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• Soil and sediment POMs show distinct
properties in component and organic
moieties.

• Specific surface area and CEC of the POM
have high contributions toOTC sorption.

• Carboxyl group and aliphatic carbon
content are correlated with OTC sorp-
tion.

• The Ca2+ cation showing significant in-
hibition of the OTC sorption in all POMs
⁎ Correspondence to: H. Zhang, Zhejiang A & F Univers
⁎⁎ Correspondence to: Y. Luo, Institute of Soil Science, C

E-mail addresses: hbzhang@zafu.edu.cn (H. Zhang), ym

https://doi.org/10.1016/j.scitotenv.2020.136628
0048-9697/© 2020 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 28 October 2019
Received in revised form 24 December 2019
Accepted 8 January 2020
Available online 15 January 2020

Keywords:
Sorption
Oxytetracycline
Soil
Particulate organic matter
Organic functional groups
Particulate organic matter (POM) is a fraction of organic matter with dissimilar properties in different soils. POM
isolated from soils and sediments (wetland, oil waste field, farmlands and aquaculture pond sediment)was used
to study its sorption behavior on the antibiotic oxytetracycline (OTC). Impacts of solution pH, ionic strength and
temperature on the OTC sorption were studied. The sorption rates of OTC in POM from wetland (POM-w) and
farmland (POM-f1, POM-f2) were rapid during the first 3 h and gradually decreased with reaction time until
reaching the equilibrium. Linear sorption occurred from 3 to 12 h in POM from oil waste field land (POM-o)
and aquaculture pond sediment (POM-a). The organic carbon normalized partition coefficient (koc) varied
from 215.0 to 4493.6 L kg−1, and it was nearly 10× higher for the POM-w, POM-f1 and POM-f2 than in the
POM-o and POM-a. Sorption of OTC by POM exhibited strong pH dependence. Ionic factors affected OTC sorption
in POM-f1, POM-f2 and POM-a. The sorption capacity declined N50% in a solution with Ca2+ compared to other
ionswith similar ionic strength. Sorption thermodynamics showed an entropy increasing and endothermic prog-
ress during the OTC sorption in POM, implying a spontaneous sorption process. Several mechanisms were in-
volved in OTC sorption in POM, including hydrogen bonding, cation exchange, hydrophobic partitioning and
surface complexation.
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1. Introduction
The heavy use of veterinary pharmaceuticals in animal husbandry
has increased the amounts of these compounds in the environment.
About 77,000 tons of antibiotics are used in animal husbandry each
year in China, and yearly antibiotic discharges are estimated to range
from 31,000 to 46,000 tons (Zhang et al., 2015b). Metabolism rates
range from 40% to ~60% in animals (Wang andWang, 2015). Relatively
small amounts of antibiotics are absorbed during animal metabolism,
and the majority is excreted, unmetabolized, via feces and urine
(Wang andWang, 2015). Tetracyclines are themost widely used veter-
inary antibiotics in the world. They have a broad-spectrum antimicro-
bial activity against a variety of disease-producing bacteria and are
often used in therapy and in the livestock industry (Thiele-Bruhn,
2003). Due to the use of animal manure and sewage sludge as fertilizers
in agriculture, tetracyclines can occur in many soil and aquatic environ-
ments (Gothwal and Shashidhar, 2015; Kümmerer, 2009). Residues of
tetracyclines are frequently found in soil (Zhang et al., 2015a), sediment
(Liu et al., 2016), surface water (Zhang et al., 2015b), groundwater (Ma
et al., 2015), and wastewater (Rodriguez-Mozaz et al., 2015). Exposure
to low-level antibiotics and their transformation products in the envi-
ronment could be toxic to animals and causes an increase of
antibiotic-resistant genes amongmicroorganisms (Sarmah et al., 2006).

Despite their widespread use in veterinary pharmaceuticals and
ubiquitous presence in the environment, information on the environ-
mental transport and fate of tetracyclines is limited. Sorption in soils
and sediments plays an important role in the environmental behavior
and bioavailability of organic contaminants (Wang and Wang, 2015).
Tetracyclines have a high adsorption to clay materials, soils, and sedi-
ments (Bao et al., 2013; ElSayed and Prasher, 2014; Fernández-Calviño
et al., 2015). Several other studies demonstrated that soil/sediment or-
ganic matter plays a greater role in the sorption process than soil min-
eral composition (Guo et al., 2017; Qin et al., 2018; Wang et al., 2018;
Zhao et al., 2012). Experiments with humic acid demonstrated that tet-
racycline sorption in organic matter is primarily driven by cationic ex-
change/bridging and surface complexation reactions (H-bonding and
other polar interactions) between the functionalities (amino, carboxyl,
and phenol) of the tetracycline molecules (Aristilde et al., 2010;
Figueroa et al., 2004; Kulshrestha et al., 2004; Zhang et al., 2018).

