Article
pubs.acs.org/est

Irrigation of Root Vegetables with Treated Wastewater: Evaluating
Uptake of Pharmaceuticals and the Associated Human Health Risks
Tomer Malchi,†,‡ Yehoshua Maor,‡ Galit Tadmor,†,‡ Moshe Shenker,† and Benny Chefetz*,†,‡
†

Department of Soil and Water Sciences, Faculty of Agriculture, Food and Environment, The Hebrew University of Jerusalem,
Rehovot 76100, Israel
‡
The Hebrew University Center of Excellence in Agriculture and Environmental Health, P.O. Box 12, Rehovot 76100, Israel
S Supporting Information
*

ABSTRACT: To meet mounting water demands, treated wastewater has become
an important source of irrigation. Thus, contamination of treated wastewater by
pharmaceutical compounds (PCs) and the fate of these compounds in the
agricultural environment are of increasing concern. This ﬁeld study aimed to
quantify PC uptake by treated wastewater-irrigated root crops (carrots and sweet
potatoes) grown in lysimeters and to evaluate potential risks. In both crops, the
nonionic PCs (carbamazepine, caﬀeine, and lamotrigine) were detected at
signiﬁcantly higher concentrations than ionic PCs (metoprolol, bezaﬁbrate,
cloﬁbric acid, diclofenac, gemﬁbrozil, ibuprofen, ketoprofen, naproxen, sulfamethoxazole, and sildenaﬁl). PCs in leaves were found at higher concentrations than
in the roots. Carbamazepine metabolites were found mainly in the leaves, where
the concentration of the metabolite 10,11-epoxycarbamazepine was signiﬁcantly
higher than the parent compound. The health risk associated with consumption of
wastewater-irrigated root vegetables was estimated using the threshold of
toxicological concern (TTC) approach. Our data show that the TTC value of lamotrigine can be reached for a child at a
daily consumption of half a carrot (∼60 g). This study highlights that certain PCs accumulated in edible organs at concentrations
above the TTC value should be categorized as contaminants of emerging concern.

■

INTRODUCTION
Pharmaceutical compounds (PCs) comprise a wide range of
chemicals including prescription and over-the-counter medications, veterinary drugs, diagnostic agents, and nutritional
supplements. After ingestion or application, the PCs are
excreted from the body as parent or metabolized compounds
and enter the municipal sewage system. Recent studies have
shown that conventional wastewater treatment does not fully
eliminate PCs in the process; therefore PCs are present in
treated eﬄuents and sludge.1−4
PCs and their metabolites are introduced into the agricultural
environment through application of biosolids and irrigation
with treated wastewater. The fate of PCs in the agricultural
environment has been extensively studied.5−11 Moreover,
during the past decade there have been a growing number of
studies on PC uptake by plants and crops.12−17 These studies
can be divided into three main categories based on their
experimental design: hydroponic, greenhouse, and ﬁeld studies.
Hydroponic experiments are useful in understanding the
mechanism of uptake, but they do not manifest the complexity
of an actual agricultural environment. Even if the experiments
are conducted at environmentally relevant PC concentrations,
they do not account for the importance of aﬀecting factors in
the real environment (e.g., the presence of soil organic matter
or the eﬀect of the wastewater’s properties) and therefore do
not represent the actual uptake of diﬀerent PCs in the agro© 2014 American Chemical Society

