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Abstract: Water reclamation through the use of soil aquifer treatment (SAT) is a sustainable water
management technique with high potential for application in many regions worldwide. However,
the fate of contaminants of emerging concern (CECs) during the infiltration of treated wastewater
during SAT is still a matter of research. This study investigates the removal capacity of 27 CECs
during SAT by means of infiltration experiments into a 6 m soil column. Additionally, the influence
of the hydraulic operation of SAT systems on the removal of CECs is investigated by changing
the wetting and drying cycle lengths. Sixteen out of 27 CECs are efficiently removed during SAT
under various operational modes, e.g., bezafibrate, diclofenac and valsartan. For six substances
(4-methylbenzotriazole, amidotrizoic acid, benzotriazole, candesartan, hydrochlorothiazide and
sulfamethoxazole), removal increased with longer drying times. Removal of amidotrizoic acid
and benzotriazole increased by 85% when the drying cycle was changed from 100 to 444 min.
For candesartan and hydrochlorothiazide, removal improved by 35%, and for 4-methylbenzotriazole
and sulfamethoxazole, by 57% and 39%, respectively. Thus, enhanced aeration of the vadose soil
zone through prolonged drying times can be a suitable technique to increase the removal of CECs
during SAT.

Keywords: contaminants of emerging concern; wastewater reuse; soil aquifer treatment; vadose zone;
removal efficiency; hydraulic loading cycles; infiltration experiments

1. Introduction

Water scarcity is a worldwide threat that affects more than 2 billion people [1]. With the increase
in world population, the demand for fresh water is projected to rise between 20% and 30% until 2050
(up to 6000 km3/year) [2], increasing competition around available water resources and potentially
bringing poverty to those who lose access to them [3]. In addition, both surface water and groundwater
resources are threatened by climate change effects, such as temperature increase as well as altering
rainfall intensity and variability [4,5].

The global demographic increase also conveys a possible answer to the problem of water scarcity:
growing volumes of wastewater (WW). It was estimated that the worldwide WW production in the
domestic and manufacturing sectors has augmented from 368 km3 in the year 2000 to 450 km3 in
2010 [6]. WW reuse of these increasing volumes can be a viable solution to relieve the water demand
in some sectors, e.g., for irrigated agriculture. Treated WW (TWW) use for irrigation is an accepted
practice in many countries, like Israel, where 150 Mm3 of WW are treated yearly at the Shafdan soil
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aquifer treatment (SAT) facility to be used for crop irrigation thereafter [7]. The potential of WW reuse
has been projected to be as high as 6000 Mm3/a for Europe in 2025 [8] and is further reflected by the
recent publication of common European guidelines for water reuse [9].

Next to conventional treatment for WW reuse, soil aquifer treatment (SAT) is a nature-based
solution for the recovery of secondary or tertiary TWW. The reclaimed water is infiltrated by means of
basins, passes through the vadose soil zone and is later retrieved from wells in surrounding aquifers.
In the vadose zone, biochemical and physical processes occur that foster compound degradation
and thereby improve the quality of the recovered water [10,11]. The compounds underlie filtration,
adsorption and biodegradation, which have been demonstrated to remove pathogens, nutrients,
dissolved organic matter and organic compounds such as the contaminants of emerging concern
(CECs) [11–13].

CECs include pharmaceuticals, personal care products and industrial compounds, among
others [14], which are of particular concern for several reasons. Firstly, WW treatment plants (WWTPs)
with secondary and tertiary treatments are not specifically designed to remove them [15], and thus,
CECs are continuously introduced to the environment. An additional treatment stage to enhance CEC
removal (i.e., ozonation or activated carbon) is rarely implemented as these solutions are costly [16].
Secondly, some CECs are endocrine-disrupting compounds of high organisms and in the case of
antibiotics can promote microbiological resistance, and their long-term effects on human health and
ecosystems are largely unknown [17,18].

Previous studies demonstrated that SAT is effective in removing a majority of effluent-derived
CECs, although a few substances persist at low trace levels (ng/L) of debatable health significance [19].
For example, Ternes et al. [20] investigated the fate of 52 substances, including pharmaceuticals and
personal care products, which were irrigated on arable land with TWW for more than 45 years in
Braunschweig (Germany). During the soil–aquifer passage, more than 80% of these substances were
naturally attenuated by degradation and sorption processes. However, some pharmaceuticals such
as the antibiotic sulfamethoxazole, the anticonvulsant drug carbamazepine and the contrast media
diatrizoate and iopamidol were persistent and detected in groundwater. Therefore, concerns remain
about the fate of CECs during the process of SAT as the infiltration of TWW through the unsaturated
soil zone holds the risk of contaminating groundwater resources. A thicker vadose zone increases the
possibilities for the attenuation of organic pollutants and, thus, reduces the groundwater vulnerability
to contaminants [21,22]. However, so far, most research conducted at a laboratory scale concerning the
fate of CECs considers columns that have 1–2 m length [23–26].

