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Abstract Use of animal manure is a main source of veteri-
nary pharmaceuticals (VPs) in soil and groundwater through a
series of migration processes. The sorption–desorption and
transport of four commonly used VPs including trimethoprim
(TMP), sulfapyridine, sulfameter, and sulfadimethoxine were
investigated in three soil layers taken from an agricultural field
in Chongming Island China and two types of aqueous solution
(0.01 M CaCl2 solution and wastewater treatment plant efflu-
ent). Results from sorption–desorption experiments showed
that the sorption behavior of selected VPs conformed to the
Freundlich isotherm equation. TMP exhibited higher distribu-
tion coefficients (Kd=6.73–9.21) than other sulfonamides
(Kd=0.03–0.47), indicating a much stronger adsorption capac-
ity of TMP. The percentage of desorption for TMP in a range
of 8–12 % is not so high to be considered significant. Low pH
(<pKa of tested VPs) and rich soil organic matter (e.g., 0–
20 cm soil sample) had a positive impact on sorption of VPs.
Slightly lower distribution coefficients were obtained for VPs
in wastewater treatment plant (WWTP) effluent, which sug-
gested that dissolved organic matter might affect their sorption
behavior. Column studies indicated that the transport of VPs
in the soil columnwas mainly influenced by sorption capacity.
The weakly adsorbed sulfonamides had a high recovery rate
(63.6–98.0 %) in the leachate, while the recovery rate of TMP
was only 4.2–10.4 %. The sulfonamides and TMP exhibited
stronger retaining capacity in 20–80 cm and 0–20 cm soil

samples, respectively. The transport of VPs was slightly
higher in the columns leached by WWTP effluent than by
CaCl2 solution (0.01 M) due to their sorption interactions.
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Introduction

With the rapid development of the pharmaceutical industry,
veterinary pharmaceuticals (VPs) play a huge role in livestock
production. However, the abuse of a large number of VPs has
led to continuous discharge of these substances into the
groundwater system via the soil, surface water, and other
environments (Watanabe et al. 2008). The contamination of
groundwater by VPs is growing in complexity due to contin-
uous migration, although natural attenuation is effective for
many VPs (Lapworth et al. 2012; Sacher et al. 2001).
Lincomycin, sulfamethazine, sulfamethoxazole, and other
VPs were found in 37 groundwater samples at the
nanogram-per-liter level (Batt et al. 2006; Díaz-Cruz et al.
2008). There are multiple pathways that VPs enter into the
groundwater (Lapworth et al. 2012). Animal manure widely
used in agricultural field is a major source of VPs in ground-
water (Clarke and Smith 2011). Veterinary pharmaceuticals,
which enter the animals by means of feed and treatment, are
only partially digested and adsorbed, and then the rest is
excreted through the feces and urine.

It is reported that more than half of the antibiotics used in
animals are excreted through the feces in the form of the
parent drug (Addison 1984). Kroker (1983) demonstrated that
more than 90 % of the pharmaceuticals would be discharged
with animal feces and urine. Residual drugs in manure are
redistributed in soil and groundwater by a series of migration
processes. The persistence of VPs in the soil mainly depends
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on their stability, solid-phase binding capacity and solubility,
etc. (Halling-Sørensen et al. 1998; Jjemba 2002). The envi-
ronmental characteristics, soil texture, and physicochemical
properties of VPs have impacts on their fate in the subsurface
environment. Erythromycin and tylosin can be adsorbed onto
many soil types, but their sorption is mainly related to tem-
perature (Jjemba 2002). Thiele-Bruhn et al. (2004) document-
ed a weak adsorption of five sulfonamides on mineral soil and
high desorption from a soil clay fraction. Solubility, the
octanol–water partition coefficient (Kow), and the n-octanol–
water distribution ratio (Dow) of VPs play a role in their
environmental behavior (Sedlak 2011; Wells 2006). In addi-
tion, dissolved organic matter (DOM) in water environment
(e.g., wastewater effluent) can affect the adsorption and mi-
gration of VPs in soils (Boxall et al. 2002; Lertpaitoonpan
et al. 2009). Laboratory studies on four pharmaceuticals
(Rabølle and Spliid 2000) showed that weakly adsorbed
metronidazole and olaquindox were more easily
transported through soil columns than strongly adsorbed
tylosin and oxytetracycline. Unold et al. (2009) investi-
gated the transport of sulfadiazine in soil columns by
isotope tracer and found that most of the 14C was
detected near the soil surface. Therefore, further studies
are needed to illustrate the underlying mechanisms for
VPs sorption behavior in soil.

