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Abstract Although there is a growing interest in emerg-
ing organic contaminants (EOCs), most research is focused
on wastewater treatment, the occurrence of EOCs, and
their fate in the aquatic environment. There is limited
information about their behavior in agricultural soils,
where they can be introduced via irrigation with treated
wastewater (TWW). In this study, the degradation in an
agricultural soil of eight EOCs (bisphenol A, carbamaze-
pine, diethyl phthalate, ethyl paraben, 5-methyl-1H-benzo-
triazole, primidone, Surfynol 104, and tris(2-chloroethyl)
phosphate) with a broad range of physical-chemical prop-
erties was monitored for 40 days. Two types of soil treat-
ments were performed: non-sterilization and sterilization.
In the non-sterilized soil, by the end of the incubation
period, degradation was greater than 70% for all the target
compounds except carbamazepine, Surfynol 104, and
primidone (<50%). In contrast, in the sterilized soil, the
degradation of most of the compounds was less than 50%,
except ethyl paraben, 5-methyl-1H-benzotriazole, and
diethyl phthalate (>70%). These findings indicate that soil
sterilization reduces overall degradation rates, which sug-
gests that microbial activity plays an important role in the
degradation of most of the EOCs studied in soil.
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1 Introduction

Emerging organic contaminants (EOCs) have been
detected in the aquatic environment, mainly because of
anthropogenic activities (Bell et al. 2011; Petrie et al.
2015). Among them, pharmaceutical and personal care
products (PPCPs), endocrine disruptors, and biocides
are the contaminants of greatest environmental and
health concern. As treated wastewater (TWW) treatment
plants are not designed to remove these contaminants
efficiently (Luo et al. 2014), research has mainly
focused on aquatic systems (Lapworth et al. 2012; Li
2014). Although these EOCs have also been detected in
other environmental compartments such as soils (Li
2014), the processes affecting their fate are less
understood.

In arid and semiarid countries, TWW is used in
agricultural irrigation due to water scarcity (United
Nations 2014). Moreover, sludge is often added to agri-
cultural soils to improve soil quality. Although sludge is
known to contain many contaminants that can interact
with the soil, their occurrence in soil or sludge is not
regulated.

Therefore, once these EOCs reach the soil, depend-
ing on their physical-chemical properties, several pro-
cesses can occur, such as sorption, transport to aquifer or
surface waters, degradation, or uptake by plants (Gibson
et al. 2010; Avisar et al. 2009). Consequently, it is
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important to study the processes involved in the dissi-
pation of EOCs and to assess the bioavailable-
bioaccessible fraction of the EOCs in soil.

Moreover, degradation is one of the most im-
portant dissipation processes for these EOCs. It
can include hydrolysis, photolysis, or biodegrada-
tion. In soil, the microbiota consists mostly of
fungi and bacteria that decompose organic matter,
releasing nitrogen, which is necessary for plants.
However, this microbial biomass can also degrade
organic compounds. Therefore, biodegradation and
biotransformation play an important role in the fate
of EOCs.

Despite its suspected relevance, few studies have
focused on the biodegradation of EOCs in agricultural
soils. Instead, most have assessed EOC attenuation, due
to the difficulty of distinguishing degradation from bio-
degradation. The main objective of this study was to
assess the biodegradation kinetics of a mixture of dif-
ferent EOCs in a representative agricultural soil. To
achieve this, a sterilization treatment was performed on
the soil to minimize the microbial activity in the control
samples. EOC concentrations were then monitored for
40 days. The research hypothesis was that overall deg-
radation of EOCs would be lower in soil under a steril-
ization treatment than in the same soil when it had not
been sterilized.