The removal efficiency of SAT is strongly influenced by its management, e.g., the hydraulic
operation, the site characteristics or the infiltrate water quality [27,28]. The SAT hydraulic operation
is conducted with hydraulic loading cycles (HLCs) representing intermittent phases of flooding
an infiltration basin and subsequent basin drying. The optimal ratio of HLCs during SAT is very
site-specific, though it was shown that the wet–dry ratio should be smaller than one to keep the
system efficient in pollutant removal [29]. A higher HLC frequency with shorter flooding cycles is
advantageous for organic compound removal during SAT [30,31]. Compared to continuous infiltration,
cyclic infiltration shows better degradation rates for compounds such as diclofenac [32]. Nevertheless,
SAT design is still advised with flooding cycles of 1–3 days [33], even though a higher frequency of
HLCs with shorter cycle phases has shown better performance for water quality improvement due to
increased topsoil aerating [30,31]. The drying phase leads to an aeration of the vadose zone. Dissolved
oxygen (DO) is an important factor for SAT, as high DO levels are a precondition for the aerobic
microbiological activity and compound degradation [34]. Hence, microbiological activity is the highest
in the upper vadose zone [35] where most of the compound degradation occurs [36].

The objective of this research is to study the effect of wetting and drying cycles on the removal
of CECs from a TWW effluent in a 6 m laboratory-scale SAT system. This study hypothesizes that
enhanced aeration of the vadose soil zone can be a suitable technique to increase the removal of CECs
during SAT.
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2. Materials and Methods

2.1. Laboratory Setup of 6-m Column

A 6 m high stainless steel column (diameter 0.15 m) consisting of six modules, containing 2 or
3 measuring ports each, was used for the experiments (Figure 1). Each port was equipped with a
tensiometer (Tensio 151, UGT GmbH, Müncheberg, Germany), a water content sensor (SM300, Delta-T
Devices Ldt., Cambridge, UK), a luminescent dissolved oxygen (LDO) sensor (LDO101 Probe, Hach
Lange GmbH, Düsseldorf, Germany) and a suction cup (ecoTech, Bonn, Germany). Data were recorded
every two minutes in two data loggers (DL-2000, UGT GmbH, Müncheberg, Germany), except for the
oxygen data, which was recorded with an HQ 40d multi (Hach Lange GmbH, Düsseldorf, Germany).
The column was packed with different soil horizons (Table 1). Until a depth of 2.6 m, the column had a
sand content of 94%, the middle section consisted of almost pure sand and the bottom section (below
4.6 m) showed higher clay and silt contents of 13% in total. The bottom of the column was set as a free
drainage boundary condition with a filter disk and an outlet. The upper boundary was operated with
intermittent ponding up to a height of 0.06 m.
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5 4.62–6.00 0.4 86.4 5.6 7.6 1.48 0.05 

Figure 1. (a) Setup of 6 m high soil column with location of measuring ports and (b) installation of
measuring devices at each port.

The experiments were conducted with different HLCs (Table 2). The general aim of changing the
ratio was to determine whether shorter drying times were sufficient for keeping a high natural removal
of CECs as for some SAT facilities shorter drying phases allow for the infiltration of larger volumes but
potentially reduce DO regeneration. Finding the optimal ratio is a balance between infiltrating as much
effluent as possible while maintaining removal of pollutants in the vadose zone. Most scenarios were
conducted with a wetting phase of 60 min and drying phases that varied between 150 and 444 min.
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Wetting phase in this context refers to the time that water was actively pumped on top of the soil. After
the end of the wetting phase, the ponded water took 45–285 min to infiltrate depending on the length
of the wetting phase. HLCs were further varied to see the effect of longer wetting phases (scenarios
2–5). The hydraulic loading rate was relatively constant throughout each scenario, being between
150 m/a and 350 m/a depending on the HLC. After each scenario was finished, the column was flushed
with tap water for one day to restrict clogging and was left to dry for several days until DO levels
recovered above 6 mg/L.

Table 1. Soil layer characteristics of 6 m high soil column with total organic carbon (TOC).

Layer Depths (m) Gravel (%) Sand (%) Silt (%) Clay (%) Bulk Density
(g/cm3) TOC (%)

1 0.00–1.53 0.7 93.9 2.4 3.0 1.38 0.25
2 1.53–2.58 0.6 94.4 2.1 2.9 1.36 0.10
3 2.58–3.52 0.0 99.2 0.1 0.7 1.40 0.01
4 3.52–4.62 0.0 97.4 0.6 2.0 1.51 0.02
5 4.62–6.00 0.4 86.4 5.6 7.6 1.48 0.05

Table 2. Scenarios conducted in 6 m high soil column with different HLC (ratio wet: dry phase).

Scenario 1.1 1.2 1.3 1.4 1.5 1.6 2.1 2.2 3 4 5

HLC 60:100
min 1

60:150
min

60:210
min

60:240
min

60:360
min

60:444
min

90:225
min

90:360
min

120:720
min

3:4
d

2:5
d

No. of
cycles 116 96 59 48 42 46 51 45 20 8 8

Duration
(days) 14 14 11 10 24 17 11 14 12 56 56

1 Scenario was changed to 60:240 min once dissolved oxygen (DO) fell below a defined level. Hydraulic loading
cycle (HLC) was changed back to 60:100 after DO recovery.

2.2. TWW Characterization and Sample Analysis

The experiments were undertaken with TWW from a municipal WWTP (787,000 PE) with a
combined sewage and rainwater treatment system. The WWTP effluent which was used in the
experiments is further characterized in Table 3.

During the experiments, the TWW was kept in an open container. It was pumped on top of
the column during the wet phase with excess water that exceeded the maximum ponding height
flowing back to the container through an overflow hose. Water samples were taken at the end of
each scenario (last cycle) from the container and column outlet for all scenarios and only for chosen
scenarios at all ports. The samples were analyzed regarding ammonium concentrations (Nova 30
Spectroquant, Indophenol blue method), nitrate and nitrite concentrations (Ion chromatograph), and
dissolved organic carbon (DOC) (standard method, ISO 8245:1999). CECs were analyzed in a partner
laboratory (DVGW-Technologiezentrum Wasser) according to the LC/MS–MS method after direct
injection (according to [37]). For CEC analysis in the soil samples, the sediment was extracted with
methanol, diluted with water and then injected into the HPLC/MS–MS system.

