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ARTICLE INFO ABSTRACT

Keywords: The occurrence of potentially persistent and mobile (PM) organic micropollutants (OMP) in the
Persistent and mobile organic micropollutants aquatic environment is recognized as a severe threat to water resources and drinking water
Biodegradation

suppliers. The current study investigated long-term fate (persistency and bio-transformation) of
several emerging contaminants in a simulated bank filtration (BF) for the first time. In parallel,
four sand column systems were operated with groundwater and continuously spiked with an
average concentration of 1 pg/L for 24 OMP. Each column system consisted of two sand columns
connected in series. Presumably, biological activities in the first column were higher than in the
second column, as dissolved oxygen utilization, dissolved organic matter (DOM) and UV absor-
bance at 254 nm (UV3s54) reduction rates were high in the first column. This study revealed that 9
out of 24 OMP were persistent and mobile throughout the study under oxic conditions and within
a hydraulic retention time (HRT) of 12 days. However, 2 (out of 9) OMP were persistent but
showed sorption behavior. 15 (out of 24) OMP displayed bio-transformation, 4 were eliminated
entirely within 4.5 days of HRT. Others showed constant or improved degradation with the
adaptation (or operation) time. Improved degradation with adaption was high in the bioactive
sand columns. However, 8 OMP showed improved elimination at high HRT, even in low bio-
logically active columns. In addition, no significant effect of the DOM on the eliminations of OMP
was found except for 4-hydroxy-1-(2-hydroxyethyl)-2,2,6,6,-tetramethylpiperidine (HHTMP), 2-
methyl-2-propene-1-sulfonic acid (MPSA) and sulfamethoxazole (SMX). The eliminations of
HHTMP (Pearson’s r > 0.80, p < 0.05), MPSA (Pearson’s r > 0.70) and SMX (Pearson’s r > 0.80)
correlated with the removals of humic substances in the sand columns. Overall, adaptation time
and HRT play a crucial role in the elimination of emerging OMP through BF, yet at the same time
several OMP exhibit persistent behavior.

Sorption
Bank filtration

1. Introduction

Water pollution is an emerging issue due to the release of industrial chemicals, pharmaceuticals and personal care products to the
aquatic environment, mainly by incompletely treated wastewater disposal. Consequently, surface water contains multiple organic
micropollutants (OMP). A highly polar and persistent OMP is referred to as a persistent mobile organic compound (PMOC) and
alternatively known as a persistent and mobile substance (PM) that only degrades very slowly (with half-lives in fresh water above 40
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days) and show a low tendency to sorb to surfaces or organic matter in soil sediments and thus might reach to the drinking water [1,2].
Persistency and mobility are two intrinsic properties of PMOC. Persistency refers to low biodegradation, and mobility refers to low
sorption potential in soil, sediments and water. Therefore, these PM substances have been prioritized as pollutants of concern for
drinking water, particularly in Europe, to protect drinking water [3]. Recent studies showed the presence of emerging contaminants
such as cyanoguanidine (CG), n-(3-(dimethylamino)-propyl)methacrylamide (MAPMA), 2-methyl-2-propene-1-sulfonic acid (MPSA),
benzyldimethylamine (BDMA), benzyltrimethylammonium (BETMAC), adamantan-1-amine (ATA), 1,3-di-o-tolylguanidine (DIO-
TOG), 1,3-diphenylguanidine (DPG), 4-hydroxy-1-(2-hydroxyethyl)-2,2,6,6,-tetramethylpiperidine (HHTMP), melamine (MEL),
2-acrylamido-2-methylpropane sulfonate (AAMPS), dimethylbenzenesulfonic acid (DMBSA), p-toluenesulfonic acid (PTSS) and tri-
fluoromethanesulfonic acid (TFMSA) in surface and groundwater with concentrations in the ranges of ng/L and pg/L [4-10]. In
addition, 53% of the detected emerging PM substances were above 0.1 pg/L [4,8,11]. In Europe, there is an ongoing discussion to
register PM substances under REACH legislation (registration, evaluation, authorization and restriction of chemicals (EC 1907/2006)
regulation Annex XIII), similar to the previously regularized PBT (persistence, bioaccumulative and toxic) substances. PM substances
persist and accumulate in water with consequent exposure to humans and organisms.

Bank filtration (BF) is a managed aquifer recharge system and is effectively used to supply drinking water in Europe and many other
counties [12,13]. In BF, surface water infiltrates into the aquifer. Thereby, infiltrating water undergoes a series of physical, chemical
and biological changes resulting in the attenuation of contaminants. Previous studies revealed the attenuation of several OMP through
BF [14-18]. Different factors such as redox condition, temperature, pH, porosity of the medium and travel time, play an essential role
in the performance of the BF system [15,19,20]. Controlled sand columns are generally used to evaluate the fate of OMP by simulating
BF processes.

This study was conducted 1) to elucidate the long-term behavior of 24 potentially persistent and mobile OMP such as CG, MAPMA,
MPSA, BDMA, BETMAC, ATA, DIOTOG, DPG, HHTMP, MEL, AAMPS, DMBSA, PTSS and TFMSA through simulated BF (the fate of
these OMP is reported for the first time here), and 2) to determine the influence of dissolved organic matter (DOM) on the elimination
of OMP.

2. Methodology
2.1. Experimental setup

A quadruplicate experiment was performed by connecting two columns in series (Fig. 1). Each column with a length of 1 m (and
sampling ports at 0.25, 0.50 and 0.75 m) and an internal diameter of 0.14 m (0.015 m? surface area) was filled with sand from a full-
scale infiltration basin for managed aquifer recharge (Saatwinkel, Berlin). The sand was sieved to remove particles larger than 4 mm.
The first columns of each system were filled with homogenized sand from 0 to 100 cm depth, and the second columns were filled with
sand from 20 to 100 cm depth (excluding the top colmation layer with higher POC content, sand properties are provided in Table S1)
[21]. In the current study, the columns were operated at a downstream flow rate of 60 mL/h, corresponding to a filter velocity of ca.
0.1 m/d (approximate pore water velocity 0.2 m/d) and a hydraulic retention time (HRT) of 6 days in each column (based on previous
experiments by Hellauer et al. [22] with the same column setup). The influent was delivered to the top of first columns using a 4-chan-
nel Ismatec pump.

Initially, the columns were acclimatized using groundwater for six months. The pH of the influent groundwater was between 8.0
and 8.3 and averaged values of conductivity, dissolved organic carbon (DOC), dissolved oxygen (DO) and UV absorbance at 254 nm
(UVas4) were 787 £ 12 pS/cm, 2.9 £+ 0.1 mg/L, 9.1 + 0.9 mg/L and 9.9 + 0.4 1/m, respectively. Concentrations of nitrate (NO3),
ammonium (NHZ) and sulfate were 3.59 + 0.17 mg/L, 0.02 & 0.01 mg/L and 97.3 £ 2.3 mg/L, respectively. The influent water
temperature was between 12 and 14 °C during the experimental period. Previously, Hellauer et al. [22] operated these columns in a
similar arrangement but using different intermediate oxidation techniques (between the first and second columns).
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Fig. 1. Schematic diagram of the experimental setup with sampling ports S1 (0.25 m), S2 (0.50 m) and S3 (0.75 m). Samples at the end of the first
column correspond to 1 m depth or 6 days HRT and at the end of the second column to 2 m depth or 12 days HRT.
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2.2. Organic micropollutants

A micropollutant stock solution of 10 mg/L was prepared by dissolving 10 mg of 24 compounds (all analytical grade) in 1 L of
ultrapure water by mixing for a minimum of three days. The stock solution was dosed (target concentation 1 pg/L) into the influent

