oxidation. FeOx significantly adsorbs organic matter, calcium, and
phosphate, which in turn influences OMP removal. Organic matter on field sand surfaces limits OMP removal by
blocking sorption sites on the oxides. However, calcium and phosphate on field sand support benzotriazole
removal via surface complexation and hydrogen bonding. This paper provides further insight into the abiotic

removal mechanisms of OMPs in field RSFs.

1. Introduction

The presence of organic micropollutants (OMPs) in groundwater has
become a challenge for drinking water production due to the potential
risks they pose to public health (Gaston et al., 2019; Osenbriick et al.,
2007). One economical way to remove OMPs from drinking water is to
use existing treatment facilities at drinking water production plants
(DWPPs). Certain process steps contribute to OMP removal at DWPPs,
including activated carbon filtration (Piai et al., 2019), membrane
filtration (Khanzada et al., 2020; Osorio et al., 2022), and advanced
oxidation (Benner and Ternes, 2009; Yang et al., 2017). However, these
processes involve substantial investment and maintenance costs, and are
rarely used to treat groundwater. Thus, more investigation is needed to
explore OMP removal in existing cost-effective treatment processes for
groundwater purification.

Rapid sand filters (RSFs) are regarded as inexpensive and
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sustainable, and they have the potential to remove OMPs from
groundwater (Benner et al., 2013; Wang et al., 2021b). RSFs in
groundwater treatment are typically designed to remove ammonia (Lee
et al., 2014), residual methane (Poghosyan et al., 2020), and reduced
metal species (e.g., Fe(II), Mn(Il), and As (III)) (Vries et al., 2017; Gude
et al., 2016). RSFs also display ancillary benefits, contributing to
removing different OMPs, including pharmaceuticals (Zuehlke et al.,
2007; Zearley and Summers, 2012), pesticides (Albers et al., 2015), and
natural toxins (Ho et al., 2006; Mrkajic et al., 2021). Most previous
studies focus on the biological removal processes of OMPs in RSFs
(Hedegaard and Albrechtsen, 2014; Papadopoulou et al., 2019). Yet,
abiotic removal processes and mechanisms of OMPs have not been well
investigated in these systems.

Iron oxides (FeOx) and manganese oxides (MnOx) in sand coating
layers have significant potential to remove OMPs through abiotic pro-
cesses. An important function of RSFs is oxidation of Fe(II) and Mn(II).
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Regular backwashing is used to remove FeOx and MnOx to prevent
clogging, but residual oxides can still remain on sand granules, resulting
in FeOx/MnOx-coated sand (Hedegaard et al., 2014). Adsorption and
oxidation are two potential pathways involved in OMP removal by
FeOx/MnOx (Feitosa-Felizzola et al., 2009; Huguet et al., 2013). FeOx
reportedly enhances the adsorption of clarithromycin and roxi-
thromycin (Feitosa-Felizzola et al., 2009), while MnOx improves the
removal of microcystin-LR (Kumar et al., 2020). However, few studies
show the performance of field formed FeOx/MnOx on OMP removal. In
addition, knowledge about underlying mechanisms of adsorption and
oxidative transformation of OMPs with FeOx and MnOx are scarce,
especially for those oxides formed in field RSFs.

Compared to synthetic pure oxides or mineral ore, FeOx and MnOx
formed in field RSF may have different performances for OMP removal
due to the different coating compositions on sand surfaces. During field
filtration processes, other components may be incorporated in the
amorphous or crystalline FeOx/MnOx structures. FeOx/MnOx-coated
sand surfaces can adsorb other contaminants (e.g., organic matter,
phosphate, and (heavy) metals) (Ding and Shang, 2010; Lai and Chen,
2001; Singh et al., 1984) or be covered with biofilm (Bar-Zeev et al.,
2012). These contaminants may block adsorption sites or change the
adsorption capacities of field FeOx and MnOx for OMP removal.
Accordingly, it is important to explore the performance of field
FeOx/MnOx-coated sand on OMP removal and to understand the effect
of the coating composition on OMP removal.

This study investigates OMP removal by FeOx and MnOx coated sand
in field RSFs. Field FeOx/MnOx-coated sand from two RSFs — including
primary RSF and secondary RSF — were applied to assess their capacities
for OMP removal. The field collected sand were characterized in order to
determine the surface coating compositions. In addition, FeOx and
MnOx were separately coated on clean sand surfaces as synthetic FeOx-
and MnOx-coated sand, which were used to assess the individual con-
tributions of FeOx and MnOx to OMP removal. Additionally, we
explored the effects of other coating components (i.e., organic matter,
phosphate, and calcium) on OMP removal by separately adsorbing them
onto synthetic FeOx-coated sand. Adsorption isotherms coupled with the
sand surface characterization provide insights into the OMP adsorption
mechanisms. TPs were measured to unravel the oxidative trans-
formation pathways of OMPs. This study offers a deeper understanding
of the abiotic removal processes and mechanisms of OMPs in field RSFs.