Soil organicmatter is a complex, heterogeneousmaterial. In addition
to the well-known humic fractions such as humic acid, fulvic acid, and
humin, there is considerable particulate organic matter (POM) which
consists of light-density, sand complex organic debris with a relatively
rapid turnover (Guo et al., 2010). POM is more likely to be free from
binding to other soil components such as soil minerals although some
POM can be occluded within microaggregates and macroaggregates
(Six et al., 2002). POM is a key organic matter fraction that influences
soil fertility and can be used as an indicator of soil quality (Besnard
et al., 1996). POM accumulates at the soil surface and its interaction
with pollutants is important. However, few studies have evaluated the
interaction between POM and heavy metals (Guo et al., 2006;
Labanowski et al., 2007) and polycyclic aromatic hydrocarbons (PAHs)
(Guo et al., 2010; Labanowski et al., 2007). POM interactionwith hydro-
philic organic contaminants (e.g., antibiotics) remains unknown. The
sorption of antibiotics in extracted POM may differ, due to the compli-
cated structures and surface properties, from the sorption of pure
humic substances, which were used in previous experiments.

The objective of this work was to characterize and quantify
sorption of oxytetracycline (OTC), a widely used tetracycline anti-
biotic, in five POMs with contrasting properties. The POM proper-
ties were characterized by elemental analysis, Fourier transform
infrared (FT-IR) spectroscopy and solid-state 13C nuclear magnetic
resonance (NMR) to elucidate the relevant mechanisms for
sorption of OTC in POM. These results provide a better understand-
ing of POM regulation of antibiotic partitioning in soil-solution
systems.
2. Materials and methods

2.1. Materials

OTC was obtained from Dr. Ehrenstorfer GmbH, Germany (99% pu-
rity) and used as received. Water used in the study was purified by dis-
tillation. Methanol (liquid phase) was purchased fromMerck Company
(Darmstadt, Germany) with High-Performance Liquid Chromatography
(HPLC) grade. Other chemical reagents were all analytical grade and
purchased from Sinopharm Chemical Reagent Co., Ltd. (China).

Five soil or sediment samples were collected from the surface
(depth, 0–20 cm) of typical different land use zones including wetland,
oil waste land, two farmlands (wheat land and corn field) and aquicul-
ture pond sediment in the Yellow River delta, geographically spanning
(37°35′N-38°12′N; 118°33′E-119°20′E). The zones were located in
northern Shandong province, north China. The pH values of the soils
with a soil:water ratio of 1:2.5 (w/v) were 7.6, 8.5, 8.4, 8.8, and 8.5,
and the soil organic matter contents were 4.52%, 0.64%, 1.97%, 2.64%,
and 0.29% for Soil-w, Soil-o, Soil-f1, Soil-f2 and Soil-a, respectively.
These soils were sampled for POM separation to determine their differ-
ent soil organic matter contents related to their different POM origins
and degree of humification. The corresponding POMs were labeled as
POM-w, POM-o, POM-f1, POM-f2 and POM-a, respectively. Physical
fractionation of the POM was achieved using the method described by
Six et al. (1998). Briefly, the soil samples were air dried and passed
through 2000 μm, 250 μm and 53 μm nylon sieves sequentially within
the purified water to obtain soil fractions in 250–2000 μm, 53–250 μm
and b 53 μm. POM in the three soil fractions was separated separately
by density extraction using NaI (density, 1.85 g cm−3) and repeated flo-
tation panning in purified water, and finally, oven-dried at 55 °C. There
was insufficient 250–2000 μm aggregate to complete the POM separa-
tion and less POM separated from b53 μm fraction. Hence, the POM in
fraction 53–250 μm was used in the experiments. The fractions of
POM represented 0.492%, 0.282%, 0.027%, 0.034% and 0.011% of the
bulk soils (w/w) for POM-w, POM-o, POM-f1, POM-f2 and POM-a,
respectively.

2.2. Analytical methods

The total organic carbon content of the POMwas determined using a
C N Elemental Analyzer (Vario Micro, