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Because organic micropollutants (MP) are frequently detected in river waters that are used as drinking wa-
ter sources, combining a relatively cost-efficient natural treatment with upstream advanced oxidation pro-
cesses (AOP) appears promising for their efficient abatement. Such a multi-barrier system can be integrated
in drinking water production schemes to minimize risks from potentially hazardous MPs. This study investi-
gates the impact of an UV/H,O, AOP before soil aquifer treatment (SAT) on the abatement of selected
MPs (EDTA, acesulfame, iopamidol, iomeprol, metformin, 1H-benzotriazole, iopromide), dissolved organic
matter (DOM) (apparent molecular size distribution, specific UV absorbance at 254 nm - SUVA) and micro-
bial parameters (intact cell count, cell-bound ATP). A pilot plant consisting of an AOP (0.5 m* h'?, 4 mg L™
H,0O,, 6000 J m ™) and two parallel soil columns (filtration velocity: 1 m d™%, column height: 1 m) was con-
tinuously operated over a period of 15 months with Rhine river water pre-treated with rapid sand filtration.
The investigations revealed a shift towards longer retention times of the humic substances peak in LC anal-
ysis of DOM, lower SUVA and higher biodegradability of DOM after UV/H,O, treatment. In addition, an

Received 28th June 2019, overall higher abatement of all investigated MPs by the combined treatment was observed (AOP with sub-

Accepted 14th August 2019 sequent SAT) compared to either process alone. This observation could be explained by an addition of the
DOI: 10.1039/c9ew00547a single treatment effects. The strong primary disinfection effect of the AOP was detectable along the first
meter of infiltration, but did not lead to any change in the column performance (i.e., similar abatement of

rsc.li/es-water dissolved organic matter).

Water impact

Drinking water resources around the world are polluted with organic micropollutants, having potential adverse effects on human health upon long-term in-
gestion. This study demonstrates that these substances can be abated in a multi-barrier treatment, deploying an UV/H,0, oxidation process with subse-
quent soil aquifer treatment. Combining such engineered (“grey”) and nature-based (“green”) treatment infrastructures can provide drinking water of high
quality.

Introduction

Synthetic organic micropollutants (MP), such as residuals
from pharmaceuticals, pesticides or personal care products,
are frequently detected in surface water and groundwater.™
These substances should be prevented from entering in the
environment in the first place and kept as low as possible in
drinking water (if necessary by treatment) to avoid adverse
health effects (considering also the precautionary principle®
and consumer perception®). Resource protection and control
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are the most important measures to avoid persistent sub-
stances entering in the aquatic environment.”*' This in-
cludes managing the disposal of MPs as much as possible,
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e.g., by collection and proper treatment of contaminated
waste streams. Nevertheless, MPs are detected in surface wa-
ter and groundwater bodies,"™* as conventional wastewater
treatment plants cannot sufficiently address some of these
target substances.'>'* Additionally, diffuse sources contribute
to the prevalence of MPs in water bodies.'*"*

One efficient technology to abate MPs during the drinking
water production is the application of low pressure (LP) ultra-
violet light (UV)-based advanced oxidation processes
(AOPs).’*"® UV/H,0, processes abate MPs typically by two
parallel mechanisms, ie., direct photolysis and reactions
with hydroxyl ('OH) radicals."

For direct photolysis, in a first step, the target molecule
has to absorb the emitted light.">*° The ability to absorb
light of a specific wavelength (1) is expressed in the molar ab-
sorption coefficient (g;). In a second step, the energy taken
up by a molecule through the absorbed light can partly result
in a photochemical change of the molecule, e.g., breaking of
covalent bonds, abstraction of an electron, etc. The fraction
of photons that lead to a transformation of the MP is the
quantum yield (&,).***°

In the UV/H,0O, process, ‘'OH radicals are produced by
photolysis of hydrogen peroxide:

H,0, + hy — 2'0H

At 254 nm (4 at which LP-UV lamps primarily radiate), ;54
of H,0, is ~18.6-19.2 M ' ecm™,'**' and ®,5, is 1.0.'° "OH
radicals react almost diffusion controlled with a large spec-
trum of MPs."

However, UV/H,0, oxidation processes usually do not lead
to a full mineralization of the MPs. Instead, potentially toxic
transformation products (TP) can be formed.*” In addition, the
dissolved organic matter (DOM) is transformed to products,
which are partially bioavailable,'®'”**** and an increased for-
mation potential for disinfection by-products upon post-
chlorination was observed.’®>* Therefore, AOP treated water
should be biologically treated before its distribution.>*>