2. Materials and methods
2.1. Sand material

Field sand material was collected from two groundwater-fed RSFs
operated in series by Evides Water Company (Rotterdam, the
Netherlands), namely Primary-RSF sand (Pri_sand) and Secondary-RSF
sand (Sec_sand) (see details in Text S1). The preparation methods of
synthetic FeOx-coated sand (FeOx_sand) and synthetic MnOx-coated
sand (MnOx_sand) were derived from previous investigations (Sten-
kamp and Benjamin, 1994; Bajpai and Chaudhuri, 1999) (see Text S2).
Three negative control batches were also set with clean sand, clean
Pri_sand, and clean Sec_sand. Clean sand materials were washed three
times in nitrohydrochloric acid and three times in MilliQ water to
remove the oxide coating layer. Negligible concentrations of Fe and Mn
on clean sand materials indicated washing was sufficient (Fig. S1a).

2.2. Chemicals and reagents

Five pesticides (2,6-dichlorobenzamide (BAM), mecoprop, 2,4-
dichlorophenoxyacetic acid (2,4-D), chloridazon, and bentazone), five
pharmaceuticals (paracetamol, salicylic acid, caffeine, iomeprol, and
ioxitalamic acid), and one industrial chemical (benzotriazole) were
selected as model compounds (listed in Table S1). These compounds
have been detected in European drinking water sources and are
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considered priority OMPs for drinking water production (Hedegaard
et al., 2014; Sjerps et al., 2019). OMP purchase and stock information is
given in Text S3.

2.3. Characterization of sand materials

Sand surfaces were characterized prior to the batch experiments.
FeOx, MnOx, and other components coated on each sand material were
dissolved through microwave digestion (See details in Text S4). The
concentrations of Fe, Mn, and multiple elements (see Table S2) in
(diluted) samples were measured for the quantification of FeOx, MnOx,
(heavy) metals, and nonmetals on the sand surface, respectively.
Organic matter on sand surfaces were quantified by measuring the
concentration of total organic carbon (TOC) with an elemental analyzer
(CHN EA1108, Carlo Erba, Italy). X-ray diffraction (XRD) (D8 advance,
Bruker, USA) was used to analyze the crystalline species on sand sur-
faces. X-ray photoelectron spectroscopy (XPS) (Axis Ultra, Kratos
Analytical, UK) was conducted to reveal the chemical states of Fe/Mn
and the C/N species. The chemical bonds and functional groups on sand
surfaces were analyzed by using the Attenuated total reflectance -
Fourier transform infrared spectroscopy (ATR-FTIR) (ALPHA II, Bruker,
USA). The sand surface charge was determined by measuring the point-
of-zero charge (pHp,c) through a modified salt titration method (Tan
et al., 2008). Text S5 contains further information of above analysis.

2.4. Adsorption experiment

To perform kinetic and equilibrium adsorption studies, material was
added in serum bottles containing a mixture of 11 OMPs and tap water
with 20 mM NaNg, to inhibit microbial activity. Bottles were shaken
horizontally at 120 rpm at 20 °C and wrapped in aluminum foil to avoid
OMP photodegradation. Samples were collected from each bottle with a
volume of 0.8 mL, then centrifuged at 15,000 rpm for 10 min. The su-
pernatant was diluted, if needed, and stored at —20 °C until analysis.
Each bottle was operated and analyzed in duplicate.

The amount of adsorbed OMPs and their normalized concentration
(C/Cp) and removal percentages were calculated as follows:

,:&XV 6))
m

quﬂxv )
m

Rp:c°_c’ x 100 3
Co

where g, (ug/g) is the mass of OMP removed by per gram of sand at the
sampling time t; g, (ug/g) represents the removed amount of OMP at
equilibrium; Cy (ug/L) is initial concentration of OMP; C; (ug/L) is OMP
concentration at sampling time; C, (ug/L) is OMP concentration at
adsorption equilibrium; m (g) is sand mass added; V (L) is liquid volume;
Rp (%) is the removal percentage of OMP.

2.4.1. Kinetic experiment

A kinetic experiment was performed with 20 g sand and 100 mL
liquid with the initial OMP concentration of 1 mg/L (Fig. S2). Four
prepared sand materials, including Pri_sand, Sec_sand, FeOx_sand, and
MnOx_sand, were applied. Samples were collected at O min, 5, 15, and
30 min, then 1, 3, 6, 12, 24, 48, 80, and 168 h. In negative control
batches, samples were only collected at 0 min and 168 h. The total
removal efficiencies of OMPs were calculated with the concentrations of
OMPs at 0 min and 168 h. The samples collected at 168 h were used for
TP analysis. Another kinetic experiment was conducted with a trace
OMP concentration of 1 ug/L. The samples were taken at 30 min, 1, 4,
20, 48, and 74 h. Iomeprol and ioxitalamic acid were not included in this
study, as analytical methods were not available at trace concentrations.
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Total sampled volume was less than 9% of the initial solution volume.

2.4.2. Isotherm experiment

In the isotherm experiment, seven different initial concentrations of
OMP were used: 0.5, 0.7, 1, 3, 5, 7, and 10 mg/L (Fig. S2). Four different
types of sand, including FeOx_sand, MnOx_sand, Pri_sand, and Sec_sand,
were used in different batches. Sand mass and liquid volume were 10 g
and 50 mL, respectively. The kinetic experiments showed that adsorp-
tion reached equilibrium condition by 80 h at the latest (Figs. S3 and
S4). Therefore, equilibrium concentrations were measured at 80 h. The
Freundlich model (Eq. (4)) was used to fit experimental data and eval-
uate the adsorption equilibrium state with different sand materials.

g. = KrC; 4

where q. (ug/g) represents the adsorbed amounts of OMP at equilibrium;
C. (ug/L) is OMP concentration at adsorption equilibrium; Kp (ug'”
“og’loL") and n (dimensionless) are the constants of Freundlich models.
The adsorbed amounts of OMPs at a fixed equilibrium concentration, as
opposed to Ky values, were used to compare the affinities of studied sand
materials with multiple OMPs. Kg values of Freundlich isotherm with a
traditional unit (ug'Meg leL™) can cause serious anomalies during the
assessment of relative adsorption capacity, as it also depends on the
values of n (Bowman, 1982).

Accordingly, one value of C, was chosen and substituted into Eq. (4)
to determine q.,, where y = C,. The q., value for each OMP was used to
compare the adsorption capacity of each sand for different OMPs. Fixed
C. was selected within the range of the isotherm data or to extrapolate
the isotherm if needed. C, was therefore defined as 3000 pg/L to
compare the OMP adsorption capacities of different sand, and it was set
as 500 pg/L to assess the differences between synthetic and field FeOx/
MnOx, mainly depending on equilibrium concentration ranges. The
values of qr3000 and gespo values are given in Tables 1 and S3,
respectively.

2.4.3. Coating matrix experiment

Coating matrix experiments were conducted to determine the effects
of other coating substrates on OMP removal by field collected RSF sand.
Based on the results of sand surface characterization, field sand was
coated with high concentrations of OM, calcium, and phosphate
(Fig. 2d). Dissolved organic matter (~ 500 mg C/L) (extracted from
compost soil; method described in Wang et al., 2022a), CaCly (~ 2 g
Ca/L) and KH2PO4 (~ 0.8 g P/L) were added separately to 50 mL milliQ
water in the bottles with synthetic FeOx_sand or MnOx_sand (10 g). The
negative control was set as synthetic FeOx_sand or MnOx_sand with
milliQ water. The initial and final concentrations of organic matter, total
calcium, and total phosphate were quantified at 0 h and 48 h. Conse-
quently, the liquid phase was replaced with tap water, then OMPs (1
mg/L each) and NaN3 (20 mM) were spiked in the bottles. OMP con-
centrations were measured at 0 h and 80 h. Each bottle was operated and
analyzed in triplicate.

2.5. Analytical methods

Concentrations of Fe, Mn, (heavy) metals and nonmetals (listed in
Table S2) in aqueous samples were measured using inductively coupled
plasma-optical emission spectrometry (ICP-OES) (Avio 500, Perki-
nElmer, USA). TOC concentrations in liquid samples were measured
using a Shimadzu TOC-LCPH with an autosampler (Shimadzu ASI-L)
(Text S5). OMPs at high concentrations(1 mg/L) were quantified using
an ultra-performance liquid chromatography coupled with a diode array
detector (UPLC-DAD) (Dionex ultimate 3000, Thermo Fisher Scientific,
USA), connecting a CSH Phenyl-Hexyl column (1.7 pm, 2.1 x 150 mm)
(Waters, USA), according to the method described in Wang et al.
(2022b). The quantification of trace OMPs below 1 ug/L was performed
on an Ultra High Performance Liquid Chromatography (UHPLC)
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equipped with a triple quad mass spectrometer (SCIEX Triple Quad™
5500, USA) (see details in Wang et al. 2022a). TPs were analyzed using
Ultimate 3000 high liquid chromatography coupled with a
high-resolution accurate-mass spectrometer (LC-HRAM-MS) (Thermo
Scientific, San Jose, USA) under a full-scan mode. Raw data obtained
from duplicate measurements were processed using the software
“Compound Discover” (version 3.3) (Thermo Scientific, USA). Text S6
describes the TPs’ analytical method and date processing workflow.
Multiple blank and control samples were also prepared to make the
results more reliable. These are listed in Table S4.

2.6. Statistical analysis

The student’s test (t-test) was applied to check the significance of
each paired group for OMP removal. The statistical results were shown
in figures, where “*”” means p-value is 0.01 — 0.05; “**” means p-value is
0.001 - 0.01; “***” means p-value is 0.0001 — 0.001. Statistical analyses
were performed using R (version 4.1.0).