Table 3. Characterization of TWW used in the experiments with measured ranges of dissolved organic
carbon (DOC), ammonium and pH. Biochemical oxygen demand (BOD) and chemical oxygen demand
(COD) were taken from [38].

DOC (mg/L) Ammonium (mg/L) Nitrate NO3- (mg/L) BOD (mg/L) COD (mg/L) pH

5–11 0.4–0.7 23–35 4 32 7
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2.3. Evaluation of the Removal Efficiency and Sorption Capacity of the Target CECs

The removal is calculated as the ratio between inflow concentration (cin) and outflow concentration
(cout) of the CECs (Equation (1)). Cin is measured from samples in the storage TWW storage tank, and
cout is measured at the column outflow during one infiltration cycle.

Removal efficiency = 100 − (cout × 100/cin) (1)

The removal efficiencies of CECs are divided into three categories: efficient (>80%), moderate
(30–80%) and poor (<30%) according to He et al. [39].

The distribution coefficient (Kd) is used to evaluate the adsorption potential of dissolved
contaminants in contact with soil [40].

Kd = Koc × foc (2)

where Koc is the soil organic carbon-water partition coefficient and foc is the fraction of organic carbon.
foc for the medium and coarse-sized materials of the laboratory column was based on the TOC ranges
from 0.01 to 0.25% (Table 1)

Overall, Kd values of lipophilic compounds correlate with foc and the octanol–water partition
coefficient (Kow). Nevertheless, some of the selected CECs have anionic, cationic and zwitterion
forms due to the presence of ionizable groups (i.e., amino, carboxyl groups, etc.) in their structures.
Consequently, the pH-dependent octanol–water distribution ratio (log Dow) is more suitable than the
log Kow to predict the sorption capacity of these CECs [41] (Table 4). For neutral compounds, the log
Dow is equal to the log Kow (Table 4).

Table 4. Target CECs and their physicochemical properties. Log Kow, acidity constant (pka) and log
Dow are calculated using Advanced Chemistry Development Inc. (© 1998–2020 ChemAxon Ltd.). Note
that log Dow is evaluated at pH = 7. Note that the values of Kd and Koc are estimated using Equations
(2) and (3) considering an organic carbon content of 0.25%. The metabolites are highlighted in bold.

CEC Type Substance log
Kow

pKa 1 log Dow
(pH = 7)

Predominant
Charge (pH = 7)

log
Koc

log
Kd

Artificial
sweetener Acesulfame −0.55 3.02 (a) −1.49 Anionic 0.25 −2.50

Triazole
Benzotriazole 1.3 9.04 (a) 1.29 Neutral 1.69 −1.87

4-Methylbenzotriazole 1.82 9.12 (a) 1.81 Neutral 1.96 −1.75
5-Methylbenzotriazole 1.82 9.29 (a) 1.81 Neutral 1.96 −1.75

Analgesics/anti-
inflammatories

4-Formylaminoantipyrine 0.11 12.66 (a) 0.11 Neutral 1.08 −2.13
Diclofenac 4.26 4 (a) 1.37 Anionic 1.73 −1.85
Ibuprofen 3.84 4.85 (a) 1.71 Anionic 1.91 −1.77

Angiotensin
agents

Candesartan 5.31 3.51, 5.85 (a) 1.04 Anionic 1.56 −1.92
Irbesartan 5.34 5.85 (a) 4.46 Anionic 3.71 −0.99
Valsartan 5.27 4.35, 5.86 (a) 1.65 Anionic 1.88 −1.79

Antibiotics
Sulfamethoxazole 0.79 6.16 (a) 0.14 Anionic 1.09 −2.13

Acetylsulfamethoxazole 0.86 5.88 (a) 0.1 Anionic 1.07 −2.14

Antidepressant Venlafaxine 2.74 8.91 (b) 0.84 Cationic 1.46 −1.97

Antiepileptic

Carbamazepine 2.77 15.96 (a) 2.77 Neutral 2.46 −1.53

Gabapentin −1.27 4.63 (a), 9.91
(b) −1.27 Zwitterion 0.36 −2.45

Gabapentin-Lactam 3.985 3.83 (a) 1.03 Anionic 1.56 −1.93
Primidone 1.12 11.5 (a) 1.12 Neutral 1.60 −1.91

Antigout
agent Oxypurinol −1.67 6.25 (a) −2.46 Anionic −0.26 −2.71

Cardiovascular
drugs

Atenolol 0.43 9.67 (b) −2.14 Cationic −0.09 −2.64
Hydrochlorothiazide −0.58 9.09 (a) −0.58 Neutral 0.72 −2.29

Metoprolol 1.76 9.67 (b) −0.81 Cationic 0.60 −2.34
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Table 4. Cont.

CEC Type Substance log
Kow

pKa 1 log Dow
(pH = 7)

Predominant
Charge (pH = 7)

log
Koc

log
Kd

Contrast
media

Amidotrizoic acid 2.89 2.17 (a) −0.62 Anionic 0.70 −2.30
Iohexol −1.95 11.73 (a) −1.95 Neutral 0.01 −2.60

Iomeprol −1.45 11.73 (a) −1.45 Neutral 0.27 −2.49
Iopamidol −0.74 11 (a) −0.74 Neutral 0.64 −2.33
Iopromide −0.45 11.09 (a) −0.44 Neutral 0.79 −2.26

Lipid
regulator Bezafibrate 3.99 3.83 (a) 0.97 Anionic 1.52 −1.94

1 (a) acidic pKa, (b) basic pKa.