environment. Greenhouse experiments can better estimate the
actual PC uptake since they are conducted in soils. However,
the data collected from the experiments are limited because
they do not represent actual farming practices, or genuine soil,
or ecological conditions typical for commercial agriculture
farming. Only through ﬁeld experiments can the actual
potential uptake of PCs by crops be fully assessed and
integrated into a database for risk assessment. Only a few
studies reported the uptake of PCs by crops in ﬁeld
experiments. Two studies have focused on biosolid application,12,18 and only one has examined the introduction of PCs
via irrigation with surface water that had been mixed with
treated wastewater.19 In contrast to biosolids application,
irrigation with PC contaminated water provides continuous
introduction of PCs to the agriculture environment. This aﬀects
the fate of PCs in the soil10,11,17 as well as their uptake by crops.
The use of treated wastewater for irrigation is on the rise
worldwide and is not limited to arid zones.20 Considering the
ubiquity of PCs in treated wastewater,3 it is highly important to
evaluate their fate and particularly their uptake by crops under
conditions that are as similar as possible to those of commercial
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emitted by the drippers in the lysimeters; concentration data
are listed in Table S3.
To ensure healthy establishment of the young seedlings, all
lysimeters were irrigated with fresh water for the ﬁrst three
weeks after sowing. Thereafter, each lysimeter was irrigated
with its designated water type. Throughout the carrot growing
season (100 days), each lysimeter was irrigated with 266 L
using a drip irrigation system (seven drippers of 1 L/h). The
irrigation scheme was dependent on evapotranspiration
conditions and crop age. Two months after sowing, the
number of carrots per lysimeter was reduced from 70 to 30−35.
At harvest, a composite sample of 10 carrots and their leaves as
well as soil samples (0−25 cm) were collected from each
lysimeter. Throughout the sweet potato growing season (154
days) each lysimeter was irrigated with 305 L using the same
drip-irrigation system. At harvest, a composite sample of ﬁve
sweet potatoes, 20 leaves, and soil samples (0−25 cm) were
collected from each lysimeter. Each plant sample was
thoroughly rinsed with deionized water to remove soil particles,
air-dried for a few hours, and stored at −20 °C until processing.
Sample Preparation, Extraction, and Analysis. Freezedried plant materials were ground to a ﬁne powder with a
planetary micro mill (Pulverisette 7, Fritsch, Idar-Oberstein
Germany) and extracted using an accelerated solvent extractor
(ASE350, Dionex, Sunnyvale, CA). Ground plant materials (1
g) were placed in 10 mL of extraction cells on top of 1 g of
Florisil (Mg2O4Si, Alfa Aesar, Ward Hill, MA) and covered with
an extra 1 g of Florisil. Glass-ﬁber ﬁlters (27 mm) were placed
at the bottom of the cells. The packed cells were extracted in
two static cycles (5 min) with 100% methanol at 80 °C under a
constant pressure of 10.34 MPa. Freeze-dried soil samples (5 g)
were similarly prepared and extracted with three static cycles
(15 min) with acetonitrile/water (70:30, v/v) at 100 °C under
a constant pressure of 10.34 MPa. Soil aqueous extracts were
obtained by agitating soil samples (10 g) with deionized water
(1:1, w/v) for 90 min, followed by centrifugation at 12 000g for
15 min. All extracts were evaporated to dryness and redissolved
in 990 μL acetonitrile/water (30:70), spiked with 10 μL of a
mixture of stable isotope labeled internal standards in
acetonitrile, sonicated (37 kHz, 10 min), centrifuged at
17 000g for 20 min, and ﬁltered (0.22 μm PTFE) prior to
LC-MS analysis.
The ﬁnal solutions were analyzed by an Agilent 1200 Rapid
Resolution LC system (Agilent Technologies Inc., Santa Clara,
CA) equipped with a Gemini C-18 column (150 × 2 mm, 3-μm
particle size; Phenomenex, Torrance, CA, USA), coupled to an
Agilent 6410 triple quadruple mass spectrometer with an ESI
ion source (Agilent). A binary gradient of 1.5% acetic acid in
deionized water and 0.05% acetic acid in acetonitrile was used
for separation of the PCs. LC-MS limits of detection and
quantiﬁcation (LOD and LOQ, respectively) as well as mass
transitions are listed in the Supporting Information (Tables S4
and S5, respectively). Recovery values for the plant compartments and the soil are listed in Table S6.
Risk Assessment. The health risks associated with PCs in
crops were assessed using the TTC approach,25−27 based on
the Cramer classiﬁcation tree.28 TTC is useful to assess risks for
substances present in food at low concentrations and lacking
toxicity data.21,22,27 TTC values and compound classiﬁcation
were determined using Toxtree software.29 Using this method,
compounds were classiﬁed as having genotoxic potential, or as
one of three structural classes (I, II, and III). Class I
compounds contain simple structures and are easily metabo-

agricultural farming. Therefore, the objective of this study was
to investigate uptake of PCs by root vegetables (carrots and
sweet potatoes) which may represent a worst case scenario of
direct contact between the treated wastewater and the
consumed crop. PCs exhibiting a wide range of physicochemical properties were introduced to crops through treated
wastewater at their environmentally relevant concentrations. In
addition, a risk assessment associated with the consumption of
treated wastewater irrigated root vegetables was conducted
based on the threshold of toxicological concern (TTC)
approach. The TTC is a useful tool to estimate the safety of
exposure to chemicals found at low concentration in foods and
drinking water.21,22