3. Results and discussion
3.1. The performance of field FeOx/MnOx-coated sand on OMP removal

The full-scale RSFs normally consist of two filtration units for
groundwater treatment. Sand collected from the primary RSF unit
(Pri_sand) and the secondary RSF unit (Sec_sand) at a Dutch DWPP were
used to assess the capacity of field FeOx/MnOx for OMP removal. Pri_-
sand removed paracetamol, salicylic acid, and benzotriazole (Fig. 1a),
while Sec_sand only removed paracetamol (Fig. 1b). For comparison, the
removal of OMPs with the clean field sand where the coating had been
removed was very low in the range of 1.3% to 14.2%. (Fig. 1). Hence, we
conclude that the removal of paracetamol, salicylic acid, and benzo-
triazole is due to the coating layers on the field sand particles. To un-
derstand the removal mechanisms of OMPs by field FeOx/MnOx-coated
sand, we first characterized the coating compositions on the Pri_sand

Salicylic acid | @)
Paracetamol
Benzotriazole
Mecoprop
Chloridazon
lomeprol

2,4-D

Caffeine
Bentazone
BAM
loxitalamic acid

Il Pri_sand
Clean Pri_sand

Paracetamol
Salicylic acid
Benzotriazole
Mecoprop
Chloridazon
lomeprol
2,4-D
Caffeine
Bentazone
BAM
loxitalamic acid

Il Sec_sand
Clean Sec_sand

-10 0 10 20 30 40 50 60 70 80 90 100
Removal efficiency (%)

Fig. 1. Total removal efficiency of OMPs by (a) field primary-RSF sand (Pri_-
sand) and clean Pri_sand; (b) field secondary-RSF sand (Sec_sand) and clean
Secsand. All the clean sands were used as reference materials (nega-
tive control).
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and Sec_sand surfaces by measuring the amounts and valences of FeOx
and MnOx as well as the concentrations of other components.

3.2. The surface characterization of field FeOx/MnOx-coated sand

The coating layers of two types of field sand (i.e., Pri_sand and
Sec_sand) were characterized for (i) the concentrations of FeOx and
MnOx, (ii) the valences of FeOx and MnOx, and (iii) the presence of
other components such as organic matter, phosphate, and calcium. FeOx
and MnOx co-existed on field collected sand, where the amount of FeOx
was higher than MnOx, particularly on Pri_sand (Fig. 2a). This is due to
(i) the concentration of Fe (10 mg/L) in the intake water being 50 times
higher than that of Mn (0.2 mg/L), and (ii) the faster oxidation of Fe than
that of Mn. As Fe could be largely removed in the primary RSF, more
FeOx accumulated on Pri_sand (278.63 mg Fe-g’l) (Fig. 2a). From XPS
analysis, we could derive the valences of Fe and Mn on field-collected
sand (Fig. 2b and 2c). The Fe 2ps,, and Fe 2p; /5 peaks located around
711 eV and 724.6 eV suggested Fe (III) species were present on field
collected sand (Fig. 2b) (Yamashita and Hayes, 2008). The Mn 2ps,2
peaks indicated Mn (III) and Mn (IV) co-existed on field RSF sand
(Fig. 2¢) (Ilton et al., 2016). The multiple valence states of Mn species
are an important factor in Mn catalytic oxidation processes in field RSFs
(Yang et al., 2020). There was no characteristic peak of crystalline FeOx
and MnOx in XRD spectrum in any of the sand materials (Fig. S5),
suggesting the oxide species were amorphous or poorly crystalline, as
previously described by Liu et al. (2020) and Yang et al. (2020). Beside
FeOx and MnOx, field sand was coated with large amounts of organic
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matter, phosphate, and calcium (Fig. 2d). As the primary RSF could
largely remove these contaminants from intake water, Sec_sand was less
coated with organic matter, phosphate, and calcium (Fig. 2d). This study
therefore shows that there was a blend of FeOx and MnOx, as well as
organic matter, phosphate, and calcium on the field RSF sand, especially
in the primary RSF.

3.3. The removal mechanisms of OMPs by FeOx and MnOx

In order to further understand the removal mechanisms of OMPs by
field FeOx/MnOx-coated sand, we focus on the individual roles of FeOx,
MnOx, as well as the other coating components, i.e., organic matter,
phosphate, and calcium. To this end, we measured the adsorption iso-
therms of OMPs onto synthetic FeOx-coated sand (FeOx_sand) and
synthetic MnOx-coated sand (MnOx_sand) (Fig. 3). The XPS analysis
showed that the valences of Fe and Mn on synthetic and field-collected
sand were the same (Fig. S1b and Slc). In addition, we unraveled the
effects of organic matter, phosphate, and calcium on OMP adsorption.
Finally, TPs were analyzed to reveal the oxidative transformation
pathways of OMPs with FeOx/MnOx-coated sand.