The Koc value (expressed as log Koc) was evaluated based on equation [42]:

Log Koc =A × log Dow + B (3)

where A and B are empirical parameters for lipophilic and non-lipophilic CECs. The values A = 0.81
and B = 0.10 were used for hydrophobic CECs (with log Kow > 3 for neutral CECs and log Dow > 2 for
ionic CECs), and the values A = 0.52 and B = 1.02 were used for non-hydrophobic CECs [43].

2.4. Selection of Target CECs and Their Physico-Chemical Properties

Table 4 depicts the list of CECs selected for this study and their physico-chemical properties.
CECs were selected based on (i) the type of substance (i.e., pharmaceuticals, personal care products
and lifestyle substances) and pharmaceutical class (i.e., antibiotics, anticonvulsants, angiotensin
agents, contrast media agents, among others), (ii) the physico-chemical properties (hydrophilic vs.
hydrophobic) and (iii) their fate in the environment (persistent vs. potential attenuation).

3. Results and Discussion

3.1. DO Levels and Removal of DOC and N Species under Different HLCs

DO levels of the influent water in the open tank ranged between 7 and 8 mg/L depending on
how long it was stored (usually 2–3 days) and the room temperature. Initial DO levels in the column
were between 7 and 8 mg/L at the beginning of each scenario, except for the scenarios 1.6, 4 and 5.
These scenarios had been conducted without this precondition and showed lower initial DO values;
e.g., scenario 1.6 had values around 5 mg/L (Figure 2).

The differing DO levels, specifically in the upper meter of the soil column, during the exemplary
scenarios are shown in Figure 2 (additional scenarios are depicted in Supplementary Figure S1).
The most apparent difference was the vast change between DO levels during and after infiltration
for scenario 5 (2:5 d). During infiltration, DO levels were reduced to 2.7 mg/L on average, while the
long drying phase of five days enabled DO recovery up to 9.6 mg/L. The intense DO depletion during
scenario 5 might be partially attributed to the high DOC input concentration of 11.4 mg/L, which differs
notably from all other scenarios which had input concentrations between 5 and 8 mg/L: scenario 1.6
(60:444 min) shows that DO recovery after infiltration is possible during SAT with shorter cycles as
well. While scenario 1.1 (60:100 min) was at a similar DO level as scenario 1.6, recovery of DO levels
was restricted due to the short drying phase. This implies that over time, DO levels will decrease and
biodegradation will be reduced.

This is also reflected in the much bigger ranges of DO values for scenarios 1.1 and 5, which,
specifically to a depth of 2 m, show a large variability over the course of 10 infiltration cycles. The longer
the drying phase, the more constant DO values can be achieved. For a depth of 0.75 m, the range of DO
variability decreased from 3.6 mg/L (100 min drying) to 1.5 mg/L (150 min drying), 0.9 mg/L (240 min
drying) and finally 0.5 mg/L (444 min drying). Scenario 1.6’s and 1.4’s values stayed relatively constant,
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whereas DO values for scenarios 1.1 and 1.2 decreased with time. In general, DO variability is much
larger in the upper section of the column (until 3 m depth). Even for scenarios with overall decreasing
levels, DO variability between the individual infiltration was is small and DO reduction occurred
gradually in the lower column section. Microbial respiration causes a more intense DO reduction until
2–3 m depth. In the lower soil section, biodegradation was reduced. Additionally, the hydraulic effect
of infiltration cycles was damped with increasing depth.
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Figure 2. Depth profiles of DO (mg/L) along the 6 m soil column for different scenarios separated
into wet phase (infiltration) and dry phase (no infiltration). Values are maximum DO during the dry
phase and minimum DO during the wet phase averaged over ten infiltration cycles. Range of values is
indicated by error bars. Additional scenarios are depicted in Supplementary Figure S1.

The development of DO levels over the course of several infiltration cycles is depicted in
Supplementary Figure S2. For scenario 1.1, a downward trend of DO levels in the upper section
of the column shows that 100 min of drying time is not sufficient to recover DO levels in the long
term. Additionally, for this particular scenario, the HLC was changed to 60:240 min if DO fell below
a set threshold, which resulted in DO levels starting to recover after day 7. Had the shift not been
implemented, an even stronger DO decrease could have been observed. After changing back to the
original HLC (day 11), DO levels decreased immediately. Scenario 1.6, with a longer drying time
(444 min), was able to maintain constant or increasing DO levels throughout the column. For scenario 5,
DO levels recovered fully during the drying phase but complete DO depletion may have been reached
in the upper column section during the wetting phase, as is shown around 10 days in Figure S2.

Biodegradation was demonstrated in the SAT system as it accounts for DOC removal as well as
degradation of N-species. Figure 3 shows the removal of DOC and the development of nitrate for
different scenarios along the 6 m column. Half of the DOC concentration was degraded within the
first meter of the column. Afterward, there was still degradation but it only accounted for roughly
10% of the overall degradation during the soil passage. The removal rates of DOC were very similar
for the four scenarios, despite the different input concentrations. Higher input DOC concentration
(scenarios 90:360 min) reduced the degradation efficiency only by around 5% compared to lower input
concentrations. However, scenario 1.1 (60:100 min) did not sustain constant DO regeneration over
time. Thus, it showed a tendency of decreasing DOC removal, namely a reduction of DOC removal
from 42% to 33% in Port 3 (0.75 m) over the course of the scenario, which ran for about 14 days
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(Supplementary Figure S3). Scenarios 1.3 and 2.2 both sustained constant DOC removal over time.
Some scenarios (i.e., 4 and 5) were run with long infiltration phases of 3 or 2 days, respectively. It can
be assumed that DOC removal during those 2–3 days decreased, when DO levels reached down to
0 mg/L. However, DO levels regenerated completely in the following 5 days of drying, allowing for a
constantly high DOC removal at the beginning of each infiltration phase.Water 2020, 12, x FOR PEER REVIEW 8 of 19 
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Ammonium was always removed within the first meter of the soil for all scenarios, as the input
TWW had very low ammonium levels. During nitrification of ammonium, nitrate was evolved,
which can be seen by the increasing nitrate levels in the first meter of the column (Figure 3). Afterward,
nitrate concentrations stayed relatively constant.

3.2. CEC Concentrations in Analyzed TWW

Nine TWW samples, taken throughout the course of one year, were analyzed regarding the
initial CEC concentrations. Some CECs, such as 4-formylaminoantipyrin, irbesartan, primidone,
sulfamethoxazole and venlafaxine, showed very constant input concentrations with little variation
(Table 5). The biggest variations were detected for the triazole benzotriazole (range 13.8 µg/L),
the lifestyle acesulfame (range 8 µg/L) and contrast media agent iopamidol (range 6.7 µg/L) (Table 5).

The highest average concentrations in the TWW were found for the metabolite oxypurinol,
the triazoles benzotriazole and 4-methylbenzotriazole, and the antiepileptic gabapentin, being 13 µg/L,
12.7 µg/L, 9.9 µg/L and 10.4 µg/L, respectively. Somewhat lower concentrations (~2–5 µg/L) were also
found for the contrast media agents amidotrizoic acid, iomeprol and iopamidol; the cardiovascular
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drugs metoprolol and hydrochlorothiazide; the anti-inflammatory drug diclofenac and the metabolite
4-formylaminoantipyrin; the angiotensin agents valsartan and candesartan; and acesulfame.
The remaining substances were found at levels usually lower than 1 µg/L (Table 5).

Table 5. Concentration of CECs at influent source (TWW) and at the outlet of the 6 m column averaged
over a maximum of 9 (TWW) and 11 (outflow) different experimental scenarios. Concentrations are
given in µg/L. <DL: below the detection limit (DL). The metabolites are highlighted in bold.

Substance

Concentration in TWW
(µg/L)

Concentration in Outflow
(µg/L)

No. of
Measurements 1

Average Std. Deviation Average Std. Deviation (TWW/Outflow)

Acesulfame 4 2.97 0.31 0.27 5/3

Benzotriazole 12.66 5.56 5.24 2.81 7/11
4-Methylbenzotriazole 9.9 1.85 5.79 1.85 4/8
5-Methylbenzotriazole 1.35 0.3 0.25 0.09 4/8

4-Formylaminoantipyrine 3.14 0.03 <DL 3/3
Diclofenac 3.38 1 <DL 9/11
Ibuprofen 0.07 0 0.01 0.02 1/4

Candesartan 1.93 0.21 1.47 0.3 3/7
Irbesartan 0.52 0.11 0.08 0.05 3/8
Valsartan 3.12 3.29 <DL 4/3

Sulfamethoxazole 0.2 0.04 0.05 0.04 9/11
Acetylsulfamethoxazole 0.18 0.04 <DL 2/4

Venlafaxine 0.72 0.1 0.18 0.1 4/3

Carbamazepine 0.99 0.36 0.71 0.36 9/11
Gabapentin 10.41 1.38 0.82 1.11 5/3

Gabapentin-Lactam 1.2 0.09 <DL 2/2
Primidone 0.54 0.03 0.48 0.07 4/3

Oxypurinol 13 0 13.5 1.12 1/4

Atenolol 0.33 0.21 <DL 2/2
Hydrochlorothiazide 2.33 0.23 1.44 0.31 4/8

Metoprolol 1.85 1.67 <DL 8/11

Amidotrizoic acid 4.71 0.95 2.42 1.7 8/9
Iohexol 0.84 0.82 <DL 3/8

Iomeprol 2.29 0.92 <DL 5/3
Iopamidol 2.36 2.74 0.72 0.57 4/8
Iopromide 1.81 1.54 <DL 8/11

Bezafibrate 0.96 1.27 <DL 7/7
1 Number of measurement campaigns out of nine overall samples for treated wastewater (TWW) and 11 samples for
outflow where the substance was analyzed (3.3). Removal efficiency of contaminants of emerging concern (CECs)
during soil aquifer treatment (SAT).

These values of WW effluents are similar to those reported in a study in the WWTP of Dresden,
Germany [44], and compare well to those reported in the literature [45–48]. Gurke et al. [44] took
samples of the effluent of Dresden WWTP (Germany) for the analysis of pharmaceuticals in January
and February 2015, reporting similar mean levels of sulfamethoxazole (0.21 µg/L), carbamazepine
(1.61 µg/L) and primidone (0.67 µg/L), among other pharmaceuticals. Concerning the triazoles, owing
to their incomplete removal, median values of 7–18 µg/L for benzotriazole and of 0.8–5.1 µg/L for the
isomers of methylbenzotriazole were found in the effluents of four WWTPs in Berlin (Germany) [45].
Similarly, Castronvo et al. [48] reported concentrations ranging from 0.97 to 19 µg/L for acesulfame in
the effluents of thirteen municipal WWTPs located in Germany and Switzerland.

A wide range of CECs were easily removable during SAT, namely 4-formylaminoantipyrin,
acetylsulfamethoxazole, atenolol, bezafibrate, diclofenac, gabapentin, gabapentin-lactan, iomeprol,
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metropolol and valsartan (Figure 4). Table 5 depicts that the outflow concentration of these 11
substances was below the detection level. Their removal rates reach close to 1 for all applicable
scenarios. 5-methylbenzotriazole, acesulfame, iohexol, iopromide and irbesartan were also removed
efficiently with average removal rates of above 0.8 and show little variation throughout the different
scenarios conducted (Figure 4). The low standard deviation of their outflow concentrations confirms
the consistency of their removal (Table 5).
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Figure 4. Removal rates (-) of CECs for all 11 scenarios conducted. The removal efficiencies are divided
into three categories: efficient (>0.8), moderate (0.3–0.8) and poor (<0.3). White dots indicate measured
values, and boxplots show median, range, quartiles and outliers (black dots). Values below detection
limit (DL) were regarded with DL/2.

The results suggest that these substances do not react to smaller or bigger changes in the drying
time and, thus, are relatively insensitive to DO changes. Previous studies demonstrated that the
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aforementioned CECs can be eliminated from bank filtration or SAT sites mainly by aerobic microbial
processes [23,49,50] but also under suboxic, anoxic and anaerobic conditions [51]. For example, high
removals of 80–90% were reported for diclofenac in aerobic and nitrate-reducing conditions and also for
iopromide under aerobic (94%) and manganese-reducing conditions (99%) in bank filtration studies [50].
Similarly, Schmidt et al. [51] studied the natural attenuation of selected CECs in riverbank filtration
sites with different redox conditions along the rivers Rhine (aerobic-denitrifying conditions), Elbe
(denitrifying conditions) and Ruhr (strictly aerobic). These authors reported high removal efficiencies
(>80%) for atenolol, bezafibrate, diclofenac, ibuprofen, iohexol, iomeprol, iopromide and metoprolol
regardless of the redox conditions. As a result, these CECs are removed under a wide range of DO
concentrations or even the absence of DO, and thus, their high removal rates do not seem to be
dependent on the redox conditions.

The CECs showing moderate removal efficiency were 4-methylbenzotriazole, amidotrizoic
acid, benzotriazole, hydrochlorothiazide, iopamidol, sulfamethoxazole and venlafaxine (Figure 4).
These substances, particularly amidotrizoic acid and benzotriazole, showed a large variety of removal
efficiencies from no removal to almost complete removal during soil passage. In previous studies,
a wide range of removal rates was reported for benzotriazole, with removals ranging from 75–99% in
bank filtration sites in Northern India [52] and Berlin (Germany) [45] to poor removals in long-term
column experiments with natural sediment cores from the bank of Lake Tegel and the Saatwinkel SAT
site in Berlin (Germany) [23]. Similarly, a vast array of removal efficiencies was found for amidotrizoic
acid in bank filtration sites in Germany ranging from up to 25% in anaerobic and suboxic conditions to
more than 80% in aerobic conditions [51].

Finally, low removal rates could be detected for oxypurinol, carbamazepine and primidone,
which showed almost no removal during SAT. Carbamazepine especially showed negative removal
rates in some scenarios and high removal variability. A plausible explanation for this observation might
be that, although limited, the removal of carbamazepine is associated more with sorption processes
than with biodegradation [53,54]. Thus, the subsequent desorption might contribute to an increase in
the concentration of carbamazepine measured at the column outflow. Candesartan had a removal rate
below 0.3 as well, but the range of removal varied over the different scenarios conducted. These results
are consistent with the low removal rates reported in the scientific literature for other SAT systems at
the laboratory scale [39,49] and field scale [19,55,56]. For example, at laboratory scale, He et al. [39]
reported that primidone and carbamazepine were poorly removed in a soil batch-treatment experiment
to simulate their biodegradation in SAT. Similar results were reported at a field scale by Laws et al. [56],
who studied the fate and transport of selected CECs during a surface-spreading aquifer recharge
operation (Los Angeles, California). The authors found that primidone and carbamazepine were
poorly removed (<10%) in the upper aquifer, but attenuation increased with a travel time of 60 days,
especially if the recharged water was diluted with native groundwater. Hermes et al. [55] reported low
removal rates of carbamazepine and candesartan and low–medium removal (20–40%) for oxypurinol
in a full-scale SAT site located in a small town (1000 inhabitants) in the Costa Brava (Spain). In fact,
carbamazepine, primidone and, more recently, oxypurinol have proven to be promising WW markers
in the environment [57–59].

3.3. Potential Removal Processes Affecting CECs

Sorption is one of the most important processes that might control the attenuation of CECs,
which is characterized by the factor Kd. The estimated Kd values, expressed as log Kd for the evaluated
CECs, are shown in Table 4. For the CECs, log Kd values range from−2.71 for the metabolite oxypurinol
to −0.99 for the angiotensin agent irbesartan, and thus, sorption is likely to be a minor removal process
of these contaminants. It is important to mention that the calculated Kd derived from Koc can lead to
the underestimation of the sorption capacity of CECs, particularly for cationic substances, since other
sorption processes such as surface complexation and hydrogen bonding are not considered in this
evaluation [60]. However, a soil sample taken from the upper 25 cm of the column was analyzed
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regarding CEC sorption and bezafibrate, carbamazepine, diclofenac, metoprolol and sulfamethoxazole
were found to be below the detection level of 10 µg/kg. Moreover, another soil sample of the bottom
section of the column was analyzed after all scenarios had been conducted regarding CEC sorption.
Atenolol, bezafibrate, carbamazepine, diclofenac, ibuprofen, metoprolol, candesartan, irbesartan,
valsartan, amidotrizoic acid, venlafaxine and oxypurinol were all found to be below the detection level
of 10 µg/kg. Thus, the absence of these CECs in these two soil samples corroborates the low sorption
capacity of these substances in the soil column.

Biodegradation, therefore, might be the main contributor to the attenuation of CECs in the studied
SAT system. The DO decrease, especially up to 2–3 m depth, is an indicator for aerobic respiration,
and the oxic condition prevailed in the whole column in the different scenarios conducted (Figure 2).
Thus, it might contribute to the removal of selected CECs by microbial degradation. Previous studies
that aimed to evaluate the natural attenuation process affecting selected CECs during soil passage in
the laboratory- [23,32,61,62] and field-scale [50,51,63,64] experiments also found microbial degradation
to be a main driver of CEC removal. At the lab scale, Silver et al. [32] investigated the fate of diclofenac
and carbamazepine under different infiltration conditions (e.g., continuous infiltration and wetting
and drying cycles) for managed aquifer recharge by means of a mass balance. The authors concluded
that close to half of the mass of diclofenac was degraded with wetting and drying cycles, likely due
to oxidizing conditions present during drying periods, but no significant degradation occurred for
continuous infiltration. Moreover, sorption partly contributed to diclofenac removal (32% of infiltrated
mass), and sorption was the main attenuation process for carbamazepine (up to 92% of the infiltrated
mass). Bertelkamp et al. [61] reported biodegradation rates (µ) between 0.68 day−1 and 2.60 day−1 for
metoprolol, diclofenac and sulfamethoxazole in oxic conditions, and a 90% removal can be expected
for them after 1.3–7.1 days residence time in the soil. Similarly, Bertelkamp et al. [62], who investigated
the sorption and biodegradation of selected CECs during riverbank filtration through column study,
reported that ibuprofen and metoprolol were found to be biodegradable with µ of 15.8 day−1 and
1.4 day−1 under oxic conditions, but carbamazepine, hydrochlorothiazide and sulfamethoxazole did
not. Moreover, sorption was found to be negligible as retardation factors (R) for most substances
were close to 1, except for metoprolol with R equal to 3.1. At field conditions, Nham et al. [63]
investigated the processes that undergo some pharmaceuticals during SAT by means of numerical
modeling. These authors observed no retardation (i.e., no sorption) for the contrast media agents
iohexol, iomeprol, iopamidol and iopromide. They were degraded, however, with iomeprol and
iopromide having the highest attenuation (µ equal to 0.404 day−1 and 0.44 day−1, respectively).
Dimkić et al. [64] modeled the sorption and degradation processes of selected pharmaceuticals,
including carbamazepine, of Belgrade groundwater source (Serbia), but sorption of carbamazepine
was low and it did not undergo degradation.

3.4. Influence of HLCs on CEC Removal

Contrary to the differences shown in DO concentration for the different scenarios (Figure 2), some
of the CECs shown in Figure 5 displayed no sensitivity towards these changes and were completely
degraded in all cases. For bezafibrate and iopromide, these profiles confirm their good attenuation in
the soil under the different HLCs and DO levels. The attenuation of bezafibrate occurred immediately,
and similar behavior was detected for 4-formylaminoantipyrin, acetylsulfamethoxazole, atenolol,
iomeprol and valsartan. Iopromide was attenuated within the first meter of the unsaturated zone
independently of the HLC length. Other substances that were removed within the first two meters of
soil passage include diclofenac, ibuprofen, iohexol, gabapentin-lactan and metoprolol.

Venlafaxine removal shows that the substance was attenuated over the whole 6 m of the soil
column. Since the substance was only measured for two scenarios, no sensitivity towards HLCs
becomes apparent. Amidotrizoic acid and benzotriazole measurements, however, indicate a tendency
for poorer removal with shorter drying times. Amidotrizoic acid was removed up to 90% within the
first 4 m of the column for the scenarios with longer drying times (2:5 day and 60:444 min). For the
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scenario run with the 60:100 min HLC, removal decreased to 70%, showing high removal in the
uppermost layer but almost no further removal in the lower soil layers. Similarly, benzotriazole was
removed less efficiently in the scenario with the drying time of 100 min compared to the other two
scenarios. Removal decreased from 95% to 80%.Water 2020, 12, x FOR PEER REVIEW 13 of 19 
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Figure 5. Depth profiles of removal rates (-) for amidotrizoic acid, benzotriazole, bezafibrate, iopromide
and venlafaxine along 6 m column for five different scenarios. Values below DL were regarded
with DL/2.

The substances 5-methylbenzotriazole, irbesartan and sulfamethoxazole showed medium to
high removal rates during SAT, with relatively little variation between the different scenarios but a
tendency for removal increase with longer drying times (Figure 6). None of the substances showed
a statistically meaningful trend, though. For sulfamethoxazole, the removal increased from 56% for
scenario 1.1 with a drying time of 100 min to 95% for scenario 1.6 with 444 min drying time. Scenario
2.1 (wetting:drying ratio 90:225 min) and 2.2 (wetting:drying ratio 90:360 min) confirm that the smaller
wet–dry ratio increases the removal efficiency. Similarly, there was an increase in irbesartan removal
from a drying time of 100 min (60% removal) to drying times of 150 min a larger (86−92% removal).
This increase is also confirmed by comparing results from scenario 2.1 (85% removal) to scenario 2.2
(96% removal). For 5-methylbenzotriazole, the removal efficiency stayed consistently high between
80–90%, not showing a tendency to increase or decrease with varying HLCs.

Hydrochlorothiazide displayed similar behavior, with a removal increase for scenarios 1.1, 1.2
and 1.4 as well as 2.1 and 2.2, but the scenarios 1.3 and 1.5 do not support the trend with decreasing
removal efficiencies. However, the actual outflow concentrations for all scenarios ranged between 1.1
and 1.7 µg/L, so the absolute variations were at a low level. Iopamidol is removed with varying rates
from 0.12 to 0.73. No connection to HLCs and DO levels became apparent.

4-methylbenzotriazole, amidotrizoic acid, benzotriazole and candesartan displayed a larger
variety of removal rates in comparison to the substances shown in Figure 6 but also some more distinct
dependency on HLCs (Figure 7). Benzotriazole and amidotrizoic acid removal efficiencies depict
statistically meaningful trends. Amidotrizoic acid removal increased strongly for HLC ratios smaller
than 1:4 (scenarios 1.4 and 1.6) from 11% removal to 96%. Benzotriazole removal increased strongly for
HLC ratio 1:6 (scenario 1.6) from 9% to 94%. Amidotrizoic acid and benzotriazole indicate that DO
thresholds could be valid for different CECs that can only be reached with set HLC ratios. Scenarios
2.1 and 2.2 confirm the removal increase with larger drying times. Candesartan removal increased to
moderate levels with longer drying times, namely from 6% to 41% for scenarios 1.1 to 1.5 and 18% to
55% for scenarios 2.1 to 2.2.
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Figure 7. Removal efficiency (%) of 4-methylbenzotriazole, amidotrizoic acid, benzotriazole and
candesartan under different HLCs. Not all substances were measured for all scenarios. Significance of
trends is indicated by coefficient of determination (R2) and probability in statistical significance (P).
Values below DL were regarded with DL/2.

4-methylbenzotriazole showed a strong tendency of removal increase for scenarios 1.1, 1.2 and 1.4
and for the scenarios 2.1 and 2.2, but scenarios 1.3 and 1.5 do not support the trend. This could be
caused by the overall high variability of this CEC in the TWW with input concentration ranging from
7 µg/L to 12 µg/L. Both scenarios 1.3 and 1.5 had outflow concentrations larger than 8 µg/L, whereas for
some scenarios (e.g., 1.1 and 1.2), the inflow concentration was 7.1 µg/L lower than that. This might
have caused some bigger variations in the removal efficiency.

All the trends of CEC removal are only an indication of their behavior under different HLCs.
Thresholds of optimal oxygen supply might be applicable for some substances, but a closer analysis
would require finer datasets, particularly for scenarios with stronger oxygen reduction. Experiments
would have to be repeated varying other parameters, such as soil type or TWW composition to better
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understand the influence of other boundary conditions. Thus, this study gives a first overview of
which substances merit further research, but to make the results applicable, further and more detailed
studies are needed.

4. Conclusions

The influence of the hydraulic operation of SAT systems on the fate of 27 CECs was shown during
infiltration experiments into a 6 m long soil column. For a wide range of substances (16 substances,
compare Figure 4), efficient compound removal during SAT was demonstrated under various hydraulic
operational modes. These substances were relatively insensitive to emerging changes in DO levels in
the unsaturated zone. Thus, the removal potential for these substances during SAT can be described
as very high for the shown DO levels. Contrastingly, primidone, oxypurinol, carbamazepine and
candesartan showed poor removal efficiencies during SAT regardless of the hydraulic operation.

Other substances, particularly 4-methylbenzotriazole, amidotrizoic acid, benzotriazole,
candesartan, hydrochlorothiazide, irbesartan and sulfamethoxazole showed indicative tendencies
of increasing removal rates with prolonged drying times during SAT operation. Removal of
amidotrizoic acid and benzotriazole increased by 85%, hydrochlorothiazide removal by 35%,
and 4-methylbenzotriazole and sulfamethoxazole removal by 57% and 39%, respectively, when
the drying cycle was changed from 100 to 444 min.

Many SAT facilities are currently run with infiltration phases of more than one day, with the
consequence of temporary DO depletion in the vadose zone. Shifting the HLCs to shorter, more frequent
cycles would allow for better DO recovery during SAT and more constant DO levels. This could be a
promising solution for increasing the removal efficiency of SAT systems concerning CECs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/9/2627/s1.
Figure S1: Depth profiles of DO (mg/L) for additional scenarios separated into wet phase (infiltration) and dry
phase (no infiltration). Values are maximum DO during the dry phase and minimum DO during the wet phase
averaged over ten infiltration cycles. Range of values is indicated by error bars. Figure S2: Development of DO
concentration (mg/L) for three chosen scenarios over the course of 12 days in 0.25 m, 0.75 m and 3.75 m depth.
Figure S3: Development of DOC concentration (mg/L) for three chosen scenarios over the course of 11 infiltration
cycles in 0.75 m, 3.75 m and 6 m depth.
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