In this study, four VPs including trimethoprim (TMP),
sulfapyridine (SPD), sulfameter (SMT), and sulfadime-
thoxine (SDM) were selected for the determination of
the sorption, desorption, and transport processes in three
depths of an agricultural soil using two types of aque-
ous solutions (0.01 M CaCl2 solution and waste water
treatment plant effluent) to evaluate the effect of soil
type and DOM. To better understand the sorption of
selected VPs in soils, the influence of pH was also
investigated.

Materials and methods

Chemicals

TMP, SPD, SMT, and SDM were purchased from Sigma-
Aldrich (St. Louis,MO, USA). High-performance liquid chro-
matography (HPLC)-grade acetonitrile and acetic acid
were purchased from Merck (Darmstadt, Germany).
Other chemicals used in this study were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China). The water for the experiment was deionized
water. The chemical and physical properties of the stud-
ied pharmaceuticals are summarized in Table 1. Stock
solutions of the pharmaceuticals were prepared in ace-
tonitrile and then stored at 4 °C in darkness.

Soil samples and wastewater treatment plant (WWTP)
effluent

Soil samples were collected at depths of 0–20 cm, 20–80 cm,
and 80–100 cm using soil auger in a typical agricultural area
of Chongming Island, China. Soil samples were placed in a
cool, dry, and ventilated room without special air (25 °C) to
air-dry, and coarse debris was removed. The air-dried soil was
passed through a 2-mm sieve and then stored at 4 °C in dark
until use. Major properties of the soil samples are presented in
Table 2.

The WWTP effluent was collected from a municipal
WWTP located in Chongming Island, China. Wastewater
samples were filtered through a 0.45-μm filter before use
and stored at 4 °C. The properties of WWTP effluent are
summarized in Table 3.

Batch sorption–desorption tests

During all sorption–desorption tests, the solid/water ratio was
maintained at 1:2.5 (w/v). Two grams of soil (dry weight) and
4 mL 0.01MCaCl2 solution orWWTP effluent were added in
a 50-mL Teflon centrifuge tube. For the determination of the
effect of pH on sorption of VPs in soils, 0.1 M KOH or 1.0 M
HCl solutions was added to soil samples to adjust pH values of
4, 5, 6, 7, 8, 9, and 10. All samples were agitated on a
horizontal auto-shaker at 200 rpm at 20 °C in the dark for
24 h. Then the soil slurries were spiked with 1 mLVPs stock
solutions (0.5–50 mg L−1) to yield initial concentrations of
0.1, 0.5, 1, 5, and 10 mg L−1. The samples were shaken under
the same conditions for 48 h to reach adsorption equilibrium.
After shaking, the samples were centrifuged at 4,000 rpm for
15 min (16,000×g).

Samples were then shaken again under the same condition
for 72-h rotor speed and radius to carry out desorption and
centrifuged for 15 min (16,000×g) to obtain the desorption
supernatant.. During sorption and desorption experiments, all
supernatants were filtered through a 0.22-μm glass fiber filter
for VPs analysis. Samples were performed in triplicate. Blank
samples without the addition of the VPs and control samples
without VPs and with no soil were conducted in order to
determine either the possible release of VPs from the soil or
their possible sorption onto the glass walls of the tubes.

Column study

The column studies were carried out in a Plexiglass column
with a length of 25 cm and an inner diameter of 3 cm. The
bottom of the column had two pieces of gauze (aperture size 0.
1 mm) and a layer of glass beads (diameter size 5 mm). The air-
dried soil samples from a given soil layer were packed into the
column, and the depth of soil was controlled in 20 cm. After the
column was filled with solid phase, the soil columns were

5828 Environ Sci Pollut Res (2014) 21:5827–5835



immersed in a beaker filled with water until the columns were
saturated. The liquid was infiltrated into the soil via capillary
action to saturate the soil and remove the air from the soil.
Before the leaching tests, the VPs stock solution (2 mL, 50 mg
L−1) was homogeneously spiked on the top of the soil in the
column. Then the soil was covered with a layer of glass beads
and then two pieces of gauze. One liter of 0.01 M CaCl2
solution or WWTP effluent was pumped down from the top
of the column at a low rate of 0.5 mL min−1 by a peristaltic
pump. Leachate was collected in 20-mL fractions. All leachate
samples collected were filtered through a 0.22-μm glass fiber
filter before VPs analysis. The soil columns were cut into 4-cm
fractions after freezing for extraction and analysis.