3.3.1. Chemical bonds between OMPs and FeOx

The presence of synthetic FeOx on sand surfaces enhanced OMP
removal. The removal of all OMPs by clean sand was less than 10%,
while FeOx_sand resulted in the removal of caffeine (100.0%), salicylic
acid (93.2%), 2,4-D (89.8%), mecoprop (72.2%), paracetamol (71.4%),
and iomeprol (31.6%) (Fig. S7). A proposed primary mechanism for
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Fig. 2. The surface characterization of Primary-RSF sand (Pri_sand) and Secondary-RSF sand (Sec_sand). (a) The coating amounts of Fe and Mn oxides; (b) XPS
spectrum of Fe 2p; (c) XPS spectrum of Mn 2p; (d) the coating amounts of organic matter and multiple elements. Organic matter was quantified by the total organic
carbon (TOC), while the XPS spectrums of organic carbon and nitrogen were presented in Fig. S6.
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organic contaminants adsorption on mineral oxide surfaces is ligand
exchange between mineral oxides and carboxyl and/or hydroxyl groups
in organic compounds (Vindedahl et al., 2016). All the adsorbed OMPs
(except for caffeine) contain carboxyl and/or hydroxyl groups, while the
poorly removed compounds (excluding ioxitalamic acid) lack these two
functional groups (Table S1), indicating that these groups are important
for OMP adsorption onto FeOx.

FTIR spectroscopy was applied to identify the functional groups on
FeOx after OMP adsorption. Compared with raw FeOx_sand (before
adsorption), there were two characteristic bands at 1340.74 em~! and
2071.17 ecm™! (Fig. 4), which were assigned to the carboxylic group
(Yost et al., 1990; Blber and Stumm, 1994) and azide (N=N=N) group
that originate from NaNj (the biocide used in this study) (Eigler et al.,
2013), respectively. The common valleys at 1600 cm™* and 3300 cm ™!
(Fig. 4) were due to spectral subtractions of interfacial H,O and OH
groups, respectively (Blber and Stumm, 1994; Tejedor-Tejedor et al.,
1990). The bond to phenolic OH group was reportedly located at around
1260 cm~! (Yost et al., 1990; Biber and Stumm, 1994), yet was not
detected in spectrum. This is most likely due to the fact that the O-H
bond in the phenolic group was weaker than the bond to the carboxylic
group on FeOx (Blber and Stumm, 1994). Freundlich isotherm analysis
showed FeOx had higher adsorption capacity for salicylic acid, 2,4-D,
and mecoprop (the OMPs containing the carboxyl group) than other
compounds (Fig. 3), as the values of g.3000 followed the order: salicylic
acid > 2,4-D > mecoprop > caffeine > paracetamol > iomeprol
(Table 1). These results indicate that the carboxyl group has greater
affinity for FeOx than other functional groups, and plays an important
role in OMP adsorption to FeOx. We therefore conclude that Pri_sand

Raw FeOx_sand
FeOx_sand with OMPs

S
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o

c

8

€

7]

c

©

|_

4000 3500 3000 2500 2000 1500 1000

Wavenumbers (cm™)

Fig. 4. FTIR spectra of raw synthetic FeOx-coated sand (FeOx_sand) (before
OMP adsorption) and FeOx_sand with OMPs (after OMP adsorption).

removes salicylic acid through bonding of carboxyl group with FeOx.
To understand whether FeOx can further oxidize salicylic acid, we
scanned TPs by using LC-MS/MS analysis in both positive and negative
ion modes (Text S6). No known TPs of salicylic acid were observed in the
samples treated by FeOx, suggesting that oxidation most likely did not
occur. This was further confirmed in the kinetic experiment at trace
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Table 1

Isotherm parameters for OMP removal by synthetic FeOx-coated sand (FeOx_-
sand), synthetic MnOx-coated sand (MnOx_sand), field primary-RSF sand
(Pri_sand) and field secondary-RSF sand (Sec_sand).

Types of OMPs Freundlich isotherm parameters
sand
Kr (ug" n Ge3000 " (g/g R?
Teg leLM) sand)
FeOx_sand Salicylic acid ~ 7.82 x 1073 1.50 1262.62° 0.97
2,4-D 6.72 x 107° 2.04 84221° 0.81
Mecoprop 9.33 x 1073 1.07 48.82°" 0.82
Caffeine 5.08 0.22 30.67 0.90
Paracetamol 0.27 0.43 8.67 0.64
Tomeprol 0.03 0.52  2.04 0.51
MnOx_sand Paracetamol 0.05 1.52 10,350.04 b 0.71
Tomeprol 0.09 0.63 14.03 0.98
Caffeine 0.02 0.65 3.67 0.99
Salicylic acid 0.01 0.73  3.50 0.96
Pri_sand Paracetamol ~ 1.08 x 1073 1.64  550.52° 0.83
Salicylic acid 0.02 1.02 85.59 " 0.98
Benzotriazole  0.03 0.87 33.51 0.99
Sec_sand Paracetamol 0.03 1.12 257.09 " 0.89