2 Materials and Methods
2.1 Reagents and Contaminants

Bisphenol A (BPA, 99%), carbamazepine (CBZ, 99%),
ethyl paraben (EP, 99%), 5-methyl-1H-benzotriazole (5-
TTri, 98%), primidone (PMD, 99%), Surfynol 104
(S104, 98%), and tris(2-chloroethyl) phosphate (TCP,
97%) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Dicthyl phthalate (DEP, 99%) was pur-
chased from Riedel-de Haén (Seelze, Germany). The
physical-chemical properties of the selected contami-
nants are listed in Table 1.

The internal standard triphenylamine (TPhA) and the
derivatization reagent trimethylsulfonium hydroxide
(TMSH) were purchased from Sigma-Aldrich. Ethyl
acetate, methanol, SupraSolv®-quality hexane, and hy-
drochloric acid (37%) were purchased from Merck
(Darmstadt, Germany).
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2.2 Soil

The soil used was collected from the surface horizon of a
Typic Xerorthents soil from the Llobregat River Delta’s
agricultural area (longitude 2° 03’ E, latitude 41° 17’ N).
The soil had a sandy texture (90% sand, 8% silt, and 2%
clay) with a pH of 8.1 (soil-to-water ratio 1:10) and soil
electrical conductivity of 3.8 dS m™" (soil-to-water ratio
1:10). Total organic carbon and total organic nitrogen
content were 5 and 0.7 g kg, respectively. The cation
exchange capacity (CEC) was 3.8 meq 100 g ', and
exchangeable Ca”*, Mg®*, Na*, and K* were 2.82, 0.64,
0.25, and 0.15 meq 100 g ' soil, respectively.

2.3 Biodegradation Assay

Biodegradation tests were performed using the proce-
dure described in Xu et al. (2009). To assess the contri-
bution of biodegradation, a subsample of the soil was
sterilized. Therefore, two different treatments were ap-
plied to the soil, namely (i) sterilization and (ii) non-
sterilization. Both were applied in triplicate. Briefly, the
soil sterilization was performed in an autoclave at
120 °C and a pressure of 300 kPa for 45 min three times
on three consecutive days.

In glass tubes, 5 g of both the sterilized and non-
sterilized soils were spiked with a mixture of contami-
nants to achieve a soil concentration of 50 ug kg ' of
each contaminant. Then, MilliQ water was added to the
tubes at 70% of soil water capacity (1.4 mL approxi-
mately). The tubes were kept from the light with alumi-
num foil and sealed with glass wool to ensure aerobic
conditions. All the tubes were incubated at 23 + 1 °C for
0, 0.25, 0.5, 1.3, 3, 7.2, 17, and 40 days. Experiments
were conducted in triplicate, and blanks (soils without
contaminants) and controls (contaminants without soils)
were also included in the experiment.

2.4 Soil Extraction

The extraction of contaminants from the soil was
adapted from the method described in Xu et al. (2009).
Following incubation for different times, contaminants
were extracted from the soils with 5 mL of acetone/
hexane (1:1, v/v) through sonication for 15 min. The
tubes were then centrifuged at 3100g for 10 min. The
extraction was performed three times, and the extracts
were combined and further evaporated with a nitrogen
stream to a final volume of 0.5 mL. The final extract was
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Table 1 Properties of the contaminants added obtained using EPISuite, U.S. Environmental Protection Agency (US EPA)

EOC pKa values® Solubility Neutral log Kow log Koa log K aw Koc Mm
(mgL™") Lkg™")
Bisphenol A (BPA) 9.8[0/-] 120 3.64 12.75 -9.43 1245 0.974
10.4[-/2-]
Carbamazepine (CBZ) NA 112 2.25 10.81 —8.36 168.6 1.000
Diethyl phthalate (DEP) NA 1080 2.65 7.02 —4.60 135.70 1.000
Ethyl paraben (EPB) 8.5[0/-] 885 2.49 9.18 -6.71 246.9 0.666
5-Methyl-1H- 0.77[+/0] 3069 1.71 6.89 -5.18 87.87 0.817
benzotriazole 8.85 [0/—]
(5-TTri)
Primidone (PMD) 2.36[+/0] 500 0.73 9.01 -8.10 23.84 0.003
3.94[0/-]
5.42[-/2-]
Surfynol 104 (S104) 13.15[0/-] 26.35 3.61 8.61 -5.00 125.60 1.000
13.83[-/2—]
Tris(2-chloroethyl) NA 7000 1.63 5.31 -3.87 66.83 1.000

phosphate (TCP)

[0] neutral, [+] cationic, [—] anionic, NA not applicable, Koy (L L") the partition coefficient octanol to water for the neutral molecule, Kpu
(L L) the partition coefficient octanol to air, Ksy (L L) the partition coefficient air to water for neutral molecules (known as
dimensionless Henry’s Law constant), Ko (L kg71 ) the soil organic carbon-water partition coefficient, fi the neutral fraction at soil pH (8.1)

# Dissociation reaction

reconstituted with 100 mL of deionized water, and its
pH was adjusted to between 2 and 3 with HCI. After-
wards, samples were percolated through SPE cartridges
(Strata X, 100 mg 6 mL ") previously conditioned with
6 mL of hexane, ethyl acetate, methanol, and water,
respectively. The cartridges were vacuum dried and
eluted with 10 mL of ethyl acetate. The extracts were
then concentrated to a final volume of 200 uL with a
nitrogen stream, and TPhA was added as internal stan-
dard. Finally, a 50 pL aliquot was derivatized with
10 uL of TMSH. Samples were injected in a Bruker
Scion SQ GC-MS. The experimental conditions are
described in the Supplementary Information (SI).

2.5 Data Calculation
Concentrations of the different contaminants were plot-

ted against time. All the data were adjusted to three
different kinetics:

Zero-order : [A] = [A],—kt (1)
First-order : [A] = [A] e ™ (2)
Second-order : 1/[A] = kt + 1/[A], (3)

where [A] is the concentration of the contaminant at time
t (day), [A]o is the initial concentration, and k is the
degradation rate. Finally, half-life values of the

contaminants in both soils were estimated based on the
adjusted kinetics.

3 Results and Discussion

In this study, EOCs were selected with different
physical-chemical properties (Table 1). Among these
properties, hydrophobicity, solubility, and volatility play
an important role in adsorption and soil dissipation
processes. Hydrophobic compounds (log Koy > 3) such
as BPA and S104 usually have higher K, or Ko values
and are thus highly adsorbed into the soil compared to
hydrophilic compounds. High K, values lead to a re-
duction in the bioavailability of these contaminants to
bacteria. Furthermore, the log K4y and log K, indicate
the tendency of contaminants to migrate from water or
soil, respectively, to the atmosphere by volatilization.
All the contaminants selected for this study except TCP
will remain in soil or pore water. Accordingly, soil
sorption, biodegradation, and hydrolysis for carboxylic
acid esters (DEP, EPB, and TCP) are the most signifi-
cant processes to remove them from pore water.

The EOC concentrations were determined for both
soils for different incubation times up to 40 days. The
resulting degradation curves are shown in Fig. 1. After
40 days of incubation, significant differences were
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Fig. 1 Degradation curves for both sterilized (black) and non-
sterilized (white) soils along the incubation time in days of the
studied EOCs: BPA (a), CBZ (b), DEP (c¢), EPB (d), 5-TTri (e),
PMD (f), S104 (g), and TCP (h)

found between the two treatments (non-sterilized and
sterilized soil). For most of the EOCs, dissipation in
non-sterilized soil was higher than in sterilized soil.
The degradation values for the different EOCs in
each soil are shown in Table 2. For example, in non-
sterilized soil, some EOCs (BPA, DEP, EPB, and 5-
TTri) showed a degradation of over 70% at 7 days.
Conversely, other EOCs (CBZ, PMD, and S104)
showed a degradation of less than 50% of the initial
concentration at 40 days. Furthermore, EPB exhibited
the fastest degradation; after only 12 days, its
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degradation was greater than 80%. Similar behavior
was observed for the sterilized soil, where EOCs such
as BPA, CBZ, PMD, and S104 exhibited degradation of
less than 50% after 40 days of incubation. In contrast,
after the same incubation time, other EOCs (DEP, EPB,
and 5-TTri) had degraded more than 70%.