■

EXPERIMENTAL SECTION
Pharmaceuticals. Bezaﬁbrate, carbamazepine, diclofenac,
gemﬁbrozil, ibuprofen, cloﬁbric acid, sulfapyridine, ketoprofen,
sulfamethoxazole, and 10,11-epoxycarbamazepine (all >97%
purity) were purchased from Sigma-Aldrich Israel Ltd.
(Rehovot, Israel). Caﬀeine (99%) was purchased from Bio
Basic Inc. (Toronto, Canada), lamotrigine (>99%) from
EnzoBiochem Inc. (New York, NY), metoprolol (99%) from
LKT laboratories (St. Paul, MN), naproxen (99%) from AlfaAesar Inc. (Heysham, U.K.), sildenaﬁl (99%) from Molekula
Ltd. (Dorset, U.K.), and 10,11-dihydroxycarbamazepine from
Santa Cruz (Heidelberg, Germany). Selected chemical and
physical properties of the studied compounds are presented in
Table S1. The following labeled PCs were purchased from
Toronto Research Chemicals Inc. (Toronto, Canada):
bezaﬁbrate-D4, carbamazepine-13C-D2, diclofenac-D4, naproxen-13C-D3, gemﬁbrozil-D6, sulfamethoxazole-D4, caﬀeine-D9,
lamotrigine-13C3, (R)-metoprolol-D7, and sildenaﬁl-D3. Ibuprofen-D3, sulfapyridine-phenyl-13C6, ketoprofen-D3, and
10,11-epoxycarbamazepine-D2 were purchased from SigmaAldrich Israel Ltd.
Crops, Soils, and Growing Conditions. Two root crops
were grown: carrot (Daucus carota) during the summer of 2011
and sweet potato (Ipomea batatas) during the summer of 2012.
The crops were grown in lysimeters (100 cm height, 0.5 m2
surface area) containing soils from three locations in the
northwest Negev region of Israel (Sa’ad, Nir Oz and Ein
Hashlosha). These soils are classiﬁed as Loessial Arid Brown
Calcisol soils;23 their properties are listed in Table S2.
Lysimeters were irrigated with fresh water or treated wastewater. The experiment was performed in triplicate for each soil
and water quality. Treated wastewater was provided by a
conventional activated-sludge wastewater-treatment facility in
the city of Kiryat Gat, Israel. The treated wastewater
characteristics during the irrigation period were as follows:
total suspended solids (TSS), 7.0−31.7 mg/L; biological
oxygen demand (BOD), 22.7−28.1 mg/L; chemical oxygen
demand (COD), 40−70 mg/L; pH, 7.7−8.4; and EC, 2.11−
2.38 dS/m. To ensure exposure, PCs were added to the treated
wastewater in the irrigation line during the growing period at
environmentally relevant concentrations,1,6,8,24 regardless of
indigenous concentration in the treated wastewater. PCs were
added to the irrigation line using a commercial dosing pump at
a dilution rate of 1/500. In addition, three lysimeters with Ein
Hashlosha soils were irrigated with treated wastewater without
adding PCs to the irrigation line. These lysimeters were
therefore exposed only to the indigenous levels of PCs. PC
concentration in irrigation water was measured in the water
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potential to be taken up by the roots.32,33 Once in the root,
these compounds tend to be translocated by the water ﬂow
driven by the water potential gradient and thus accumulate at a
higher proportion in the leaves.32,34 Lower concentrations of
ionic PCs in the leaves may result from the much lower
permeability of cell membranes to ionic compounds and due to
adsorption to the soil and the cell wall. For PCs having pKa
values in the range of ca. 4.5−7.5, their charge may change
along the soil-rhizoplane-cytosol-apoplast-symplast continuum
due to the pH variation. Thus, a compound having negative
charge in the soil may become uncharged in the rhizoplane and
be taken up easily, and a compound having zero-charge in the
cytosol might become positively charged in the vacuole, which
will result in its trapping within the vacuole and limit its
transport.34
At the time of harvest, only eight PCs were detected in the
soils (Figure 1). Ionic PCs, except for sulfamethoxazole, were
not detected in the soil’s proﬁle up to a depth of 75 cm (Figure
S1), suggesting that these compounds were rapidly biodegraded
and/or transformed in the soils.10 For most PCs (caﬀeine,
carbamazepine, lamotrigine, sildenaﬁl, sulfapyridine, sulfamethoxazole, gemﬁbrozil, and metoprolol), the recovered amounts
in the soils were several magnitudes higher than the amounts
taken up by the studied plants (Figure S2). The maximum
amount of PCs taken up by the plants was up to 3.5% of the
amount accumulated in the soil, supporting that soils are the
major sink determining the fate of PCs in agricultural
environments.35
The distributions of the PCs between the soil aqueous
extracts, roots, and leaves are presented in Figure 2. Data for
the two crops show a similar trend of increasing PC
concentrations in the leaves as PC concentrations in the root
increase (Figure 2A). This suggests that translocation from root
to shoots was similar in both crops and that the diﬀerences
obtained in leaf concentrations (Figure 1) between the crops
are related to uptake potential. In Figure 2B, the concentration
ratio between leaves to soil aqueous extracts for the two crops
exhibited a similar trend (concentration in the leaves increase
with increasing concentration in the soil aqueous extracts) even
though each crop exhibited a diﬀerent trend of PC uptake. The
diﬀerences obtained between the crops (Figure 2B and C) are
most likely due to the lower lipid content in the sweet potato
root compared to the carrot root (0.05%36 and 0.6−1.9%,37
respectively) and the diﬀerent dynamics of root and plant
development. Root bulking of the carrot is gradual, occurring
throughout the season, whereas sweet potato bulking starts
only after about 100 days after planting when irrigation and
transpiration are reduced. In addition, sweet potatoes are fast
growing and support much larger foliage biomass than carrots.
These diﬀerences resulted in higher concentrations of the PCs
in the roots and leaves of the carrot plant (Figure 1).
Nonionic PCs. In our system, the nonionic PCs were
carbamazepine, lamotrigine, caﬀeine, and sulfapyridine. Carbamazepine, lamotrigine, and caﬀeine were detected at high
concentrations in all plant and soil samples. It is important to
note that the uptake order of these PCs did not correlate
directly with their Kow values, indicating that additional factors
such as the compound’s pKa, pH, ionic strength, biodegradation, and sorption might aﬀect uptake. The relatively high
concentration of carbamazepine in the leaves supports that its
translocation is governed by transpiration-derived mass ﬂow.16
Unlike carbamazepine, lamotrigine (weak base, pKa 5.34) is
partially ionized in the extracellular space and vacuole

lized, thus presenting little toxicity concern. Class II
compounds contain substances that may be more harmful
than those in Class I, but they do not contain structural features
that are suggestive of toxicity. Class III compounds contain
reactive functional groups and present greater toxic concern.
Potentially genotoxic compounds may interact with DNA and
cause mutation to genetic code. Class III compounds
(carbamazepine, caﬀeine, bezaﬁbrate, cloﬁbric acid, ketoprofen,
naproxen, and metoprolol) have a TTC value of 1500 ng/kg of
body weight per day. Potentially genotoxic compounds (10,11epoxycarbamazepine, lamotrigine, sildenaﬁl, sulfamethoxazole,
and sulfapyridine) have a TTC value of 2.5 ng/kg body weight
per day.27 Consumption of a PC above the TTC value indicates
a possible risk of exposure and demands speciﬁc toxicity
analysis of the PC.
Data Analysis. PC concentrations are presented per dry
sample weight (soil, plant). For the risk assessment analysis, PC
concentration is given per crop fresh weight. Statistical analysis
between treatments (All Pairs, Tukey HSD, p < 0.05) and
comparison between the two means (Student’s t p < 0.05) were
performed using JMP software, version 10.0.0.1 (SAS Institute
Inc., Cary, NC).

■

RESULTS AND DISCUSSION
The average root yields of carrots and sweet potatoes per
lysimeter were 2.5 ± 0.6 and 3.5 ± 1.8 kg, equivalent to 49.5 ±
12 and 70 ± 36 Mg/ha, respectively. These yields were similar
to those obtained in commercial ﬁelds. No signiﬁcant
diﬀerences in carrot yields were obtained between the diﬀerent
applied irrigation water (fresh water, spiked or nonspiked
treated wastewater) or between the diﬀerent soils. For sweet
potatoes, no signiﬁcant diﬀerences in yields were obtained
between the diﬀerent water treatments for each soil.
PC Concentrations in Water, Soil, and Plant. Carrots
and sweet potatoes were exposed to 14 diﬀerent PCs at
environmental concentrations via irrigation with treated
wastewater (Table S3). PCs were not detected in plants
irrigated with fresh water. For plants irrigated with treated
wastewater, PCs that were taken up by the plants exhibited
generally higher concentrations in leaves compared to roots
(Figure 1). This trend was similar for both crops.
Concentrations in the carrot leaves were in the following
order: carbamazepine > lamotrigine > caﬀeine > bezaﬁbrate ≥
cloﬁbric acid ≥ sildenaﬁl ≥ sulfapyridine ≥ metoprolol. For the
sweet potato leaves, the order was caﬀeine > carbamazepine >
lamotrigine ≥ cloﬁbric acid ≥ bezaﬁbrate ≥ sildenaﬁl ≥
sulfapyridine. In the carrot roots, the order of PC
concentrations was carbamazepine > lamotrigine > bezaﬁbrate
≥ caﬀeine ≥ cloﬁbric acid ≥ sildenaﬁl ≥ gemﬁbrozil ≥
sulfapyridine ≥ sulfamethoxazole. In the sweet potato roots, the
concentration order was caﬀeine > carbamazepine > lamotrigine > sulfamethoxazole ≥ gemﬁbrozil ≥ cloﬁbric acid.
Sulfamethoxazole was only detected in the roots, while
metoprolol was only detected in the leaves. Since none of the
tested PCs are volatile under the applied conditions and no
direct contact occurred between the leaves and the irrigation
water, the detection of the applied PCs in the leaves is related
to their uptake by the roots and translocation within the
plant.16,30,31
Nonionic PCs (carbamazepine, lamotrigine, and caﬀeine)
were detected at signiﬁcantly higher concentrations than ionic
PCs in leaf, root, and soil samples. Nonionic organic molecules
are able to cross cell membranes easily and thus have higher
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Figure 1. Concentration (ng/g) of pharmaceutical compounds (PCs) in the roots, leaves, and soils for crops irrigated with PCs-spiked treated
wastewater (Table S3). Mean values and standard errors are presented (n = 3) for the diﬀerent soil treatments (Sa’ad, S; Nir Oz, N; Ein Hashlosha,
E).

(pH ∼ 5.5) and is mostly nonionic in the soil and in the
cytoplasm (pH ∼ 7.5). At pH 5.5, ∼40% of the lamotrigine is
positively charged, which promotes its adsorption to negatively
charged sites in the rhizoplane and cell walls and hinders

uptake. The uncharged lamotrigine can easily cross the cell
membranes, but once it is inside the cell it can be trapped as an
anion in the vacuole.9,34 Both processes result in lower
9328
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lamotrigine translocation to the leaves in comparison with
carbamazepine (Figure 2B).
Carbamazepine and lamotrigine were detected at similar
concentrations in the corresponding soils for both crops

(Figure 1). Concentrations of carbamazepine and lamotrigine
were higher in soils containing higher organic matter (Ein
Hashlosha) or clay (Sa’ad) contents. In these soils, the two
compounds were taken up by the plant at a lower level,
indicating the importance of PC−soil interactions determining
uptake. The compound’s ability to be taken up by the plant is
based on three partitioning equilibria: between the soil solid
phase and the soil solution, between the soil solution and the
aqueous phase in the root, and between the soil solution and
the solid phase of the lipophilic root.32 Thus, the organic
content of the soils, the type of organic matter, the clay content,
and the diﬀerent lipid contents in the roots have a signiﬁcant
impact on the fate of the compound.
Caﬀeine is a polar neutral compound which is rapidly taken
up by the plant and translocated from roots to shoots.38 In the
sweet potato leaves and roots, caﬀeine was found at the highest
concentration; in the carrot roots and leaves, caﬀeine
concentrations were generally lower than carbamazepine and
lamotrigine. The lower caﬀeine concentrations in carrots are
most likely the result of the higher lipid content of the carrot
roots which hinders the uptake of the hydrophilic caﬀeine.
Sulfapyridine was detected at low concentrations in both carrot
organs but was not detected in sweet potato roots and leaves
(Figure 1). The lower concentration of sulfapyridine in the soils
compared to the other nonionic compounds was likely due to
high degradation rates in the soil environment. It is interesting
to note that sulfapyridine was detected in all soils (Figure 1);
however it was not detected in the soils’ aqueous extract. This is
likely due to strong chemisorption of sulfapyridine to the soil
matrix.39
Ionic PCs. In our study, 10 ionic PCs were introduced with
the irrigation water into the soils (Table S3): one positively
charged PC (metoprolol), eight negatively charged PCs
(bezaﬁbrate, cloﬁbric acid, diclofenac, gemﬁbrozil, ibuprofen,
ketoprofen, naproxen, and sulfamethoxazole), and one with a
varying charge (sildenaﬁl). Four of the anionic PCs, ketoprofen,
naproxen, ibuprofen, and diclofenac, were not detected in any
plant organs of either crop or in the receiving soils. These
nonsteroidal anti-inﬂammatory PCs are weak acids with pKa
values between 4.15 and 4.91. In the soil environment (pH ∼
7.5), they are negatively charged and thus are repulsed by the
negative charge of the cells of the root apoplast deterring
uptake.34 Another mechanism that might reduce uptake of
these compounds is related to their rapid biodegradation rates
in the soil. In an earlier work,10 conducted in the same soils
used in the current study, half-lives were reported to be less
than 1 day for ibuprofen and diclofenac and 2−9 days for
naproxen. The other anionic PCs, cloﬁbric acid, gemﬁbrozil,
and bezaﬁbrate (lipid regulators), were detected in the leaves or
roots of at least one of the crops. Cloﬁbric acid was detected at
low concentrations in the roots (<0.8 ng/g) and leaves (0.43−
2.43 ng/g) of both crops. Gemﬁbrozil was detected only in
sweet potato leaves (0.1−0.53 ng/g). Bezaﬁbrate concentrations in carrot leaves (3.49−5.93 ng/g) and roots (1.50−
5.91 ng/g) were the highest of all anionic PCs. Sulfamethoxazole was detected in the roots of both crops (0.05−0.24 ng/g).
The low concentrations of the above-mentioned PCs is most
likely the results of rapid degradation in the soils.9
Sildenaﬁl was detected in the leaves of both crops, and in the
carrot’s roots. Sildenaﬁl has two pKa values, 6.4 and 7.4, and
therefore in soils it can be found as positive, neutral, or negative
species. This complicates the prediction of sildenaﬁl uptake,
translocation, and fate in the agro-environment. At the soil pH,