2 the value of y (C,) is defined as 3000 pg/L;.
b the largest equilibrium concentrations of OMPs are even lower than 3000
ug/L, for comparison with other OMPs, the isotherms need to be extrapolated.

concentrations of 1 pg/L (for each compound). Salicylic acid was
significantly removed by FeOx_sand (Fig. 5a), but was released from
field Pri_sand and Sec_sand, resulting in equilibrium concentrations of
7.9 + 0.4 pg/L and 18.7 + 0.7 pg/L, respectively (Fig. 5b). As salicylic
acid showed the greatest affinity to FeOx (Table 1), the released salicylic
acid most likely originated from the accumulative adsorption of salicylic
acid onto field formed FeOx. The desorption of salicylic acid indicated
that salicylic acid is most likely not oxidized by FeOx.

3.3.2. Electrostatic adsorption and oxidation of OMPs by MnOx
MnOx_sand enhanced the removal of four pharmaceuticals,
including paracetamol (94.3%), iomeprol (79.7%), salicylic acid
(31.1%), and caffeine (26.1%) (Fig. S7). It has been shown previously
that adsorption was the first step for OMP removal by MnOx (Forrez
etal., 2009; Zhang and Huang, 2005), whereby electrostatic interactions
played an important role. The pH point of zero charge (pHp,) of
MnOx_sand is 5.08 (Fig. S8), suggesting the surface of MnOx is nega-
tively charged at neutral pH. Both 2.4-D (pKa = 2.81) and mecoprop
(pKa = 3.47) are negatively charged at neutral pH and hence an elec-
trostatic repulsive force existed between the 2,4-D and mecoprop anions
and MnOx surface, resulting in negligible removal (Fig. 3e and 3f). The
removal capacity of MnOx for the four adsorbed pharmaceuticals was
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different, as values of g.3000 was (in order): paracetamol >> iomeprol >
caffeine ~ salicylic acid (Table 1). Both paracetamol (pKa = 9.46) and
iomeprol (pKa = 11.73) were protonated at neutral pH. The electrostatic
attractive force between these protonated molecules and MnOx pro-
moted their adsorption. As a neutral compound with neither carboxyl
nor hydroxyl groups (Liu et al., 2022), caffeine shows a lower adsorption
affinity to MnOx (Fig. 3c). Overall, electrostatic interactions dominate
the adsorption process. The protonated OMPs with positive charge were
adsorbed more effectively to MnOx than neutral or negatively charged
molecules.

Following adsorption, MnOx is able to oxidatively degrade certain
OMPs. Mn>" concentration increased in the aqueous solution during the
kinetic experiments (Fig. S9), suggesting OMP oxidation occurred. Ac-
cording to LC-MS/MS analysis in both positive and negative ion modes,
the peak corresponding to an oxidative by-product of paracetamol
described by Zhong et al. (2019) was also detected in our samples
treated with MnOx_sand (Fig. 6a), Pri_sand (Fig. 6b), and Sec_sand
(Fig. 6¢). The peaks at m/z of 150.05 and 106.03 correspond with
paracetamol and p-benzoquinone imine structures, respectively
(Fig. 6a). The peak of p-benzoquinone imine was not present in control
samples (Fig. 6a, 6b, and 6¢), which is additional evidence for para-
cetamol oxidation by MnOx. The quinone-imine structure likely origi-
nated from the hydrolysis of the amido group in paracetamol and further
oxidation of the aminophenol ring (Fig. 6d). Hydrolysis-oxidation was
proposed as a main degradation pathway for the phenolic compounds
treated by MnOx (Stone and Morgan, 1984; Zhong et al., 2019). Overall,
MnOx present on Pri_sand and Sec_sand contributed to paracetamol
removal through adsorption and oxidation.

3.4. The effects of organic matter on OMP adsorption

Field FeOx/MnOx-coated sand showed less capacity for OMP
adsorption than synthetic FeOx/MnOx-coated sand. Four OMPs, namely
2,4-D, mecoprop, caffeine, and iomeprol, were adsorbed to synthetic
oxides (Fig. 3), but were not removed by field FeOx/MnOx coated sand
(Fig. 1). On the other hand, field sand did remove salicylic acid and
paracetamol (Fig. 1). To compare the capacities of field and synthetic
oxides on OMP removal, the adsorbed amounts of salicylic acid and
paracetamol at equilibrium were normalized on the coated amounts of
FeOx and MnOx, respectively (Fig. 7). The g.s500 values of salicylic acid
were 4.15 pg/mg Fe for synthetic FeOx and 0.05 ug/mg Fe for field FeOx
coated on Pri_sand (Table S3). For paracetamol, these were: 189.97 pg/
mg Mn for synthetic MnOx, 3.35 ug/mg Mn for field MnOx coated on
Pri sand, and 11.86 ug/mg Mn for field MnOx coated on Sec_sand
(Table S3). The lower capacity of field formed FeOx/MnOx for OMP
adsorption is likely due to the adsorbed organic matter on field sand
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Fig. 5. The concentration of salicylic acid over time in the kinetic experiment at an initial concentration of approximately 1 pg/L. (a) The adsorption of salicylic acid
to synthetic FeOx-coated sand (FeOx_sand); (b) the desorption of salicylic acid from field collected sand (primary-RSF sand (Pri_sand) and secondary-RSF
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(Fig. 2d).

To confirm the effects of organic matter on OMP adsorption, we
adsorbed compost organic matter on synthetic sand and then studied the
removal of OMPs. FeOx_sand was able to remove 85.4% of compost
organic matter (Fig. S11). The presence of organic matter on synthetic
FeOx_sand significantly reduces the removal efficiencies of salicylic

acid, caffeine, 2,4-D, and mecoprop (Fig. 8). The adsorbed organic
matter competes for OMP adsorption sites on FeOx, as carboxyl and/or
hydroxyl groups present in organic matter could strongly bond on FeOx
surface (Gu et al., 1994). The coating mass ratio of organic matter (mg
C. g’l sand) / FeOx (mg Fe- g’1 sand) on Sec_sand (0.23) was higher than
that on Pri_sand (0.09). Therefore, more organic matter competed for
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OMP adsorption sites on Sec_sand, resulting in a limited removal of
salicylic acid by Sec_sand (Fig. 1b).

The removal of compost organic matter by MnOx_sand was negli-
gible (Fig. S11), since fulvic acids and humic acids in compost organic
matter are both negatively charged at neutral pH (Bob and Walker,
2001; Palomino and Stoll, 2013), and the electrostatic repulsive force
suppressed adsorption of compost organic matter onto MnOx_sand.
Interestingly, the adsorption isotherms showed that MnOx coated on
Pri_sand had a lower capacity for paracetamol removal than that on
Sec_sand (Fig. 7b). The coating mass ratio of organic matter (mg C-g~!
sand) / MnOx (mg Mn-g’1 sand) on Pri_sand (2.94) was rather higher
than that on Sec_sand (0.44). Thus, we conclude that organic matter
present on field sand can compete for active sites of MnOx for paracet-
amol removal, as also previously shown by Huguet et al. (2014). Overall,
the organic matter present on field sand have occupied the adsorptive
sites of FeOx and MnOx, hence limiting OMP adsorption.

Benzotriazole was neither removed by FeOx_sand nor MnOx_sand
(Fig. S7), but showed a high affinity for Pri_ sand (Fig. 9a). Thus, the
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other adsorbed components, except for FeOx and MnOx, might play
important roles during benzotriazole adsorption. Compared with other
sands, Pri_sand surface contains large amounts of organic matter, in
addition to FeOx (Figs. 3d and S1d). However, the FeOx_sand with
compost organic matter negligibly removed benzotriazole (Fig. 9b). The
adsorption of benzotriazole to organic matter is mainly due to van der
Waal forces, which is a weak bonding interaction (Rhodes-Dicker and
Passesport, 2019; Yu et al., 2009). Thus, only limited amounts of ben-
zotriazole were adsorbed to organic matter (Rhodes-Dicker and Passe-
sport, 2019). In addition, the final adsorbed amount of organic matter on
FeOx_sand (1671.9 pg C / g sand) was significantly lower than that on
Pri_sand (25,517.6 pg C / g sand) (Fig. S12). Thus, there were fewer
interaction sites of organic matter available for benzotriazole adsorp-
tion. The low affinity combined with limited adsorption sites resulted in
a negligible removal of benzotriazole with organic matter on FeOx_sand
(Fig. 9b). However, the organic matter species on field sand may differ
from compost organic matter used here. Thus, it is worthwhile investi-
gating the effects of different organic matter amounts and various
organic matter species on benzotriazole adsorption.

3.5. The effects of phosphate and calcium on OMP adsorption

Beside organic matter, Pri_sand surface also contains large amounts
of phosphate and calcium (Fig. 2d). To determine their roles in benzo-
triazole removal, we used FeOx_sand and MnOx_sand to separately
adsorb phosphate and calcium. MnOx_sand showed limited adsorption
capacity for phosphate and calcium (Fig. S11). The small amounts of
phosphate and calcium adsorbed on MnOx_sand had little effect on OMP
removal (Fig. S13). In contrast, FeOx_sand more significantly adsorbed
phosphate and calcium (Fig. S11), although the adsorbed amounts of
phosphate and calcium on FeOx sand were still lower than that of
Pri_sand (Fig. S12), which was most likely due to the lower amounts of
FeOx in the coatings on synthetic sand compared with Pri_sand
(Fig. Sla). Therefore, FeOx_sand with phosphate or calcium were tested
for benzotriazole adsorption.