Depending on the nature of the EOCs, other dissipation
mechanisms such as sorption, volatilization, photolysis, or
hydrolysis could occur. However, in this study, the tubes
were covered with aluminum foil to minimize photolysis
processes. Therefore, photodegradation was negligible,
and sorption and hydrolysis seemed to be the other two
most important degradation mechanisms. For this reason,
the differences between the treatments could be mainly due
to aerobic biodegradation, while degradation in the steril-
ized soil could be attributed to sorption or hydrolysis
processes for DEP, EPB, and TCP.

Experimental values were fitted to three degradation
kinetics (zero-, first-, and second-order) to estimate deg-
radation rates (k) and half-life (¢;,) values (Table 3) in
order to obtain the best fit with experimental data.

For sterilized soil, correlations were slightly better
when the experimental values were fitted to a second-
order kinetics (R? from 0.783 to 0.992) than to the zero-
and first-order kinetics (R* from 0.647 to 0.929 and
0.706 to 0.984, respectively). Half-life values ranged
from 3.7 to >40 days.

Generally, for non-sterilized soil, correlations were
worse than for sterilized soil. The second-order kinetics
exhibited stronger correlations (R? from 0.716 to 0.986)
than the zero- or first-order kinetics (R* from 0.481 to
0.720 and 0.661 to 0.896, respectively). Half-life values
ranged from 0.7 to >40 days and were generally lower
than in sterilized soils.

Usually, experimental values are fitted to first-order
kinetics by default; however, as seen in Fig. 2, second-
order kinetics fit the experimental values better. Conse-
quently, the contaminants’ half-lives can be accurately
predicted.

This better fit for second-order has been showed by
other authors. In these studies, the better adjustment was
attributed to co-metabolism (Schwarzenbach et al.
2005). Although in sterilized soil, the amount of bacteria
was minimized, they could grow during the experiment
as tubes were under aerobic conditions. Moreover, other
processes such as hydrolysis take place for some com-
pounds, e.g. hydrolysis of ester (EPB).

Once again, the differences between treatments show
that the sterilization treatment resulted in decreased
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Table 2 Degradation (%) of the studied EOCs along the incubation time for both sterilized and non-sterilized soils (+SD, N = 3)

EOC Soil Time (day)
0.25 0.5 1.3 3 7.2 17 40

BPA

Sterilized 12+2 14+5 16+ 1 19+4 23+ 1 31+£9 45+10

Non-sterilized 4242 48 £2 62+4 65+4 68 + 4 71+3 74+2
CBZ

Sterilized 33+1.2 58+1.0 10+1 14=+1 17+1 22+1 32+4

Non-sterilized 69+22 15+1 18+1 24+ 1 28+ 6 32+1 40+ 1
DEP

Sterilized 3.8+0.7 14+2 19+1 25+1 42+2 68+ 1 81+1

Non-sterilized 22+3 39+7 4543 5841 74 +2 81+1 88+ 1
EPB

Sterilized 34+0.5 77+43 14+£22 49+4 70+ 1 83+1 92 +1

Non-sterilized 81+2 87+ 1 94 +1 95+2 97 +1 98 + 1 99+ 1
5-TTri

Sterilized 15+3 162 28 +£2 34+3 48 +1 58+3 74+3

Non-sterilized 19+7 21+3 32+1 37+6 75+3 83+2 871
PMD

Sterilized 40+2.6 65+1.6 53+2.6 74+6.8 95+1.0 11+1 22+3

Non-sterilized 50+2.1 9.5+20 12+5 18+1 22+2 27+2 33+7
S104

Sterilized 6.0=+1.7 11+3 14+3 1810 24+5 33+5 39+7

Non-sterilized 12+£8 13+£8 18+3 27+2 35+12 41 +1 48 +4
TCP

Sterilized 11+1 13£2 14+5 17+2 28 +1 38+2 46+ 1

Non-sterilized 15+£2 17+1 21+1 27+7 36+9 52+2 781

EOC emerging organic contaminant, BPA bisphenol A, CBZ carbamazepine, EP ethyl paraben, 5-T7ri 5-methyl-1H-benzotriazole, PMD