Wastewater and soil samples extraction

The four VPs in wastewater sample were extracted from
500-mL water samples (pH=5.5) by solid-phase extraction
(SPE) using Oasis HLB cartridges (3 mL, 60 mg). Before the
sample loading, the solid-phase adsorbents were sequentially
pre-conditioned with 3×2 mL methanol and 3×2 mL deion-
ized water (pH=5.5). After the sample loading, the adsorbents
were washed with 10 mL deionized water (pH=5.5) and then
dried for about 30 min. The VPs were eluted with 6 mL
methanol. The eluent was evaporated to near dryness under
a gentle nitrogen stream, and finally 1 mL of 0.4 % acetic
acid/water (v/v) was added for VPs analysis.

Table 1 Chemical and physical properties of the selected VPs

a Thiele-Bruhn et al. (2004)
b Data from SRC’s Interactive PhysProp Database
c Ishihama et al. (2002)

Table 2 Major properties of agricultural soil samples

Sample depth 0–20 cm 20–80 cm 80–100 cm Determination method

Sand (%) 81.2 69.8 33.6 Hydrometer analysis
Silt (%) 17.0 28.6 63.1

Clay (%) 1.8 1.6 3.3

Texture Loamy sand Sandy loam Silty loam

Moisture content (%) 53.7 52.6 41.4 105 °C for 24 h

Volume weight (g cm−3) 1.12 1.28 1.40 100 mL cutting ring

Specific gravity (g cm−3) 2.53 2.62 2.67 Pycnometer method

Porosity (%) 55.7 51.1 47.7 –

pH 7.04 7.09 7.04 In CaCl2
Organic matter (%) 2.54 2.32 1.81 Photometric method

Organic carbon (%) 1.48 1.39 1.01 400 °C for 8 h

Specific surface area (m2 g−1) 19.2 17.9 9.01 BET analysis

Cation exchange capacity (cmol kg−1) 125.0 140.6 120.5 NH4OAc procedure

Environ Sci Pollut Res (2014) 21:5827–5835 5829



The residual VPs in soil samples were extracted by ultra-
sonic solvent extraction and then SPE using Oasis HLB
cartridges (3 mL, 60 mg) with the same extraction proce-
dure for wastewater samples. Briefly, 5 g crushed soil
was extracted with 10 mL of pH 4.0 methanol/water
mixture (v/v = 1:1) by shaking and ultrasonication for
30 min. The slurries were centrifuged at 4,000 rpm for
10 min (16,000×g). The above procedure was repeated
twice and the supernatants were combined and evapo-
rated to about 10 mL. Then the extracts were diluted
with deionized water to a volume of 100 mL for SPE.

Quantitative determination of VPs

The four VPs were determined by a Hitachi L-2000 (Hitachi
Ltd, Kokubunji, Tokyo, Japan) HPLC equipped with a UV
detector. The detection wavelength was 268 nm and the oven
temperature was set at 33 °C. The LC column was Shimadzu
Shim-pack VP-ODS C18 (250 mm×4.6 mm, 5 μm). Analyses
were performed at a flow rate of 1 mL min−1, with a sample
injection volume of 100 μL. The mobile phases used were pure
acetonitrile and 0.4 % acetic acid. The elution started with 4 %
acetonitrile and then with a linear gradient from 4 to 30 %
acetonitrile over the course of 5 min and to 35 % over the next
4 min. Then the gradient program linearly increased to 45 %
acetonitrile in 2min and finally returned to the initial conditions
within 2 min. Before the next injection, the system was allowed
to equilibrate for 7 min. The limits of detection were 50 μg L−1

for TMP and 10 μg L−1 for other VPs.
The precision of the analytical method was validated by

observing the short-term and long-term relative standard

deviation (RSD) under identical conditions. The RSD for
intra- and inter-day precision were 1.4–6.3 % and 2.2–
4.6 %. For each batch of six samples, a procedural
blank, a spiked blank, a matrix spiking sample, and a
matrix spiking duplicate were processed. No quantifiable
analytes were detected in the blank samples. The recov-
eries of VPs were 97.7±3.2 % for water samples and
84.5±5.3 % for soil samples.

Data analyses

The sorption–desorption data of VPs were fitted by linear
(Henry) sorption model and the Freundlich sorption model.

Linear (Henry) sorption model:

Kd ¼ Cs=Ce: ð1Þ

Where Cs (mg kg−1) is the concentration of VPs sorbed in
soil andCe (mg L−1) is the equilibrium concentration of VPs in
solution. Kd (L kg−1) is the linear distribution coefficient.

Freundlich sorption model:

Cs ¼ K f � Cw
1=n ð2Þ

Where Kd (mg1−1/n L1/n kg−1) is the Freundlich sorption
coefficient. The value of 1/n in the Freundlich model is close
to 1, indicating linear adsorption mechanism.

The Freundlich sorption coefficient Kf was calculated by
Eq. (3).

LogCs ¼ LogK f þ 1=n LogCw ð3Þ

The organic carbon-normalized sorption coefficient
(Koc, L kg−1) was calculated according to Eq. (4).

Koc ¼ Kd= f oc ð4Þ

Where foc is the weight fraction of soil organic carbon.

Results and discussion

Sorption–desorption experiments

The concentrations of VPs sorbed in the soil (Cs) increased
with increasing equilibrium concentration in the solution
(Fig. 1), indicating no obvious natural decomposition under
the experimental conditions. The VPs absorbed to the soil (Cs)
increased with the increase of their concentration in

Table 3 Physical/chemical properties of WWTP effluent

WWTP effluent

pH 7.5

Oxidation reduction potential (mV) −42.2
Electrical conductivity (μS cm−1) 895

TOC (mg L−1) 12.6

TMP (ng L−1) nda

SPD (ng L−1) nd

SMT (ng L−1) nd

SDM (ng L−1) nd

PO4
3− (mg L−1)b 0.15

Cl− (mg L−1)b 328

Na+ (mg L−1)c 151

K+ (mg L−1)c 83

Ca2+ (mg L−1)c 96

Mg2+ (mg L−1)c 24

a Not detected
bAnalyzed by ICS-3000
cAnalyzed by ICP-OES
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equilibrium solution (Cw) (Fig. 1). In the sorption experi-
ments, the Cw of sulfonamide ranged from 0.08 to 9.85 mg
L−1, and Cs ranged from 0.05 to 3.30 mg kg−1 in the tested
soils. Cw and Cs of TMP were in the range of 0.03–2.68 mg
L−1 and 0.16–19.75 mg kg−1, respectively. Other studies of
sulfonamides in soils have shown that the linear (Henry) and
the Freundlich adsorption isotherms were fitted better to the
sorption data than the Langmuir isotherm (Boxall et al. 2002;
Thiele-Bruhn 2003; Thiele-Bruhn et al. 2004), thus linear
distribution coefficient (Kd) and Freundlich coefficient (Kf)
are presented in Table 4. The values of 1/n were close to 1.0
for most of the soil samples, indicating that the linear relation-
ship was slightly better than the nonlinear model in describing
the sorption of VPs in soil at low concentrations. Three
sulfonamides were found to be more weakly adsorbed onto
all soil samples than TMP, which indicates a higher mobility
of sulfonamides. The Kd values ranged from 0.03 to 0.47 for
sulfonamides and from 6.73 to 9.21 for TMP. Compared with
our data, other studies (Boxall et al. 2002; Díaz-Cruz et al.
2003; Thiele-Bruhn et al. 2004; Tolls 2001) reported higher
sulfonamide Kd values ranging from 0.62 to 10. In addition,
Gao and Pedersen (2005) found different sulfonamide Kd

values up to 22.2 in clay minerals. Generally, adsorption of
compounds to soil is divided into physical and chemical.
These absorption processes are attributable to intermo-
lecular forces (e.g., Van der Waals force, dispersion
force, and hydrogen bonging) and the formation of

chelate or complex (Durán-Álvarez et al. 2012). TMP
exhibited significantly stronger sorption capacity (one-
way ANOVA, p<0.01) than sulfonamides due to their
different molecular structures (Table 1).

To compare the results obtained from different soil layers,
Koc was calculated by using the percent organic carbon
(Table 2) and Kd (Table 4). All compounds showed higher
Koc, but lower Kd in the soil at 80–100 cm depth than those at
other depths. The lower sorption affinity of compounds to the
80–100 cm soil may be due to its lower organic matter content
relative to the upper-layer soil (Table 2). Chiou et al. (1983)
proposed that hydrophobic organic substances were first
adsorbed to soil organic matter (SOM). SOM consequently
has a positive impact on sorption affinity of compounds.
Another research (Chefetz et al. 2000) reported that the nature
of SOM in the deeper soil layers is hydrophobic due to its
relatively abundant aromatic and alkyl moieties. Thus, there
may be a competitive sorption on VPs between hydrophilic
organic substances and hydrophobic SOM. As a result, VPs
exhibit stronger sorption capacity to SOM originated from the
upper-layer soil.

Kd values obtained from the test with WWTP effluent were
slightly lower than those with 0.01 M CaCl2 solution, indicat-
ing that the tested compounds were adsorbed less onto soils in
WWTP effluent. This may be due to presence of dissolved
organic matter (DOM, 12.6 mg L−1) inWWTP effluent. Some
previous studies (Kan and Tomson 1990; Seol and Lee 2000;

Fig. 1 Sorption–desorption isotherms of VPs for 0–20 cm, 20–80 cm, and 80–100 cm soil samples in 0.01 M CaCl2 solution and WWTP effluent
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Thiele-Bruhn 2003; Totsche and Kögel-Knabner 2004) re-
ported that the DOM in WWTP effluent can affect sorption

behavior of organic substances to soils because of competitive
sorption or through the formation of complexes between VPs
and DOM.

Since the sorption capacity of sulfonamides in the
tested soils was less than 30 %, only studies of TMP
desorption were carried out. Desorption isotherms of TMP
in three soils in two solutions are presented in Fig. 1. The
values of linear desorption distribution coefficient (Kdes)
ranged from 12.5 to 15.0, and the desorption efficiency
ranged from 8.0 to 12.4 %. According to the Kdes values
of the different soil layers in the tested liquid, the
adsorbed TMP on soils was more likely to be released
from the 20–80 cm soil in WWTP effluent (Kdes=12.7)
and the 80–100 cm soil samples in 0.01 M CaCl2 solution
(Kdes=12.49), but less easily released from the 80–100 cm
soil in WWTP effluent (Kdes=14.56) and the 20–80 cm
soil samples in 0.01 M CaCl2 solution (Kdes=15.01).
Based on the tested VPs sorption–desorption studies,
the sorption tendency of VPs in soils can be predicted.
Generally, VPs can be strongly adsorbed to soils, indi-
cating a high stability and a low mobility in the soil

Table 4 Sorption parameters of VPs on different sorption models for three soils

Samples Kd (L kg−1) R2 Koc (L kg−1) Kf (L kg−1) 1/n R2 Kdes (L kg−1) R2

Solution: 0.01 M CaCl2
0–20 cm TMP 9.21±0.3 0.99 622 10.24±0.1 1.06±0.2 0.92 13.67±0.3 0.99