In the presence of phosphate and calcium, the removal of benzo-
triazole by FeOx_sand increased from —4.5% to 92.2% and 62.9%,
respectively (Fig. 9b). It has been shown that the co-existence of ben-
zotriazole and NayHPO,4 reportedly enhanced corrosion protection on
reinforcing steel, where FeOx adsorbed HPO%’, then benzotriazole could
adsorb on top of HPO3~ via hydrogen bonding (Wang et al., 2021a).
Additionally, Bi et al. (2007) showed that an increase of Cat density on
a solid surface enhances the adsorption of benzotriazole to soil sedi-
ments due to surface complexation. Increasing Ca2" concentration in
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aqueous solution also promotes benzotriazole adsorption, as the [ben-
zotriazole + Ca2+] complex can react with mineral surface sites of soil
sediments (Bi et al., 2007; Wagner et al., 2020). This shows benzo-
triazole can interact with the adsorbed phosphate and/or calcium spe-
cies on sand surfaces, forming [benzotriazole + HPO%_] and/or
[benzotriazole + Ca2*] complexes, which explains the high removal of
benzotriazole by field Pri_sand used for groundwater treatment.

3.6. Implications for RSFs used in the field

The proposed removal mechanisms for OMPs by FeOx and MnOx in
RSFs are summarized in Fig. 10. FeOx and MnOx significantly contribute
to OMP removal, especially for ionic compounds with carboxyl and/or
hydroxyl groups, hence the addition of synthetic FeOx/MnOx-coated
sand in RSFs can be a strategy to enhance OMP removal. However, in
field conditions, adsorbed compounds (i.e., organic matter, (heavy)
metals, and phosphate) onto sand may block reactive sites, hence
reducing the adsorption/oxidation potential of FeOx/MnOx for OMPs.
Alternatively, FeOx/MnOx-coated sand can be added in the secondary
filter instead of the primary filter, considering that most contaminants
most likely will have been removed in the primary filter. Another
challenge for OMP removal by FeOx/MnOx in field RSF is the limited
contact time, as the typical empty bed contact time of field RSF is a few
minutes to one hour (Wang et al., 2021b). We acknowledge that the
batch scale experiments used in this study do not match the field con-
dition where OMPs are removed by FeOx/MnOx-coated sand in a
continuous mode. However, the kinetic experiment performed at trace
concentrations (1 upg/L) showed that, within 30 min, FeOx_sand
removed 95.8% of salicylic acid, 85.7% of paracetamol, 82.7% of 2,4-D
and 58.2% of mecoprop; MnOx removed 78.8% of caffeine and 42.4% of
paracetamol (Fig. S14). This indicates that FeOx/MnOx_sand has the
potentials for trace OMP elimination within short hydraulic contact
times. Still, their longevity needs to be studied in a continuous filter
system with a natural water matrix before field application.

MnOx can oxidize certain OMPs, like paracetamol, which results in
the release of Mn?*, which can potentially cause secondary contami-
nation to the treated water. On the other hand, Mn-oxidizing bacteria
can oxidize Mn®" back to MnOx (Hu et al., 2020), and the remaining
MnOx can also autocatalytically oxidize Mn2t (Bruins et al., 2015).
However, some oxidative TPs, like quinones (the TPs of paracetamol),
are even more toxic than their parent compounds (Huguet et al., 2014).
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MnOx may also oxidize other OMPs present in groundwater, resulting in
different TPs, not fully studied here. Thus, a comprehensive detection
and control of oxidative TPs is required in the field for RSF treated
water.

Finally, FeOx and MnOx co-exist on field RSF sand, hence the in-
teractions between FeOx and MnOx in OMP removal processes need to
be comprehensively investigated in the future. In summary, our results
highlight the importance of FeOx and MnOx in OMP removal, but also
show TPs may be formed that could contaminate drinking water.
Obviously, the field application of FeOx/MnOx-based materials to ach-
ieve long-term enhancement for OMP removal requires further
investigation.

4. Conclusions
The processes and mechanisms for OMP removal by FeOx and MnOx

were studied to obtain insights into the abiotic removal of OMPs in RSFs.
The main conclusions are as follows:

Field RSF sand can adsorb salicylic acid through bonding of carboxyl

group with FeOx.

e MnOx present on field RSF sand contribute to paracetamol removal
through electrostatic adsorption and oxidation. Paracetamol is
transformed into p-benzoquinone imine through oxidative
degradation.

e The organic matter on field RSF sand competes for adsorption sites,

reducing the adsorption capacities of FeOx/MnOx for OMPs.

Both phosphate and calcium present on field sand surfaces enhance

the adsorption of benzotriazole.

This study highlights the significance of FeOx and MnOx in the

abiotic removal of OMPs in RSFs. The control of oxidative TPs and

the field application of FeOx/MnOx-based materials need further
study.
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