Table 1
Physio-chemical properties and elemental compositions of the OMP.
Name Abbrevi- CAS. NO. Weight Formula Composition pKa K3
ation (g/mol)
Cyanoguanidine CG 461-58-5 84.08 CoHyNy4 C (28.57%), H (4.80%), N 5.15 0.38
(66.63%)
Benzotriazol BTA 95-14-7 119.12 CeHsN3 C (60.50%), H (4.23%), N 9.04 1.25
(35.27%) 0.22
Sulfamethoxazole SMX 723-46-6 253.28 C10H11N303S C (47.42%), H (4.38%), N 1.83; 1.85;
(16.59%), O (18.95%), S 5.57; 5.60;
(12.66%) 5.65?
Carbamazepine CBZ 298-46-4 236.27 C15H12N20 C (76.25%), H (5.12%), N 2.25
(11.86%), O (6.77%)
Primidon PRI 125-33-7 218.25 C12H14N204 C (66.04%), H (6.47%), N
(12.84%), O (14.66%)
N-(3-(dimethylamino)-propyl) MAPMA 5205-93- 170.25 CoH;18N>0 C (63.49%), H (10.66%), N 9.3
methacrylamide 6 (16.45%), O (9.40%)
2-Methyl-2-propene-1-sulfonic acid MPSA 1561-92- 158.15 C4H;NaO3S C (30.38%), H (4.46%), Na -0.99 1.26
sodium salt 8 (14.54%), O (30.35%), S
(20.27%)
Benzyldimethylamine BDMA 103-83-3 135.21 CoH;3N C (79.95%), H (9.69%), N 8.9 2.01
(10.36%)
Benzyltrimethylammonium chloride BETMAC 56-93-9 185.7 C10H16CIN C (64.68%), H (8.69%), Cl 2.95
(19.09%), N (7.54%)
Adamantan-1-amine ATA 768-94-5 151.25 Ci0H17N C (79.41%), H (11.33%), N 10.71 2.23
(9.26%)
1,3-Di-o-tolylguanidine DIOTOG 97-39-2 239.32 C1s5Hy17N3 C (75.28%), H (7.16%), N 291
(17.56%)
1,3-Diphenylguanidine DPG 102-06-7 211.26 Cy13H13N3 C (73.91%), H (6.20%), N 2.86
(19.89%)
4-Hydroxy-1-(2-hydroxyethyl)-2,2,6,6,- ~ HHTMP 52722- 201.31 C11H23NO, C (65.63%), H (11.52%), N 1.23
tetramethylpiperidine 86-8 (6.96%), O (15.89%)
Melamine MEL 108-78-1 126.12 C3HgNeg C (28.57%), H (4.80%), N 9.56 0.72
(66.63%)
Sodium 2-acrylamido-2-methylpropane AAMPS 5165-97- 229.23 C10H11N305S C (47.42%), H (4.38%), N 0.99
sulfonate 9 (16.59%), O (18.95%), S
(12.66%)
Acesulfame K ACE 55589- 201.24 C4H4KNO4S C (23.87%), H (2.00%), K 3.02 0.86
62-3 (19.43%), N (6.96%), O
(31.80%), S (15.93%)
Dimethylbenzenesulfonic acid DMBSA 25321- 186.23 CgH;1003S C (51.60%), H (5.41%), O -1.94 1.66
41-9 (25.77%), S (17.22%)
Amidotrizoesaure/Diatrizoic acid DCA 117-96-4 613.91 C11HoI3N,04 C (21.52%), H (1.48%), I
(62.01%), N (4.56%), O
(10.42%)
p-Toluenesulfonic acid PTSS 104-15-4 172.2 C7HgO3S C (48.83%), H (4.68%), O -2.14 1
(27.87%), S (18.62%)
Saccharine SAC 81-07-2 183.18 C7HsNOsS C (45.90%), H (2.75%), N 1.94 1.2
(7.65%), O (26.20%), S
(17.50%)
Trifluoromethanesulfonicacid TFMSA 1493-13- 150.08 CoF06S2 C (5.52%), H (0.00%), F -0.0
6 (26.18%), O (22.04%), S
(14.72%)
Dimethylbenzenesulfonic acid sodium XSA 1300-72- 208.21 CgHoNaO3S C (46.15%), H (4.36%), Na 1.66
salt 7 (11.04%), O (23.05%), S
(15.40%)
Diclofenac DCF 15307- 318.1 C14H10CloNNaO, C (52.86%), H (3.17%), Cl 4.50
79-6 (22.29%), N (4.40%), Na 4.02 ¢
(7.23%), O (10.06%)
Valsartan acid (2’-(2H-tetrazol-5-yl)- VSA 164265- 266.25 C14H10N402 C (63.15%), H (3.79%), N 4.0
[1,1’-biphenyl]-4-carboxylic acid) 78-5 (21.04%), O (12.02%)
www.chemicalize.com.
a [23].
b [24].
c [25].
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groundwater. The physico-chemical properties of all the OMP used in this study are summarized in Table 1.
2.3. Sampling

Sampling started after one month of addition of the stock solution and samples were collected weekly from the influent (0 m), after
the first column (1 m) and from the effluent (2 m) in glass bottles of 100 mL. Samples from the intermediate sampling ports (0.25 m,
0.50 m and 0.75 m, compare Fig. 1) were collected after three months because some OMP were fully eliminated within the first column
(1 m). Collected samples were filtered (0.45 pm, CHROMAFIL Xtra PA-45/25, Macherey-Nagel, Germany) and partly analyzed (pH,
conductivity, DOC, UVgs4 and fluorescence) within 24 h, while filtered samples were stored at 4 °C for cation/anion and LC-MS/MS
measurements.

2.4. Analytical methods

pH and conductivity were measured using a pH probe (WTW pH 3310) and conductivity probe (WTW Cond 340i). A total organic
carbon (TOC) analyzer (Vario TOC cube, ElementarAnalysensysteme, Germany) was used to analyze DOC. UV354 was measured with a
spectrophotometer (Lambda 25, UV/Vis spectrometer, PerkinElmer, USA). The ratio of UV354 to DOC was used to calculate the specific
UV absorbance (SUVA).

Concentrations of anions and cations were measured by ion chromatography (930 Compact IC Flex, Metrohm, Switzerland).

DO and the temperature was measured optically in flow-through cells (Fibox 4 trace, PreSens, Germany).

Fluorescence of 90 samples were analyzed using a FluoroMax-4 (HORIBA Jobin Yvon, Edison, NJ, USA) with a scan speed of 4800
nm/min, 5 nm bandwidth, excitation wavelength of 220-500 nm (5 nm interval) and emission wavelength of 250-600 nm (2 nm
interval). Blank excitation-emission matrix (EEM) datasets were acquired using ultra-pure water.

OMP were analyzed using high-performance liquid chromatography (HPLC; Agilent 1290 Infinity, Agilent, Waldbronn, Germany)
coupled to a 5500 triple-quadrupole mass spectrometer (MS/MS) with Turbo V ion source (Sciex, Darmstadt, Germany). An HPLC
separation was performed using Atlantis (Waters, Milford, USA) T3 column (3.0 pm, 2.1 mm x 100 mm). The mobile phase flow rate
was 0.3 mL/min with a gradient (Table S2) of eluent A (water containing 0.1% (v/v) formic acid) and eluent B (methanol containing
0.1% (v/v) formic acid). The injection volume of the sample was 50 pl and the column temperature was set to 35 °C. The mass
spectrometer was operated in positive and negative electrospray ionization (ESI) mode and in multiple reaction monitoring (MRM).
Method performance evaluation, limits of quantification and experimental source parameters are provided in Tables S3 and S4 in the
supplementary information.

2.5. Data evaluation

The staRdom package for R [26] was used to process raw EEM datasets by blank subtraction, inner-filter effect correction, Raman
normalization, scattering removal and excitation and emission correction factors. Fluorescence indices and PARAFAC was applied to
corrected EEM datasets.

EEM datasets were used to estimated fluorescence index (FI), biological index (BIX) and humification index (HIX). The FI was
calculated as ratio of emission intensities (450/500 nm) for an excitation wavelength of 370 nm. The ratio of emission intensities (380/
430 nm) for an excitation wavelength of 310 nm was used for the estimation of BIX. The HIX was evaluated as ratio of the sum of
emission intensities ((435-480)/(300-345) nm) for an excitation wavelength of 254 nm [27,28].

Rate constants for OMP (k) were calculated as the slope of the natural logarithms plotted against the time following first-order
kinetics (Equation (1)).

y=ye ™ )

where, y is the concentration at time t, y, is the initial concentration and e is Euler’s number. The half-life was calculated using
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Fig. 2. Averaged values of (a) DOC, (b) UVas4, (c) DO and (d) NOj3 at different depths in the quadruplicate sand columns, error bars indicate
standard deviations (for each sand column, n > 10).
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Equation (2).

Ln(2
t1/22% (2)

where, t; /5 is the half-life of the OMP.

3. Results and discussion
3.1. Redox condition and bulk organic parameters

The quality of water at different sampling ports in the sand columns was not significantly different (ANOVA, p < 0.05) throughout
the experimental operation time. Hence, averaged values of DOC, UVgs54, DO and NO3 were calculated (Fig. 2). The columns were oxic
throughout the study and no significant change in pH (8.0-8.3) was observed between the influent and the effluents of the columns.
However, oxygen consumption was higher in the first columns than in the second columns (Fig. 2c). DOC removal was significantly
higher in the first columns (10%) compared to the second columns (4%; Fig. 2a). A significant drop of UVy54 was depicted in the first
0.25 m of the columns with only slight decreases afterward (Fig. 2b). SUVA reduction was also significant (Fig. S1) and similar to UVys4
in the first 0.25 m of the columns. However, a slight increase in SUVA was observed in the second column. These results indicate that in
the first 0.25 m, aromatic carbon sources are preferentially used, whereas aliphatic carbon is degraded afterward [13,29]. NO3
concentrations were constant in the first 0.75 m depth and then increased along with the depth (Fig. 2d), whereas NHJ concentrations
were below 0.03 mg/L and a slight variation along the columns was observed (Fig. S1).

The rate constants for different parameters were also higher in the first columns than in the second columns (Table 2). The DO
utilization rates (1/d) were higher in the first columns than in in the second columns. High DO utilization in the first columns sup-
ported that organic content in the first columns was higher than in the second columns. In addition, the high rate constant for DOC,
nitrification (increase in NO3concentration) and UVsys4 reduction in the first column indicated high biological activity in the first
columns compared to the second columns.

In previous experiments (with the same column setup), Hellauer et al. [22] described a significant difference in redox conditions
and bulk organic carbon removal in the second columns under different operation conditions (intermediate oxidation). DOC removal
was constant in the first columns, but in second columns DOC removal increased from 2 to 33% with aeration with air, pure oxygen or
ozone. Redox conditions were also changed from anoxic to oxic in second columns. However, this study observed constant (10%)
removal of DOC in the first and in the second coulmns (4%). An insignificant difference in DOC removal and redox conditions were
noted in both columns after an adaptation time of six months with groundwater. Thus, an adaptation time shows the robustness of the
systems and the potential influence of different treatments.

3.2. DOM characterization using EEM-PARAFAC

Two fluorescence dissolved organic matter (fDOM) components were identified using EEM-PARAFAC (Fig. 3a) and the model was
validated by split-half analysis (Fig. 3b). The first component (C;) showed two peaks; the first was at an excitation and emission
wavelengths of 280 nm and 440 nm, respectively. The second peak was at an excitation wavelength of 325 nm and an emission
wavelength of 440 nm. The second component (Cy) displayed a peak at an excitation wavelength of 250 nm and an emission wave-
length of 425 nm. The fluorescent components were compared with other studies using the Open Fluor database [30] and the results
were interpreted according to the similarity >95% with the database. Based on the comparison, C; was identified as humic-like,
terrigenous material [31-33]. The peak at the high excitation wavelength of compound C; corresponds to highly processed organic
material [34,35]. C, was also identified as terrestrial humic-like compounds with excitation maxima in an ultraviolet range [32,36,
371.

A slight and uniform decrease in the loading of C; was noted. However, a significant decrease in Cy was observed in the first
columns, but Cy was almost constant in the second columns (Fig. 3c).

FI values were between 1.60 and 1.67 Raman unit (R.U.) and showed a slight increase along with the depth of the columns (Fig. S3).
BIX values were lower than 0.8, indicating fewer authigenic components in DOM. However, the BIX values showed an increasing trend
along with the column’s depth showing a slightly increased DOM freshness. The HIX was below 0.94 and a slight decrease in HIX was
noted in the first 0.5 m of the columns. Similarly, SUVA showed reduction in the top layer, indicating the removal of aromatic DOM. A

Table 2
Rate constants (based on averaged values of replicates) for DOC, DO utilization and nitrification in two sand columns
connected in series, data evaluation (first-order kinetics) is shown in Fig. S2.

Parameter Rate constant k (1/d)

First sand columns (0-1 m) Second sand columns (1-2 m)
DOC -0.018 -0.008
DO utilization -0.103 - 0.037

Nitrification 0.027 0.001
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Fig. 3. (a) The contour plot shows two fDOM components, identified using EEM-PARAFAC and (b) validated using split-half analysis, line plot and
(c) loading of two fDOM components in the columns, error bars show standard deviations.
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persistence ((a) MEL, (c) ATA, (d) PRI, (f) DCA, (g) TFMSA, (h) AAMPS and (i) CBZ) throughout the study period in the sand columns at 1 m and 2 m

depth (error bars indicate standard deviations for replicates).
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slight increase in HIX from 0.5 to 1.0 m was observed. The increase was presumably due to the decrease in aliphatic DOM or the
leaching of humic substances from the sand [38,39]. According to previous research, the fluorescence indices indicate that DOM
mainly stems from aquatic bacteria [40,41].

3.3. Fate of OMP

OMP showed similar concentrations (ANOVA, p < 0.05) in the four parallel column systems throughout the experimental period.
Thus, averaged values were calculated.

3.3.1. Persistent OMP

9 of the 24 OMP (MEL, ATA, PRI, DCA, TFMSA, AAMPS, BETMAC, DIOTOG and CBZ) showed persistent behavior throughout the
study in both of the columns (Fig. 4). Low rate constants for these 9 OMP support the fact that these OMP were persistent in the BF
under oxic conditions (Fig. S4). Rate constants for MEL (Fig. 5¢) and CBZ (Fig. 5d) were very low throughout the study. However,
BETMAC (Fig. 5a) and DIOTOG (Fig. 5b) showed a decreasing rate constant with ongoing operation time. An HRT of 12 days was
insufficient to attenuate all 9 OMP. Hence, HRT in the sand columns has not shown any effect on the biodegradation of all 9 OMP.

The persistent and mobile behavior of BETMAC, ATA, AAMPS, TFMSA and DIOTOG has been widely reported in surface water and
groundwater [5,8,42,43]. However, no data was reported about the fate of these substances during BF processes.

Similar to our study, a persistent behavior of MEL in bank filtrate was reported [5,44-46]. In addition, An et al. [47] described that
MEL was not removed by biodegradation during biological wastewater treatment.

In previous studies, PRI and DCA were reported as persistent OMP [15,23,48-50]. The persistent behavior of DCA and PRI was
likely because of the presence of amine and amide functional groups in the structure, respectively. Bertelkamp [51] reported that
degradation of OMP decreased due to amide and amine groups.

CBZ was reported to be a highly persistent compound and the behavior is independent of the redox conditions [15,52,53]. It
showed incomplete removal or persistent behavior under oxic conditions [54] and combined oxic/nitrate-reducing conditions [51].
However, Munz et al. [48] reported that CBZ substantially degraded under iron-reducing conditions.

BETMAC showed sorption for about 100 and 160 days (equivalent to ca. 9 and about ca. 14 bed volumes (BV)) in the first columns
and second columns, respectively (Fig. 4b). In addition, BETMAC was fully retained due to adsorption in the two sequential columns
for about 60 days (ca. 5.5 BV). On the other hand, DIOTOG showed sorption phenomena in the first and second sand column for about
100 (ca. 10 BV) and 110 days (ca. 11 BV), respectively (Fig. 4e). BETMAC is a cation and it was reported that cationic ammonium-
based surfactants with low solubility showed sorption to organic solid [55,56].

3.3.2. OMP showing transformation

15 OMP (out of 24) were biologically transformed during this study. CG, PTSS, MAPMA and DCF were eliminated entirely in the
first sand columns (Fig. 6). The intermediate sampling ports of the first column showed that CG and MAPMA were completely
eliminated within 0.5 m (ca. 3 days HRT) of the first columns (Fig. S6). The rate constant for CG was 0.27 per day. Schwarzer et al. [57]
revealed that soil bacterial consortia were responsible for the rapid degradation of CG. MAPMA showed improved degradation over
time (R? = 0.83); similarly, the rate constant increased from 1.31 to 1.52 per day (Fig.S4). MAPMA is a secondary fatty acid amide
which were previously reported to be biologically degraded by microorganisms under aerobic conditions [58].

DCF was entirely eliminated within 0.75 m (ca. 4.5 days HRT) in the first columns and the rate constant was 1.99 per day.
Degradation of DCF in a BF process under oxic conditions was reported in previous studies [52,59]. The degradation of CG, MAPMA
and DCF was presumably due to high microbial activities in the first columns, as indicated by DOC and UVss4 reduction (Fig. 6).

PTSS showed complete elimination in the sand columns (Fig. 6j). However, improved removal was observed with adaptation. The
rate constant increased from 0.25 to 0.54 with an adaptation time of 96 days. After about 60 days (ca. 5.5 BV) PTSS was eliminated
entirely after 0.75 m (ca. 4.5 days HRT) of the first sand column. The biodegradation of PTSS is consistend with previous findings
reporting PTSS biodegradationby and desulfonation [60,61].

BTA, BDMA, ACE, SAC, DMBSA and XSA were also bio-transformed (Fig. 6). For these OMP, the bio-transformation rates strongly
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Fig. 5. Rate constants (k) for (a) BETMAC, (b) DIOTOG, (c) MEL and (d) CBZ at different times during the experiment (data evaluation (first-order
kinetics) is shown in Fig. S5).
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DMBSA + XSA, (m) SMX and (n) DCF showing bio-transformation in the sand columns after 1 and 2 m passage (relative concentrations were
calculated using averaged values of the replicates, error bars indicate standard deviations for replicates).

correlated with time, which means that with adaptation (or operational time), improved elimination was observed for these OMP.
Elimination of BTA was noted in the first sand column (Fig. 6b). However, insignificant elimination was observed in the second column
likely due to low biological activities. Regression analysis between time and degradation of BTA (R? = 0.75) revealed improved
elimination with adaptation. Previous studies reported that BTA is sometimes well removed [62,63] and sometimes partially removed
[21] through BF. Contradictory to this, it was reported that BTA is poorly removed by the BF process and remains persistent under all
conditions [52,64].

BDMA indicated sorption in both of the sand columns at the start of the experiment (Fig. 6¢); however, after 3 BV in the first and 4
BV in the second columns BDMA showed bio-transformation. A significantly higher percentage of BDMA was eliminated in the first
column compared to the second column. The bio-transformation rate improved over time as the regression analysis showed a strong
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Fig. 7. First order rate constants (k; left y-axis) and half-lives (t; »; right y-axis) of (a) ACE, (b) DMBSA and XSA, (c) HHTMP and (d) SMX in two
sand columns at a different times during the experiment (data evaluation (first-order kinetics) is shown in Fig. S5).
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relationship between time and degradation (R2 = 0.71 (first column) and 0.60 (second coulum)). The behavior of BDMA in a simulated
BF is reported in this study for the first time.

ACE showed improved elimination with time (R? = 0.96 (first column) and 0.91 (second coulum)) and biodegradation was only
observed in the first columns due to high microbial activities (Fig. 6i). However, biodegradation was insignificant in the second sand
column. Likewise, the rate constant increased over time, indicating enhanced degradation with adaptation (Fig. 7a). Improved
elimination of ACE was observed for up to 70 days (ca. 6.5 BV); however, no further increase in elimination was noted after that. It
might be because about 95% of ACE was biologically degraded and microorganisms were not capable of degradating very low con-
centrations. It was also reported that ACE was attenuated under oxic conditions [52,65]. Contradictory, it was mentioned that ACE is
not removed by BF [66].

SAC showed improved elimination with adaptation (Fig. 6k). Moreover, the elimination was higher in the first columns compared
to the second columns due to the high biological activities in the first columns. Similarly, Di Marcantonio et al. [16] reported the
degradation of SAC through BF.

The behavior of DMBSA and XSA was not reported in previous studies. However, this study revealed that degradation of DMBSA
and XSA improved with adaptation and were completely eliminated after 70 days (ca. 6.5 BV). In addition, a significant increase in the
rate constant of DMBSA and XSA was observed (Fig. 7b).

VSA, HHTMP, DPG, MPSA and SMX were eliminated time-independently during the experiment (Fig. 6). The rate constant for these
compounds were constant over time (Fig. S4), for instance, HHTMP (Fig. 7c) and SMX (Fig. 7d) showed insignificant change in rate
constant values. The behavior of HHTMP, DPG and MPSA in a simulated BF is reported first time in this study. However, these OMP
were frequently detected in the surface water and groundwater and reported as PM compounds [5,7].

DPG showed sorption up to 47 days (ca. 5 BV) in the first columns and 105 days (ca. 9 BV) in the second columns (Fig. 6f). After 47
days, DPG was well degraded in the first columns, but no elimination was observed in the second columns. In contrast to this, Zahn
et al. [7] reported that DPG photolyzes but does not biodegrade and is stable to hydrolysis.

VSA was fully eliminated in the first columns (Fig. 6g); VSA is known to be efficiently removed under oxic conditions [15,22,48].
SMX showed partial elimination in the 12 days HRT and degradation was slightly higher in the first columns (Fig. 6m). Other studies
confirmed redox-dependent elimination of SMX; van Driezum et al. [63] found slow and only partial degradation under oxic condi-
tions. On the contrary, based on field data, it was suggested that SMX is better degradable under strictly anaerobic [67] and under
anoxic [29,67-69] conditions, than under aerobic ones.

The rate constants for all the OMP were high in the first sand columns. While most OMP (16 out of 24) were insignificantly
eliminated in the second sand columns. BDMA, VSA, DPG, SAC, MPSA, DMBSA, XSA and SMX showed significant (ANOVA, p > 0.05)
elimination in the second columns. Hence, these eight compounds were biodegraded in the investigated sand column setup mimicking
a BF process, even under low biological activities. However, BTA, HHTMP and ACE were persistent in low biological active sands.

3.4. Correlations between OMP concentration profiles and quality parameters

Pearson’s correlations were calculated between the reduction of different parameters and OMP eliminations in columns along the
flow-path for days 26, 60, 111 and 150. Results in Fig. 8 (day 150) and Fig. S7 (days 26, 60 and 111) revealed that the biodegradability
of the organic carbon could significantly affect the eliminations of OMP.

For the eliminations of BDMA, VSA, ACE, PTSS, SAC, DMBSA and XSA, significant correlations (Pearson’s r > 0.90) were observed
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Fig. 8. Heat map of Pearson’s correlations between reductions of different quality parameters (with one row per OMP) along the flow-path for day
150 (the profiles of all quality parameters shown above (Figs. 2 and 3) and profiles for OMP are presented in Figure S8).
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with the reductions of SUVA and UVas4 on the selected days (26, 60, 111 and 150). These OMP displayed improved eliminations with
adaptation in the columns (Fig. 6), but the reductions for DOC, SUVA and UVgs4 were constant throughout the experimental period
(Fig. 2). Therefore, the observed eliminations of these OMP is not directly connected with the DOC removals, abatements of UVys4 or
SUVA reductions in the sand columns. The eliminations for these OMP were presumably due to biological activities as described above
(section 3.3.2). Similarly, previous studies reported that varying DOC concentrations [70] and availability of easily degradable organic
carbon [71] did not significantly affect OMP biodegradation.

CG, BTA, MAPMA and DCF eliminations correlated with the reductions in SUVA and UVj54 on the selected days. These OMP
showed complete elimination within 0.5 m in the first columns (Fig. S8). Therefore, the influence of the quality parameters on the
eliminations of these OMP cannot be explained based on available datasets. Further research is needed, e.g. with increased influent
concentrations of these OMP.

The eliminations of SMX, MPSA and HHTMP were constant in the sand columns throughout the study (Fig. 6). Significant cor-
relations (Pearson’s r > 0.80, p < 0.05) were observed for the eliminations of HHTMP and the reductions in quality parameters (SUVA
and UVgs4 and Cy) on the selected days. The eliminations of SMX (Pearson’s r > 0.80) and MPSA (Pearson’s r > 0.70) were parallel to
the removals of humic substances (C; and Cy). Thus, humic substances in parallel with the eliminations of SMX, MPSA and HHTMP.
Similarly, previous studies reported the influence of dissolved humic substances on the elimination of SMX and other OMP [72,73].
SMX was presumably removed by sorption onto soils. This study found potential correlations between the eliminations of SMX, MPSA
and HHTMP and the reductions of humic substances (C; and C5) in sand columns for the first time. However, subsequent in-depth
research with varying DOM concentrations and compositions is needed to confirm this hypothesis.

4. Conclusion

The study evaluated the fate (persistency or bio-transformation) of 24 emerging contaminants using saturated oxic sand columns
simulating BF processes under controlled boundary conditions. Additionally, the influence of DOM on the removals of OMP was
analyzed. Two humic-like fDOM fractions were identified (using EEM-PARAFAC) in the influent, and they were eliminated similarly to
the overall DOC in the sand column systems.

OMP such as MEL, ATA, PRI, DCA, TFMSA, AAMPS and CBZ were persistent under oxic conditions and mobile throughout the
study. Hence, no effects of biological activity were observed in the columns and no sorption onto the sand was noted. Even the
maximum HRT of 12 days was not enough for the biodegradation of these compounds. BETMAC and DIOTOG were also persistent but
showed sorption. Sorption phenomena for DIOTOG were higher in the first columns than in the second columns because of the higher
organic content in the first columns.

Four OMP (CG, PTSS, MAPMA and DCF) were completely eliminated and six (BTA, BDMA, ACE, SAC, DMBSA and XSA) showed
improved elimination with ongoing adaptation. The elimination of these OMP were presumably due to biological activities in the sand
columns. Five OMP (VSA, DPG, HHTMP, MPSA and SMX) showed constant eliminations, independent of adaptation times. The
eliminations of HHTMP (Pearson’s r > 0.80, p < 0.05), MPSA (Pearson’s r > 0.70) and SMX (Pearson’s r > 0.80) correlated with the
removals of humic substances (C; and C»).

The attenuation of the investigated OMP were correlated with the HRT and biological activities in the columns. HRT, adaptation
time and bioactive sands were critical parameters for the biodegradation of the OMP in the experimental column setup and therefore
are likely to play an important role in the remediation of these OMP through BF. The experiments were conducted with constant DOM
concentrations and compositions. Hence, the eliminations of OMP at varying DOM concentrations and compositions remain to be
investigated.
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