primidone, S104 Surfynol 104, TCP tris(2-chloroethyl) phosphate, DEP diethyl phthalate

degradation rates for the selected EOCs. This suggests,
as previously reported, that biodegradation plays an
important role in the elimination of EOCs in the terres-
trial environment (Kimura et al. 2007).

For instance, the endocrine disruptor BPA exhibited a
different behavior depending on the treatment. A faster
dissipation rate was observed in the non-sterilized soil
than in the sterilized soil (half-life values of 1.1 and
>40 days, respectively). Therefore, BPA was easily
biodegraded. Similar values have been obtained for
agricultural soils in the literature. For example, Dodgen
et al. (2014) reported BPA half-life values of 2 to 3 days
in non-sterilized soils. Likewise, in their study of the
adsorption and degradation of several contaminants in
agricultural soils, Xu et al. (2009) reported BPA half-
lives of 0.8 to 5.5 days.

In agricultural soils treated with compost, Camino-
Sanchez et al. (2016) reported half-life values from 5 to
8 days. In this study, EPB exhibited low half-life values
(<1 days) in non-sterilized soil. The half-life values in
sterilized soil were approximately 4 days, which could
indicate that other processes such as sorption and hy-
drolysis could be taking place, contributing to the for-
mation of transformation products (Mitchell et al. 2014).

CBZ has been commonly reported as a highly recal-
citrant contaminant and has half-life values ranging
from 46 to >200 days (Kinney et al. 2006; Maeng
et al. 2011; Walters et al. 2010). As seen in Fig. 1b,
CBZ was highly persistent for both the sterilized and
non-sterilized soils, exhibiting a degradation rate lower
than 50% after 40 days. No big differences were found
between the treatments, which could indicate that
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Table 3 Adjusted degradation rates (k), correlation coefficients (R?) for the three degradation kinetics, and estimated half-life values (¢,,,)

for second-order kinetics in both sterilized and non-sterilized soils for all the studied EOCs

EOC Soil Zero order First order Second order
R k(ugkg 'day) R k(day) R k(ug kg 'day)  np(day)

BPA

Sterilized 0.746 0.009 0.782 0.013 0.783 0.019 >40

Non-sterilized 0.676 0.393 0.797 0.649 0.888 0.392 1.1
CBZ

Sterilized 0.812 0.007 0.849 0.008 0.878 0.011 >40

Non-sterilized 0.630 0.008 0.699 0.010 0.764 0.014 >40
DEP

Sterilized 0.929 0.037 0.984 0.064 0.992 0.108 9.7

Non-sterilized 0.705 0.081 0.873 0.163 0.961 0.372 33
EPB

Sterilized 0.647 0.022 0918 0.109 0.989 0.281 3.7

Non-sterilized 0.481 0.187 0.750 1.805 0.986 1.164 02
5-Ttri

Sterilized 0.780 0.054 0.859 0.077 0.919 0.112 10.1

Non-sterilized 0.620 0.087 0.896 0.104 0.951 0.304 3.6
PMD

Sterilized 0.772 0.005 0.793 0.005 0.810 0.006 >40

Non-sterilized 0.660 0.007 0.703 0.009 0.741 0.011 >40
S104

Sterilized 0.658 0.008 0.706 0.011 0.742 0.015 >40

Non-sterilized 0.598 0.010 0.661 0.014 0.716 0.020 >40
TCP

Sterilized 0.757 0.010 0.830 0.014 0.902 0.020 >40

Non-sterilized 0.720 0.025 0.820 0.037 0.883 0.057 17.7

EOC emerging organic contaminant, BPA bisphenol A, CBZ carbamazepine, EP ethyl paraben, 5-77ri 5-methyl-1H-benzotriazole, PMD

primidone, S704 Surfynol 104, TCP tris(2-chloroethyl) phosphate, DEP diethyl phthalate

biodegradation does not play the most important role in
CBZ degradation in soils.