Soil aquifer treatment (SAT) systems are applied in inte-
grated water management systems for the removal of
dissolved organic carbon (DOC) and pathogens,***” but MPs
have also been demonstrated to be partially degraded during
SAT.>”7*! Yet during SAT, full mineralization of MPs is often
not accomplished and (partly stable) metabolites are formed.
Approaches to combine technical and natural treatment sys-
tems are considered highly useful, e.g., by the UNESCO to en-
sure good water quality and robust treatment systems at rea-
sonable costs.*> Ozonation and AOPs before natural and/or
technical biological treatment systems have been considered
in many previous studies,'”****?%33™18 However, currently
predominantly in the fields of enhanced wastewater treat-
ment**3%3%48 or indirect potable reuse schemes.*****° Never-
theless, implementations of treatment schemes combining
technical and natural treatment systems in full-scale are still
scarce, especially for drinking water production from conven-
tional water sources, i.e., surface water or groundwater.
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In a previous study the combination of H,0,, O; and UV
was investigated to treat river water after coagulation, floccu-
lation, sedimentation, micro-sieving and dual media filtra-
tion before dune infiltration for an improved abatement of
MPs.*>*** In comparative pilot tests with different treat-
ment combinations (O3, UV/H,0,, UV/O; and O3/H,0,), all in-
vestigated MPs except methyl tert-butyl ether (MTBE) were
abated by >90% with UV/H,0,. However, the O;/H,0, process
showed similar or better efficiency, apart from the X-ray con-
trast media amidotrizoic acid, and that limited bromate for-
mation was found.*® Different AOP combinations (O5/H,0,/
LP-UV) were compared with respect to MP removal efficiency,
investment and operational costs. For the specific treatment
case, a combination of 2 mg L™ O;, 6 mg L H,0, and LP-
UV at 6500 ] m> yielded the best abatement per € treatment
costs.”® This is probably due to the “bleaching effect” by O,/
H,0, (decrease in UV absorption at 254 nm), which makes
subsequent UV/H,0, treatment more efficient. In laboratory
experiments, spiked MPs showed a similar biodegradation in
an ozonated water matrix as in a non-oxidized matrix, except
for naproxen, ibuprofen and gemfibrozil, which had a lower
extent of abatement in the oxidized matrix.”*

In another study, urban surface water was treated either
with ozonation before SAT column treatment, or bank filtra-
tion and aeration before SAT column treatment.>* The au-
thors concluded that O;-SAT is a feasible option for water
treatment due to the overall higher abatement of MPs and re-
moval of precursors for disinfection by-products, but did not
investigate bromate formation.>* Similar results were also
obtained with municipal wastewater effluents.*®°

Despite these previous studies, no long-term data are cur-
rently available for a UV/H,0, treatment of surface water with
subsequent SAT. The aim of this study was to evaluate the per-
formance of a UV/H,0, - SAT column treatment system in
comparison to SAT column treatment only. Selected MPs were
analyzed to investigate their abatement by the different treat-
ment steps. Measurements by liquid chromatography coupled
with an organic carbon detector (LC-OCD) were conducted to
study the impact of distinct treatment steps on the molecular
size distribution of the dissolved organic matter (DOM). Micro-
biological parameters, such as intact cell counts and cell-
bound ATP, were analyzed to investigate their evolution along
the treatment train. With this approach, this study provides an
assessment of the performance and impacts of UV/H,0, treat-
ment with subsequent SAT for drinking water production.

Materials and methods
Pilot plant

A scheme of the continuously operated pilot plant is
presented in Fig. 1. Water from the river Rhine after full-
scale rapid sand filtration (used for full-scale soil infiltration)
was used as feed water for the pilot plant. H,O, was dosed at
a target concentration of 4 mg L™ from a stock solution
(35% food-grade H,0,, diluted to 2 g L™ with ultrapurified
water, >18 MQ). A constant UV dose of 6000 ] m™> was

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Scheme of the continuously operated pilot plant. After full-scale rapid sand filtration, 4 mg L™ H,O, was dosed before a static mixer and ir-
radiated with low pressure UV light (radiation maximum: 254 nm) with a dose of 6000 J m~2. Soil columns were operated in constant overflow at

an infiltration velocity of 1 m d™%. ]: sampling point.

applied by controlling the flow through the low pressure UV
reactor (Spectron 6, Xylem Inc., Germany). The UV absorption
at 254 nm (UVA) of the sand filtrate was measured online.
The soil columns were filled with a disturbed soil sample
from the Lange Erlen (Basel, Switzerland) infiltration site
(first meter, sieved fraction <2 cm) and sand from the rapid
sand filters for enhanced permeability in a 1:1 volumetric ra-
tio. They were operated in continuous overflow and manually
adjusted to a target flow of 6 L h™ (EBCT = 24 h, i.e., infiltra-
tion velocity = 1 m d™*) by a needle valve at the respective col-
umn outlet. The continuous operation was divided in a start-
up phase (March 2017-October 2017) and a test phase (No-
vember 2017-August 2018). The pilot plant operation moni-
toring online sensors and probes, as well as operation param-
eters of the AOP and soil columns during the test phase are
summarized in ESI} Tables S1-S3.

Feed water

Rhine river sand filtrate characteristics (influent for AOP and
reference soil column) during the test phase (November
2017-August 2018) were: DOC = 1.3 + 0.1 mg L pH =81+
0.1, alkalinity = 221 + 54 mg L™ as CaCO;, UVA = 3.6 + 1.4
m™, turbidity = 0.25 + 0.60 FNU, temperature = 13.6 + 7.0 °C,
dissolved oxygen (DO) = 9.8 + 2.0 mg L, nitrate (NO;) = 6.5
+1.2 mg L™, iron (as total iron): 5 + 1 pg L™". Total copper in
the Rhine river water was 25.2 + 1.9 pg L™, measured by the
local authority in a nearby observation station (January 2017-
May 2018).>> DOM, carbonate and bicarbonate were the only
relevant ‘OH radical scavengers of the background matrix.
The pseudo first-order scavenging rate constant of the water
background matrix for reactions with ‘'OH radicals (kou,s) can
be calculated by:*°

This journal is © The Royal Society of Chemistry 2019

kons = ZkOH,i X [Si]

kou, is the second order rate constant for the reaction of
scavenger i with "OH radicals, [S;] is the concentration of the
respective scavenger. ko, for DOC, CO;>” and HCOj;  are 2.3
x 10* L mg C' s7',%7 (average value of five surface water
sources’), 3.9 x 10° L mol™ s7,*® and 8.5 x 10° L mol™
s',%® respectively which leads to kous of about 5.3 x 10* s™
for the tested water. This is in the order of 10% of koy s of a
tertiary effluent from a municipal wastewater treatment
plant.>® Considering the quenching by H,0, (kou, 1,0, = 2.7 X
10’ L mol " s7" (ref. 58)) at the target dose of 4 mg L™, komus
increases to 5.6 x 10* s™!, ie., the fraction of "OH radicals

reacting with H,0, is low (6%).

Micropollutants and reagents

An overview on selected properties of the investigated MPs is
given in Table S4t along with details on the respective mea-
surement range and analytical uncertainty. All MP samples
were prepared by addition of sodium thiosulfate (Na,S,03,
purum p.a., anhydrous, >98%) to a final concentration of
0.25 mM for H,0, quenching,®® providing a reaction time of
at least two hours (samples were usually measured 24-72 h
after sampling). With an estimated half-life time of H,O, un-
der these conditions of about four hours,®® this means
quenching was relatively slow. However, the resulting H,O,
concentrations of <3 mg L™ did not affect the analysis of
MPs. In addition, possible abatement of MPs during sam-
pling storage due to Fenton-like reactions with Fe(m) and
Cu(u) can very likely be neglected under the given circum-
stances.’>®® 1H-Benzotriazole (BTZ) and metformin (MET)

Environ. Sci.: Water Res. Technol.,, 2019, 5, 1709-1722 | 1711
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were measured after direct injection (250 pL) by HPLC-MS/
MS (Qtrap 5500, AB Sciex) with electro-spray ionization
according to a modified standard method (DIN 38407-47).
Separation was achieved using an Acquity UPLC HSS T3 col-
umn (3.0 mm x 150 mm, 1.8 um, Waters, MA, USA) in an Ul-
tiMate 3000 HPLC (Thermo Scientific, MA, USA). Acesulfame
(ACE), iomeprol (IME), iopamidol (IPA) and iopromide (IPR)
were analyzed by the same system but using an Eclipse XDB-
C18 pre-column (12.5 mm x 4.6 mm, 5 um, Agilent Technolo-
gies, CA, USA) and an Eclipse XDB-C18 column (50 mm x 4.6
mm, 1.8 pum, Agilent Technologies, CA, USA). Samples were
prepared by evaporation to dryness under vacuum at 54 °C
and then reconstituted with eluent and filtered (0.2 pm),
resulting in a concentration factor of 10. Ethyl-
enediaminetetraacetic acid (EDTA) was analyzed according to
a modified method from Geschke and Zehringer® as Fe(m)-
EDTA after SPE using a Bakerbond spe Quaternary Amine
(N+) column (Avantor, PA, USA). Samples were biologically
stabilized by the addition of 7 mL formaldehyde (37%) to 500
mL of sample, as EDTA samples were prepared and measured
usually about two weeks after sampling. Substances were
eluted with formic acid, achieving a concentration factor of
800. Separation was achieved by an UltiMate 3000 HPLC
(Thermo Scientific, MA, USA), equipped with a Superspher 60
RP-select B (Merck, Germany) column. Signals were detected
by a Dionex DAD-3000RS (Thermo Scientific, MA, USA) diode
array detector at 258 nm.