Figure 2. Concentrations of pharmaceutical compounds in the leaves
versus roots (A), in the leaves versus soil aqueous extracts (B), and
roots versus soil aqueous extracts (C). Filled symbols are data
obtained for carrots; open symbols are data obtained for sweet potato.
9329
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active compound. Cytochrome P450 monooxygenase
(CYP450), a phase I enzyme, is responsible for ∼75% of the
metabolic reactions and PC’s bioactivation in the human body.
Plant CYP450 enzymes are known to be responsible for the
metabolism of a variety of herbicides, insecticides, and organic
pollutants.43,44 Carbamazepine was reported to be metabolized
by CYP450 enzymes in the fungus Pleurotus ostreatus.45 Thus,
in our study it is also likely that carbamazepine is metabolized
by CYP450 in the leaves of plants.
Exposure and Risk Assessment. Sweet potato is an
important crop, with global production exceeding 100 million
tons annually, of which the vast majority is produced in Asia.46
Per capita consumption of sweet potato varies from country to
country: 2.4 kg/y in the U.S.A., 1.9 kg/y in Israel, 0.3 kg/y in
southern European countries, 13.5 kg/y in Caribbean countries,
and 25.5 kg/y in China.46 In several African countries, sweet
potatoes are a vital component of the daily diet, and per capita
consumption is as high as 73 to 89 kg/y.46 In addition to the
roots, the leaves of sweet potatoes are also consumed as
vegetables in Southeast Asia and increasingly in Africa.47,48
Carrot consumption is higher than that of sweet potatoes. In
the U.S.A., per capita consumption is around 5.5 kg/y, in
Europe it is 6−8 kg/y, and in Australia around 10 kg/y.49
The health risks associated with PCs in crops were assessed
using the TTC approach, as is common for assessing the safety
of chemicals that are found at low concentrations in food and
lack toxicity data.21,22 The TTC is a conservative estimate that
is based on 5% of the level at which there are no observed
adverse eﬀects with an additional 10−6 uncertainty factor. This
approach has been used to evaluate risks associated with 10,11epoxycarbamazepine in drinking water.21 The TTC values for a
child (25 kg) are 62.5 and 37 500 ng/day for potentially
genotoxic PCs and for class III PCs, respectively. For an adult
weighing 70 kg, the TTC values are 175 and 105 000 ng/day
for the two category PCs, respectively. Consumption of a PC
above the TTC value should not be presumed to be toxic. It
should however indicate a demand for speciﬁc toxicity analysis
of the compound. The TTC approach takes into account
chronic exposure to a mixture of compounds by population
groups which are more susceptible in regards to risks (e.g.,
children, pregnant women, and elderly people).
To assess the risk of PCs in the irrigation water, three
lysimeters with Ein Hashlosha soil were irrigated with
nonspiked treated wastewater, as used by farmers for local
agriculture. The uptake of PCs was measured at indigenous
concentrations in treated wastewater used for irrigation (Table
S3). It is important to note that most of the PCs in this study
were not detected in any of the plants grown under this
treatment. Table 1 presents the fresh weight concentrations of
the PCs detected in the crops and the daily consumption
required to reach TTC levels. Class III compounds such as
carbamazepine and caﬀeine would require an adult to consume
hundreds of kilograms of sweet potatoes or carrots daily to
reach the TTC level. This is not a reasonable daily
consumption estimate, and therefore we conclude that the
presence of these compounds in treated wastewater does not
pose an actual health risk to the consumer. However, the TTC
levels of potentially genotoxic compounds such as the
metabolite 10,11-epoxycarbamazepine and lamotrigine are
reached at a much lower daily consumption (Table 1). The
TTC level of lamotrigine would be surpassed for an adult (70
kg) by consuming two carrots a day (180 g carrot/day) and for
a child (25 kg) by consuming half a carrot a day (60 g carrot/

sildenaﬁl can be taken up as a neutral compound, but in the
extracellular space or vacuole (pH ∼5.5), it becomes positively
charged and can be trapped as an adsorbed cation in the
extracellular cell walls and as a cation in the vacuoles as
suggested for other molecules.34,40 The neutral form of
sildenaﬁl is more lipophilic and less soluble than the anionic
form, and therefore more likely to interact with the soil organic
matter similar to nonionic compounds.41 This suggests why
although soil concentrations of sildenaﬁl, carbamazepine, and
lamotrigine were similar (Figure 1), the uptake and translocation of sildenaﬁl were signiﬁcantly lower.
Metabolites of Carbamazepine. As carbamazepine was
detected in all studied samples, we further analyzed two of its
metabolites (10,11-epoxycarbamazepine and 10,11-dihydroxycarbamazepine) in the soil, soil aqueous extract, and plant
organs. The metabolite 10,11-epoxycarbamazepine was detected in all roots (0.09−2.70 ng/g), leaves (14.78−65.81 ng/
g), aqueous soil extract (0.04−0.11 ng/L), and soils (0.12−0.40
ng/g) of both crops. The metabolite 10,11-dihydroxycarbamazepine was detected in leaves (0.31−2.91 ng/g), aqueous soil
extract (0.06−0.21 ng/L), and soils (0.05−0.09 ng/g) of both
crops. 10,11-Dihydroxycarbamazepine was negligible in root
samples. Although diﬀerent soils exhibited various concentrations and plant uptake varied (Figure 1), the ratio of
metabolites to parent compound was quite constant for the soil
and each plant organ for both crops (Figure 3). In the soil, the

Figure 3. Distribution of carbamazepine and its metabolites, 10,11epoxycarbamazepine and 10,11-dihydroxycarbamazepine, in the bulk
soils, soil aqueous extracts, roots, and leaves of carrots and sweet
potatoes. Mean values and standard errors are presented (n = 6).

parent compound was dominant (∼90%), supporting low
biodegradability of carbamazepine.10 In the roots, the parent
compound was also dominant (∼90%), suggesting that
carbamazepine is predominantly taken up by the plant as the
parent compound and is probably not metabolized in the roots.
In leaves of carrots and sweet potatoes, concentrations of
metabolites were signiﬁcantly higher compared to soil and root
concentrations. The parent compound made up only 11 ± 2%
of all carbamazepine species in sweet potato leaves and 28 ±
3% in carrot leaves, suggesting signiﬁcant metabolism of
carbamazepine in leaves. This hypothesis is supported by the
elevated concentrations of carbamazepine metabolites observed
in leaves of tomatoes and cucumbers.42
The metabolism of PCs is categorized into phase I and phase
II. Phase I processes modify PCs by incorporating reactive and
polar groups into their substrates to activate a pharmacologically inactive compound or to decrease the reactivity of an
9330

dx.doi.org/10.1021/es5017894 | Environ. Sci. Technol. 2014, 48, 9325−9333

Environmental Science & Technology

Article

caﬀeine, and lamotrigine, were detected in all soil and plant
samples with greater concentrations in the leaves than the
roots. Higher concentrations of nonionic PCs were detected in
crops grown in soils with low organic and clay contents. Thus,
crops grown on sandy soils with poor soil organic matter
present a greater risk for PC accumulation when irrigated with
treated wastewater. This study demonstrates that carbamazepine metabolites in leaves could be several times higher than
those of the parent compound and that measurements of only
the parent compound might underestimate the bioconcentration of a PC.
Our data for most of the studied PCs demonstrate that the
daily consumption of root crops irrigated with treated
wastewater does not pose a health threat. However, for two
compounds (lamotrigine and 10,11-epoxycarbamazepine)
detected in carrot roots, carrot leaves, and sweet potato leaves
(Table 1), a health risk was suggested. Hence, certain PCs that
are taken up by plants and accumulate in edible organs at
concentrations above the TTC value should be categorized as
contaminants of emerging concern. These PCs should be
studied in the future, and their exact level of toxicity should be
determined, after which regulation of acceptable levels in
treated wastewater for irrigation could be established.

Table 1. Risk Assessment of Daily Exposure to
Pharmaceutical Compounds Based on Concentrations in
Carrot and Sweet Potato Grown in Ein Hashlosha Soil
Irrigated with Non-Spiked Treated Wastewater Using the
Threshold of Toxicological Concern (TTC) Approacha
sweet
potato
roots
carbamazepine
10,11-epoxycarbamazepine
caﬀeine
lamotrigine

carbamazepine
10,11-epoxycarbamazepine
caﬀeine
lamotrigine

carbamazepine
10,11-epoxycarbamazepine
caﬀeine
lamotrigine
a

sweet
potato
leaves

carrot
roots

carrot
leaves

fresh weight concentration (ng/g)
0.116
0.177
0.799
1.069
0.013
0.708
0.244
4.130
0.256
0.719
0.293
0.603
n.d.
n.d.
0.983
0.416
daily consumption (kg) by a 70 kg person to
reach TTC
905.17
593.22
131.38
101.65
13.58
0.25
0.71
0.04
410.16
146.14
288.78
199.24
n.d.
n.d.
0.18
0.42
daily consumption (kg) by a 25 kg person to
reach TTC
323.28
211.86
46.92
36.30
6.25
0.09
0.25
0.02
146.48
52.19
103.14
71.16
n.d.
n.d.
0.06
0.15

■

n.d., not detected.
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Information regarding the studied PCs (Table S1), the
properties of the soils (Table S2), concentration of PCs in
the irrigation water (Table S3), detection and quantiﬁcation
limits (Table S4), LC-MS operational parameters (Table S5),
extraction recovery data (Table S6), and ﬁgures describing PC
distribution in the lysimeter proﬁle (Figure S1) and total
accumulation of PC per lysimeter (Figure S2). This material is
available free of charge via the Internet at http://pubs.acs.org/.

day). Consumption of sweet potato leaves and carrot leaves by
a child (25 kg) would surpass the TTC level of 10,11epoxycarbamazepine at 90 g leaves/day and 25 g leaves/day,
respectively. As mentioned before consumption of sweet
potatoes leaves is common in parts of Asia and Africa. It is
noteworthy that consumption above the TTC value should not
be presumed to be toxic. It should, however, indicate a demand
for speciﬁc toxicity analysis of the PC.
Before consumption, root vegetables are usually peeled, thus
the eﬀect of peeling was evaluated to estimate realistic
exposure. In terms of amount, most of the root mass is in
the core, the peel represents approximately 5% and 13% of the
root fresh weight in sweet potatoes and carrots, respectively. In
the sweet potato, only carbamazepine and lamotrigine were
found at signiﬁcantly higher concentrations in the peel than in
the peeled root. Based on a mass balance, the amount of PCs
removed by peeling the sweet potato represents approximately
7% of the total root carbamazepine and lamotrigine. In carrots,
carbamazepine and caﬀeine were the only PCs that exhibited
signiﬁcantly higher concentrations in the peel than in the
peeled root. Thus, by peeling, the amount of carbamazepine
and caﬀeine is reduced by 25% and 32%, respectively. However
for the genotoxic compounds, lamotrigine and 10,11epoxycarbamzepine, no signiﬁcant diﬀerences were found
between the concentrations in the peel compared to the rest
of the root. Thus, peeling has no eﬀect on the TTC levels of
these compounds. We therefore suggest that peeling would not
reduce the risk associated with PCs present in carrots irrigated
with treated wastewater.
Environmental and Health Implications. Results of this
study demonstrate that PCs are taken up by root crops irrigated
with treated wastewater. Our data show that the extent of PC
uptake is inﬂuenced by the physicochemical properties of the
compound, the physiological properties of the crop, and the soil
properties. Weakly acidic PCs exhibited low or no bioconcentration in plants or soils. Nonionic PCs, carbamazepine,
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