Figure 1c shows that DEP had a degradation rate of
more than 50% for both soil treatments and half-life values
of approximately 10 days for the sterilized soil and 4 days
for the non-sterilized soil. Moreover, moderate differences
were observed between the soil treatments, suggesting that
microorganisms contribute to the degradation of DEP.

The degradation rate for 5-TTri was more than 50% for
both soil treatments (Fig. 1f). Half-life values were 10 and
3.6 days for sterilized and non-sterilized soils, respective-
ly, and degradation was higher and faster in the
non-sterilized soil than in the sterilized soil. In the
literature, there are no reports on the degradation of this
compound in soil. Huntscha et al. (2014) studied the
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biotransformation of several benzotriazoles with activated
sludge and found out that the half-life value of 5-TTri was
less than a day, detecting seven transformation products.
After an incubation time of 40 days, PMD exhibited a
very low degradation for both soil treatments. In fact,
PMD half-life values for both the non-sterilized and
sterilized soil were >40 days (Fig. le). Nevertheless,
substantial differences were not found in degradation
when the soil was sterilized, suggesting that PMD bio-
degradation is not the most important pathway of dissi-
pation in soil. No previous degradation experiments
involving PMD in soils have been previously reported.
Chen et al. (2011) studied the distribution and accumu-
lation of organic contaminants from irrigation water in
soil, detecting only 9 out of 43 contaminants in the soils.
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Fig.2 Adjustment of the three different kinetics (zero-, first-, and
second-order) to the experimental mean values (N = 3) for ethyl
paraben in the sterilized soil

PMD was one of those nine contaminants, which could
suggest that PMD binds strongly to soil and is not
bioavailable for microorganisms.

Similar to PMD, S104 exhibited half-life values in
excess of 40 days for both soil treatments (Fig. 1g).
Moreover, no big differences were observed between
the treatments, suggesting that S104 is not easily
biodegraded.

Figure 1h shows that TCP degradation was similar
for both treatments for short incubation times. However,
after 20 days of incubation, TCP degradation in the non-
sterilized soil increased faster than in the sterilized soil.
At the end of the experiment, the degradation rates were
less than 50% for the sterilized soil and less than 80%
for the non-sterilized soil.

The physical-chemical properties, such as log Koc,
neutral log Ko, solubility, and log Ko, were correlated
with the calculated degradation rates. However, no
strong correlations were found (R* < 0.2 in all the
properties; Fig. S1), which is indicative of the complex-
ity of the contaminants’ attenuation in soil.

4 Conclusions

This study showed that a sterilization treatment de-
creased the degradation rates for most of the selected
EOC:s. Therefore, biodegradation plays a significant role
in the overall degradation of EOCs in soil.

In sterilized soil, after 40 days of incubation, BPA,
CBZ, PMD, S104, and TCP exhibited degradation

below 50%, while only DEP, EPB, and 5-TTri exhibited
faster degradation. In contrast, after the same incubation
time in non-sterilized soil, only three EOCs exhibited
degradations below 50% (CBZ, PMD, and S104) and
could thus be considered persistent contaminants in soil,
while the remaining EOCs exhibited degradation rates
over 70%.

Experimental degradation curves were fitted with
three degradation kinetics for both the sterilized and
non-sterilized soils. The second-order kinetics exhibited
better correlations than the zero- and first-order kinetics.

Understanding the significance of this trend requires
further research.
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