Bulk organic matter

DOC was analyzed on a LC-OCD analyzer (DOC Labor Dr. Hu-
ber, Germany) with 2000 pL injection volume, deploying an
isocratic elution method (phosphate buffer at pH 6.85).%®
Separation was achieved by a size exclusion column (250 mm
x 20 mm, Toyopearl HW-50S, Tosoh Bioscience, Japan).®® Bio-
degradable dissolved organic carbon (BDOC) was determined
according to the French norm AFNOR XP T90-319 in dupli-
cate batches as the difference in DOC before and after a
seven-day incubation at 25 °C using a washed sand inocu-
lum. Before setting up the BDOC batches, all samples were
treated with catalase immobilized on a resin (Sepabeads EC-
EP, particle size: 200-500 um) for quenching residual perox-
ide.®® 1-2 g L™" catalase resin were added to the samples,
placed on a shaker for 1 h at 100 rpm and separated by sedi-
mentation. Quenching success was confirmed by H,0, quan-
tification. H,O, was quantified photometrically by titanium
oxalate.®”® In brief, 0.5 mL of a titanium(iv) oxysulphate so-
lution in concentrated sulphuric acid (~1.3% Ti) is added to
10 mL of a sample. After about five minutes of reaction, the
absorbance at 420 nm is measured (see Table S5+ for details).
Soil respiration was measured in triplicates along the Swiss
reference method Agroscope B-BA-IS.**”® In brief, produced
CO, is trapped in 25 mM NaOH within 72 h incubation at 25
°C. Then, CO,;”" is precipitated with 0.5 M BaCl, and residual
NaOH determined by titration with 25 mM HCI, using a phe-
nolphthalein indicator. Produced CO, is calculated from the
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used volume of HCI. Details on the performance of all ap-
plied analytical methods other than for MPs are provided in
Table S5.17

Microbial parameters

Intact cell counts (ICC) were measured along an adopted
method from Prest et al.”" In brief, 10 uL of a SYBR® Green I
(SG) stain stock solution and 20 pL of 30 mM propidium io-
dide in dimethyl sulfoxide (DMSO, =99.9%) were mixed, then
filled up to 1 mL with DMSO (ICC stain working solution).
Samples were prepared by 1:10 dilution in 0.22 pm-filtered
bottled water before staining and then heated to 37 °C for 3
minutes. Subsequently, 10 puL of the ICC stain working solu-
tion was added to 990 uL of the sample. Samples were incu-
bated in the dark (37 °C, 10 minutes) before the measure-
ment with an Accuri C6 (BD Biosciences, NJ, USA) flow
cytometer. Total adenosine tri-phosphate (ATP) of the sam-
ples was measured in duplicates according to a protocol
adopted from Hammes et al.”> In brief, 1.6 mL sample was
incubated (38 °C, 5-10 minutes) in parallel to 50 pL aliquots
of prepared ATP reagent (10 mL ATP reagent with 1.6 mL of 1
M MgCl,). Then, 500 pL of the heated sample was transferred
to the ATP reagent and incubated for exactly 20 seconds be-
fore measuring the luminescence at 490-575 nm on a
GloMax 20/20 (Promega, WI, USA) luminometer. Quantifica-
tion was done by a calibration with pure ATP standards. Free
ATP was measured by the same method after filtration of the
samples with 0.22 pm syringe filters. Bacterial, i.e., cell-
bound ATP was calculated by subtracting free ATP from total
ATP.

Results and discussion

Abatement of selected target micropollutants

By the treatment with UV/H,0,, all MP abatements were
found to be statistically significant in paired two-sided
t-tests, except for MET (Fig. 2). The results agree very well
with published data on the MPs, e.g. ACE, IME, IPA and IPR
are known to be well abated by direct photolysis.”>””® BTZ is
known to be primarily abated by hydroxyl radicals (‘OH).””
Neglecting direct photolysis’®”® and assuming a second order
rate constant for the reaction of BTZ with "OH radicals of
komprz = 8.34 x 10° M™' s7',77 the abatement of BTZ indicates
an average 'OH radical exposure of (1.5 + 0.1) x 107'° M s.
This is in the range of previously reported ‘OH radical expo-
sures for a comparable UV/H,0, treatment in a similar sur-
face water (1.8 x 107'° M 5).% EDTA and MET are relatively re-
calcitrant substances even in reactions with "OH radicals.”>*!
However, depending on the complexed metal ion, direct
photolysis of EDTA complexes can proceed quickly, e.g., with
Fe(m).** Calculations with the average molar concentrations
of the sand filtrate's cations in the ChemEQL chemical speci-
ation software® confirmed that EDTA should be prevalent as
[Fe(m)OH(EDTA)*  (57%), [Fe(m)(EDTA)]” (39%) and
[Ca(EDTA)]*” (3%). Therefore, the relatively strong abatement
is attributed to direct photolysis of the predominant

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Abatement of the selected micropollutants by the UV/H,O,
treatment. Abatement calculated relative to the LOQ, if effluent
concentration was below the LOQ. n = 7 for all MPs. Central mark of
boxes: median; lower and upper edges of boxes: 25th and 75th
percentiles, respectively; whiskers: minimum and maximum values.
Significance of abatement in paired two-sided t-tests (sand filtrate and
after AOP treatment) are marked with “* %> and “* %% for p < 0.01
and p < 0.001, respectively.

Fe(m)EDTA complexes.®> For MET, with a ‘OH radical expo-
sure of 1.5 x 107'° M s and kopmer = 1.4 x 10° M " 573 a
UV dose of 6000 J m™>, esamer = 940 M em,** and
Dysamer = 0.014 mol per einstein,® an abatement of around
22% was expected, which is close to the measured range of
0-20%.

The water temperature of Rhine river filtrate ranged from
3.2-27.0 °C during the experiments. It is known that both
"OH radical reactions'®®**® and photo-physical proper-
ties'”®® can be temperature dependant, while the influence
of the latter is expected to be minimal.®” In addition, the effi-
ciency of the UV lamps also changes with temperature.®® This
might translate into a lower applied UV dose in low water
temperatures than at elevated temperatures, consequently in
lower direct photolysis of target MPs and generation of ‘'OH
radicals, and finally in lower observed reaction rates. How-
ever, our study was not designed to systematically investigate
the temperature effects; hence, the impact of the water tem-
perature on the observed reaction rates are not evaluated.

After the soil column treatment of Rhine river sand fil-
trate, five substances were prevalent in median concentra-
tions >0.1 pg L™". These were EDTA (Swiss drinking water
threshold 200 ug L™ °°), ACE, IPA, IME, and BTZ (Fig. S1%).
Abatement during soil treatment alone was statistically sig-
nificant for ACE, IME, MET and IPR (Fig. 3). In contrast, the
abatement of IPA and BTZ were negligible by the column re-
ceiving Rhine river sand filtrate. IPA and BTZ are known to
be recalcitrant in biological wastewater treatment.”’** Over-
all, the soil treatment alone does not appear to be very effec-
tive for the removal of the investigated MPs, except for MET.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Abatement of micropollutants along the soil columns,
calculated relative to the influent concentration of the respective
column receiving Rhine river sand filtrate (black) or UV/H,O, treated
Rhine river sand filtrate (blue). Abatement calculated to the LOQ, if
effluent concentration was below the LOQ. n indicated by numbers in
brackets. Central mark of boxes: median; lower and upper edges of
boxes: 25th and 75th percentiles, respectively; whiskers: minimum and
maximum values. Significance of abatement along columns and
significance of difference between groups in paired two-sided t-tests
are marked with <%, “*%” and “* %% for p < 0.05, p < 0.01 and p
< 0.001, respectively.

After pre-treatment with UV/H,0,, only MET and IPR
abatements were found to be statistically significant in the
column fed with the AOP effluent. In contrast to the column
receiving Rhine river sand filtrate, the abatements of ACE
and IME were probably not significant in the column receiv-
ing the AOP effluent because of the often very low influent
concentrations (Fig. S17).

Statistically significant differences between the perfor-
mances of the soil columns were only found for EDTA and
MET. EDTA concentrations in the raw water were often
higher in the past years than during the test phase and
tended to decrease throughout the last years (Fig. S21). We
hypothesize that the soil material is likely saturated with
EDTA, leading to a leaching due to competitive adsorption
of DOM (Fig. 3). As further discussed below, the organic
matter in the AOP effluent tends to be more hydrophilic.
Hence, its lower adsorption on the soil column might pro-
vide an explanation for the lower leaching of EDTA after
the AOP.

MET is known to be well biodegradable. Differences
between the soil column performances for MET are explained
by a lower biological activity in the water phase receiving UV/
H,O0, effluent. The strong primary disinfection effect in com-
bination with the residual H,O, may hamper the biological
regrowth in the water phase along the top few centimetres, as
further discussed below. However, the lower removal of MET
in the soil column after UV/H,0, due to less co-metabolism
or less enzymatic diversity as a consequence of increased

91,94-99
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concentrations of biodegradable DOM cannot be ruled out
completely (see discussion below).'°

Temperatures were controlled neither in the column influ-
ents, nor along the columns. The effluent temperatures,
measured in grab samples, were 1.0-1.5 °C above the sand
filtrate's temperature due to temperature equilibration with
the environment. They ranged between 7.9-27.3 °C and 8.0-
27.6 °C for the column receiving Rhine river sand filtrate
and AOP effluent, respectively (n = 14 for both). The varying
temperature is expected to impact the performance of the
soil columns as well, in terms of removal of both bulk or-
ganic matter and MPs.>* However, for the soil columns as
well, the study was not designed to assess the impact of tem-
perature on the removal efficiency; hence, it is not further
evaluated.

The combined treatment (AOP with subsequent SAT) led
to higher abatements for the majority of the investigated sub-
stances compared to soil or UV/H,0, treatment alone. By the
use of the selected UV/H,O, process, it was possible to abate
all investigated MPs to below 0.1 ug L™" after subsequent soil
treatment, except for EDTA. Such an extent of abatement
could not be accomplished by soil treatment alone (Fig. S17).
It is hence concluded that the combined treatment can be a
useful approach to reach a certain treatment goal. Further-
more, the AOP can act as an additional barrier to avoid target
MPs to accumulate in the soil. The overall abatement can be
explained by the sum of the effects of UV/H,0, and soil treat-
ment and the soil column performance did not significantly
change due to AOP pre-treatment (Fig. 3). Therefore, no en-
hanced or synergistic abatement of target substances in the
soil column was observed after the AOP for the investigated
compounds. This confirms previous results for a surface wa-
ter matrix, which was treated by 1 mg O; mg™ DOC before a
biodegradation batch test with an adapted sand inoculum to
remove various spiked MPs.”> Transformation products of
the MPs are formed upon the UV/H,O, treatment and they
are typically are more polar than their parent compounds.
Hence, they less efficiently sorb onto the soil material.

In addition, the biological stability of TPs is mostly un-
known and not explored in this study. A theoretical assess-
ment of TPs from ozonation indicated that some TPs might
be better removed in subsequent biological treatment steps,
whereas others would be recalcitrant, depending on the type
of ozonated parent compound.’®® Only very limited informa-
tion from pilot or full-scale applications is available on this
topic. Results from wastewater ozonation indicate that some
TPs are relatively stable in subsequent biological treat-
ments.>*'°> Therefore, it is uncertain whether a higher de-
gree of MPs' mineralization can be expected from a com-
bined AOP-SAT treatment.

Nevertheless, AOP treated water should be biologically re-
stabilized before its distribution to remove biologically avail-
able organic matter formed during the AOP.'® Therefore, the
proposed configuration appears particularly interesting for
surface waters with low background scavenging rates, kOH‘S.36
In addition, previous studies demonstrated an increase of the
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disinfection by-product formation potential upon chlorina-
tion in AOP treated water, which was lowered again by a bio-
logical post-treatment,'®'**1% ¢,g. a SAT.

A previous study was able to link lower concentrations of
primary substrate and a higher share of its refractory sub-
stances with a higher biological abatement of MPs in
laboratory-scale column tests.'”® As during the AOP treatment
parts of the DOM became more biodegradable, i.e., less re-
fractory,'®'”>*?** this might imply a worse performance of
the combined treatment (AOP + soil column) than the sum of
the single treatment steps in certain waters. However, the
small differences of the soil column performances with or
without AOP pre-treatment in our study does not confirm
these previous observations (Fig. 3).

Impact on bulk organic parameters

In natural waters, DOM is prevalent at concentrations several
orders of magnitude higher than MPs. As the generated 'OH
radicals react relatively unselectively, DOM is one of their ma-
jor sinks: based on the estimated kop,s, the fraction of "OH
radical reacting with DOM is about 60% and with bicarbon-
ate about 40%. As expected,'®**'% the applied UV/H,0, pro-
cess did not lead to mineralization of the DOM (Fig. S3+t), but
DOM becomes more biodegradable by the application of an
AOP.'®'7?32% [ aboratory measurements of the BDOC (n = 3,
March 2018-June 2018) confirmed an increase of the biode-
gradable fraction by the AOP treatment from an average of
0.1 mg L™* (sand filtrate) to 0.5 mg L™ BDOC (UV/H,0, efflu-
ent, p < 0.05). However, this did not lead to an increased
abatement of the DOC by the soil column treatment after
AOP and the difference between the performances of the
tested columns was statistically not significant (Fig. S31). In
fact, both soil columns (with and without AOP pre-treatment)
did not contribute much to the DOC removal (median re-
moval of 0.2 mg L™ (18%) and 0.3 mg L™* (23%) without and
with AOP pre-treatment, respectively). This is in contrast to
full-scale SAT applications, where DOC removals between 33-
88% were reported.”® However, in our study, the utilized col-
umns had a much lower residence time (24 h) and shorter
travelling distance (1 m) compared to the reviewed full-scale
applications (residence times: 3 days-96 months, travelling
distance: 6-2700 m).”* In addition, the sand filtrated feed wa-
ter was biologically already very stable in terms of low BDOC
values (see above), which might explain the overall low DOC
removal.

Fig. 4 shows LC-OCD chromatograms of the different
treatment steps. The peak around 44 minutes (associated
with humic substances, HSGS) was abated, while a peak at
around 48 minutes (associated with building blocks®?) was
built up. On average, the HS peak maximum was slightly
shifted (p < 0.01) from 43.9 + 0.5 min (Rhine river sand fil-
trate) to 44.5 + 0.5 min (Rhine river sand filtrate after UV/
H,0, treatment). Our measurements cannot exclude that
this results from a matrix effect of the changed back-
ground matrix after the AOP. However, along with the

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 LC-OCD chromatograms of the dissolved organic matter after the indicated treatments, averages from measurement campaigns (n = 7,
November 2017-August 2018, one outlier measurement after a rain-event was excluded). Black line: Rhine river sand filtrate. Blue line: AOP. Grey

line: soil column. Lavender line: AOP and soil column.

slight increase of the peak around 48 minutes, this indi-
cates a slight shift towards smaller molecules, which is in
line with the widely assumed de-polymerization mechanism
of DOM upon UV/H,O, treatment.'”” Subsequent soil col-
umn treatment led to a decrease of all peaks, indicating
that all fractions were removed by the SAT treatment, re-
gardless of the AOP pre-treatment. In fact, the slightly
shifted HS peak was the only parameter in LC-OCD mea-
surements that differed between the two soil column influ-
ents and effluents (Tables S6 and S77).

The AOP also decreased the specific UV absorbance at
254 nm (SUVA = UVA/DOC), an indicator for aromaticity of
the DOM and, by that, for hydrophobicity. Median SUVA
values significantly (p < 0.01, n = 3) decreased from 2.0 L
mg ' m™" after sand filtration to 1.7 L mg™" m™" after AOP
treatment. This indicates that AOP reaction products tended
to be less aromatic. It is known that 'OH radicals react
readily with DOM by ‘OH addition to C-C double bonds
and aromatic rings, H-abstraction and to a minimal extent
by electron transfer.'%® It is known that UV/H,0, treatment
can lead to ring opening reactions, e.g., of phenols.'” In
addition, studies on direct photolysis of natural DOM con-
firmed that irradiation at 254 nm is able to reduce the
SUVA values even at doses comparable to those applied in
this study (6000 J m2)."'®'"" Therefore, the decrease in
SUVA by the AOP treatment is attributed to both direct
photolysis of DOM and its reactions with ‘OH radicals. Soil
column treatment resulted in an increase of the SUVA value
in both treatment lines (2.4 L mg™"' m™ and 1.9 L mg™" m™*
for the columns receiving Rhine river sand filtrate without
and with UV/H,0, treatment, respectively). It has been dem-
onstrated previously that an increase of SUVA during soil
passage is due to an accumulation of slowly- and non-
biodegradable DOM in the water phase, as this fraction of
DOM is typically associated with a higher molecular weight
and SUVA.*''?

This journal is © The Royal Society of Chemistry 2019

Impact on microbial activity

UV irradiation during water treatment is known to effectively
inactivate microorganisms."”® The applied AOP utilizes UV
doses that are about 15-20 times higher than those com-
monly used for drinking water disinfection."** This leads to a
strong primary disinfection effect of the water during AOP
treatment. This is reflected by the ICC measurements in the
water phase at the column influent (Fig. 5). The correspond-
ing cell-bound ATP in the water phase is shown in Fig. 6 and
supports this observation. ICC measurements along the col-
umns showed that the disinfection effect of the AOP was still
detectable throughout the subsequent column receiving the
AOP effluent.

Of note, ICC measurements are not a proper method to
distinguish between living and dead cells after UV/H,0, treat-
ment. As UV irradiation primarily targets the DNA of cells,
the cell membrane might still be intact after treatment.
Hence, the reduction of ICC by UV/H,0, is not discussed
(travel distance = 0 cm). However, lower ICC values in the wa-
ter phase along the column after the UV/H,O, treatment
remained visible and probably contributed to the lower
values of bacterial ATP, as discussed below. Overall, the filter
effect of the soil columns for the removal of intact cells was
relatively low (0.3 + 0.11og;, for both columns).

A median reduction of 1.5 + 0.61og;, in bacterial ATP was
observed by the UV/H,0, treatment (Fig. 6). Residual ATP in
inactivated (but still intact) cells might explain the low reduc-
tion values of bacterial ATP. However, heterotrophic plate
counts (HPC) before and after the AOP treatment during the
start-up phase showed a relatively low reduction of only 1.3 +
0.4 logyo (n = 5, March 2017-July 2017). This is less than
expected, as the UV dose (6000 ] m™?) should be high enough
for an inactivation of more than 4log,, for bacteria, viruses
and protozoa.'**'"® The similar log;, reduction values of bac-
terial ATP and HPC is probably fortuitous because there is no
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Fig. 5 Intact cell counts in the water phase along the columns
receiving Rhine river sand filtrate (black) and AOP effluent (blue). n = 6
for all. Central mark of boxes: median; left and right edges of boxes:
25th and 75th percentiles, respectively; whiskers: minimum and
maximum values. Outliers, i.e., values outside +2.7 standard deviations
from median (99.3% coverage of normally distributed data), marked as
a red cross. Significant differences between groups in paired two-sided
t-tests are marked with “%”, “*k % and “* %% for p < 0.05, p < 0.01
and p < 0.001, respectively.

general correlation between cell-bound ATP and HPC.”> The
soil column receiving Rhine river sand filtrate was able to re-
duce the bacterial ATP concentrations by 0.6 + 0.41log;o,
which falls in a similar range as the removal of ATP of slow

sand filters in previous studies (about 0.2log;, '*®).
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Fig. 6 Bacterial ATP in the water phase along the columns receiving
Rhine river sand filtrate (black) and AOP effluent (blue). n = 5 for all,
except n = 4 for Rhine river sand filtrate after 5 cm travel distance.
Central mark of boxes: median; left and right edges of boxes: 25th and
75th percentiles, respectively; whiskers: minimum and maximum
values. Significant differences between groups in paired two-sided
t-tests are marked with “%” for p < 0.05.
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The bacterial activity in the water phase was consistently
higher along the column receiving Rhine river sand filtrate
compared to the column receiving the AOP effluent (Fig. 6).
In the Rhine river sand filtrate column, the bacterial ATP
peaked after 5 cm (110 pM). After that, the concentration of
the bacterial ATP constantly decreased towards the column
effluent. In the column after AOP pre-treatment, the bacterial
ATP increased from around 0 pM at the column influent to a
maximum of about 40 pM after a filtration distance of 10 cm.
At the same time, the median residual H,0, concentration af-
ter the AOP was 3.6 + 0.7 mg H,0, L™ (Table S31). Along the
subsequent column receiving the AOP effluent, hydrogen per-
oxide was still present in low concentrations after 5 cm (0.2 +
0.1 mg H,0, L', ie partially <LOQ, n = 3) and was
completely depleted (<LOD) after 10 cm (i.e., contact time
around 2 hours), which is in good agreement with published
results from laboratory batch tests.''” The increase in bacte-
rial ATP is explained by detachment of soil bacteria. However,
as H,0, inhibits microbial activity even at 1 mg H,0, L™,'"’
the residual hydrogen peroxide can serve as an explanation
for the slow recovery of bacterial ATP along the first centime-
ters in the column after the AOP treatment.

Respiratory measurements of soil samples from the col-
umns' tops confirmed that both column materials were biologi-
cally active, i.e., the residual H,O, did not inhibit biological ac-
tivity at the influent zone of the column. The soil respiration of
the column material receiving AOP pre-treated water was much
higher (30 pug CO, per g dry mass soil per 24 h) than the mate-
rial in the column receiving Rhine river sand filtrate (17 pg
CO, per g dry mass soil per 24 h). This finding is not necessar-
ily in contradiction to the ATP data, as the ATP values were
measured for the water phase only. The observation might be
related to the higher availability of BDOC after the AOP treat-
ment. In addition, the decay of H,0, gives rise to additional
0,, stimulating additional bacterial activity. However, as the
water along both SAT columns was fully oxic at all times and al-
most oxygen saturated in the sand filtrate, the latter hypothesis
is considered more relevant for full-scale applications with dif-
ferent redox conditions along the infiltration path.

The specific cell activity (i.e., bacterial ATP/ICC) in the water
phase along the column receiving the AOP effluent never
exceeded the activity of the Rhine river sand filtrate column at
the sampling points in a statistically significant way (Fig. S47).
As more BDOC was produced by the AOP, it was expected that
the specific cell activity might be higher due to the additional
substrate available. However, this could not be demonstrated
in this study. It is known that the microbial density is orders of
magnitudes higher on the soil compared to the water phase.
For the soil, a higher activity could be demonstrated in the top
layer after the AOP treatment (see above).

Conclusions

e A combination of UV/H,0, with a subsequent soil aquifer
treatment (SAT) is a feasible process combination for micro-
pollutant abatement in drinking water production. Residual
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hydrogen peroxide hampers microbial regrowth in the water
phase unless it is depleted to below 0.3 mg L™ (5-10 cm infil-
tration depth in this study). Despite this, the soil was still
biologically active.

e Micropollutant abatement by the UV/H,0, process with
subsequent SAT is generally higher than by UV/H,0, or SAT
only. However, the abatement could be well explained by an
additive effect of the unit processes. The investigated sub-
stances (EDTA, acesulfame, iopamidol, iomeprol, metformin,
1H-benzotriazole, iopromide) were primarily abated by the
UV/H,0, process and metformin mainly during SAT.

o A slight shift of the humic substances peak maximum
towards longer retention times, along with a small build-up
of the building blocks fraction, indicates a shift towards
smaller substances as a consequence of UV/H,0, treatment.
This is accompanied with an increase of the biodegradable
fraction of the dissolved organic matter (DOM). In addition,
a loss in specific UV absorbance of the DOM (SUVA) by the
oxidation process was observed. However, the investigated
soil columns did not contribute much to the removal of
DOC, probably due to the relatively short residence time com-
pared to full-scale SAT systems.

e The UV/H,0, process had a strong primary disinfection
effect on the suspended microorganisms, mainly due to the
high UV doses applied. This effect was conserved in the water
phase, likely due to the inhibitory effect of the residual H,O,
within the first 10 cm. Along the full length of the investi-
gated columns (1 m), both intact cell counts and cell-bound
ATP measurements were lower in the column with compared
to without UV/H,0, treatment.
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