SPD 0.35±0.02 0.99 24 0.44±0.08 1.01±0.1 0.94

SMT 0.16±0.01 0.97 11 0.23±0.09 0.98±0.1 0.92

SDM 0.16±0.007 0.99 11 0.22±0.03 0.90±0.03 0.99

20–80 cm TMP 8.61±0.3 0.99 619 9.60±0.08 1.08±0.09 0.96 12.7±0.1 0.99

SPD 0.32±0.04 0.92 23 0.41±0.2 1.15±0.3 0.81

SMT 0.09±0.01 0.93 6 0.15±0.01 0.96±0.2 0.88

SDM 0.09±0.01 0.91 9 0.23±0.05 0.75±0.07 0.96

80–100 cm TMP 7.06±0.9 0.94 699 9.46±0.1 1.05±0.1 0.94 14.56±0.4 0.99

SPD 0.47±0.03 0.97 47 0.44±0.2 1.31±0.3 0.81

SMT 0.17±0.02 0.92 17 0.21±0.2 1.19±0.3 0.81

SDM 0.19±0.03 0.90 19 0.20±0.2 1.29±0.3 0.81

Solution: WWTP effluent

0–20 cm TMP 8.63±0.2 0.99 583 10.02±0.2 1.00±0.2 0.90 13.98±0.1 0.99

SPD 0.26±0.02 0.98 18 0.45±0.04 0.82±0.05 0.98

SMT 0.03±0.006 0.87 2 0.08±0.09 0.78±0.1 0.91

SDM 0.14±0.02 0.89 9 0.10±0.07 1.20±0.1 0.97

20–80 cm TMP 7.83±0.4 0.99 563 9.73±0.1 0.97±0.1 0.93 15.01±0.2 0.99

SPD 0.32±0.02 0.97 23 0.61±0.6 0.81±0.09 0.95

SMT 0.03±0.01 0.59 2 0.13±0.2 0.75±0.2 0.70

SDM 0.07±0.02 0.61 5 0.24±0.2 0.47±0.2 0.48

80–100 cm TMP 6.73±0.7 0.95 667 9.28±0.1 0.97±0.2 0.90 12.49±1.1 0.94

SPD 0.37±0.05 0.92 37 0.53±0.2 1.08±0.2 0.83

SMT 0.07±0.003 0.99 7 0.09±0.04 0.94±0.06 0.98

SDM 0.08±0.01 0.89 8 0.22±0.04 0.90±0.04 0.99

Fig. 2 Dependence of the sorption coefficient Kd on the pH in 0–20 cm
soil samples
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environment. Therefore, there is a lower risk of these
compounds to move to groundwater.

Effect of pH on sorption

Since the pKa values of the selected VPs are often within the soil
pH range, the VPs may deprotonate at high pH and protonate at
low pH. The sorption affinity of these compounds is strongly
affected by the pH of aqueous solution. The Kd of the VPs were
determined under different pH conditions using soil from the 0–
20 cm layer (Fig. 2). The Kd values of TMP increased with
decreasing pH, similar to the result reported by Bekçi et al.
(2006). Based on its pKa, TMP was in the organic cation form
in acidic system (low pH) and neutral form in the neutral or basic

system (pH≥7). The highest sorption affinity of TMP was ob-
tained in the range of pH 4 to 6. The dominant neutral form had
little attraction for the electronegative soil surface above pH 6.
Additionally, Bekçi et al. (2006) reported that protonated TMP
has a competitive sorption with the hydrogen ions below pH 4.

Based on the Kd values of three sulfonamides against pH,
SPD exhibited stronger sorption at pH between 4 and 8, and
subsequently decreased at pH greater than 8. The highest Kd

values of SMT and SDM were 0.27 and 0.48 at pH 6, respec-
tively. Gao and Pedersen (2005) reported that sulfonamides
have two ionizable functional groups (the anilinic amine and
the amide moieties) with the change of soil pH. At pH value
near the pKa of three sulfonamides (Table 1), the sulfonamides
show more sorption to soil. This result was similar to other

Fig. 3 Breakthrough cures of VPs with 0.01 M CaCl2 (top) and WWTP effluent (bottom)

Table 5 VPs residues extracted from soil fractions of 0–20 cm soil columns with 0.01 M CaCl2 and WWTP effluent

Soil fraction (cm) 0.01 M CaCl2 (μg) WWTP effluent (μg)

TMP SPD SMT SDM TMP SPD SMT SDM

0–4 11.2 30.1 6.7 9.3 8.7 20.4 4.9 7.3

4–8 19.1 2.4 nd 1.5 15.5 2.3 nd 1.1

8–12 32.8 0.9 nd nd 26.8 nd nd nd

12–16 20.3 nd nd nd 25.3 nd nd nd

16–20 7.7 nd nd nd 10.2 nd nd nd

Total 91.1 33.4 6.7 10.8 86.5 22.7 4.9 8.4

nd not detected
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studies reported by Boxall et al. (2002) and Ter Laak et al.
(2006). Because sulfonamides exist mostly as anions at high
pH, sorption affinity is negatively impacted by the electrostat-
ic repulsion between the negatively charged minerals and
anionic sulfonamides, while cationic sulfonamides at low pH
have an attraction to the negatively charged minerals surface
through the electrostatic interactions (Gao and Pedersen 2005;
Warisara et al. 2009).

Column experiments

Laboratory leaching experiments were performed to investigate
the transport behavior of VPs in the soil samples using both
0.01 M CaCl2 solution and WWTP effluent. The soil columns
were leached for about 4 days. Breakthrough curves of the
compounds with 0.01 M CaCl2 solution and WWTP effluent
in three columns are presented in Fig. 3. The results showed that
the VPs were not detected or the VPs concentrations were very
low in the early leaching, and then the VPs concentration grad-
ually increased with an increase of pore volumes. At pore
volumes of about 1–4, the concentrations of VPs reached a
maximum and then gradually decreased. Almost no VPs were
detected in leachate at about 12 pore volumes.

Obvious difference in the migration among veterinary
drugs was observed in the same soil column. As shown in
Fig. 3, the maximumTMP concentration of 0.12mg L−1 in the
leachate was significantly lower than that of the other three
pharmaceuticals with SPD, SMT, and SDM of 0.47 mg L−1,
0.81 mg L−1, and 0.84 mg L−1, respectively (p<0.05). The
order of four VPs according to their leaching quantity was
SMT>SDM>SPD>TMP. Leaching rates of the three sulfon-
amides (64–98 %) were different from those of TMP (4.2–
10.4 %). Due to low sorption, sulfonamides were highly
mobile in the soil columns, suggesting that they might be
leached to groundwater. However, most of TMPwas adsorbed
and intercepted by soil. VPs residues extracted from soil
fractions of 0–20 cm soil columns with 0.01 M CaCl2 and
WWTP effluent are shown in Table 5. As shown in Table 5,
TMP can be detected in almost all soil fractions and its
maximal amounts were up to 26.8–32.8 μg in 8–12 cm soil
fractions, while the sulfonamides were not found below the
depth of 12 cm. The total residues for four VPs were in the
order of TMP>SPD>SDM>SMT, which were in accordance
with their sorption behavior.

The breakthrough curves obtained for the compounds were
significantly different among three soil columns (one-way
ANOVA, p<0.05). Mobility of sulfonamides was the highest
in the soil layer of 80–100 cm with leaching efficiency of 68–
98 % of the total amount applied, while 10–37 % of the
applied sulfonamides were retained in the soil layer of 20–
80 cm. Previous studies reported that SOM content plays an
important role in mobility for soils, but the results of mobility
in various soils at different soil layers were not similar to their

sorption capacities which mainly depend on SOM (Migliore
et al. 1995). Soil porosity and other properties may also impact
on VPs mobility. Further studies are needed to determine
factors affecting VPs mobility in soil. In three soil columns,
the transport behavior of TMP was different from the tested
sulfonamides, which may result from different leaching
speeds. Compared with the soil layers of 80–100 cm and 0–
20 cm, TMP exhibited the highest mobility (10 %) in the soil
layer of 20–80 cm, which could lead more TMP to migrate
into groundwater.

The amount of VPs eluted from the soil layer of 0–20 cm in
WWTP effluent was slightly higher than in 0.01 M CaCl2
solution (Fig. 3). The result is mainly attributed to lower
sorption capacity in the presence of WWTP effluent. DOM
from WWTP effluent may be competitively sorbed or the
form of complexes between VPs and DOM. VPs residues
extracted from the different soil layers presented in
Table 5 also exhibited the enhanced transport with
WWTP effluent. However, transport behavior of VPs
seems to be more complicated due to varied natural con-
ditions, hydraulic conditions (saturated and unsaturated),
etc. in a natural subsurface environment. Therefore, more
research on other factors affecting VPs transport is needed
to comprehensively assess the fate of these compounds in
the soil environment.

Conclusions

The results of this study showed that sorption–desorption and
transport behaviors of VPs were closely related to properties
of the compound, soil properties, pH, and type of aqueous
solution. The order of both sorption and retention capacities of
four VPs in soil layers of an agricultural soil was TMP>
SPD>SDM>SMT. TMP was sorbed by soils more efficiently
and was less mobile than the studied sulfonamides.
Meanwhile, their migration in different soil layers may be also
influenced by soil porosity and other properties, resulting in
relatively complex migration behavior. Dissolved organic
matter present in WWTP effluent reduced the extent of VPs
sorption in soils and enhanced their leaching through soil
columns. The solution pH is also an important factor in the
sorption of VPs. Based on the results of soil column experi-
ments, VPs can pose a risk of groundwater pollution via
manure application to the land. However, groundwater pollu-
tion for the VPs is the result of the combined effect of many
processes in the actual environment. Thus, to comprehensive-
ly assess the environmental impact of VPs contained in ma-
nures on agricultural soils, further research is needed on the
degradation behavior and persistence of VPs, including the
effect of relevant meteorological factors (such as temperature
and rainfall).
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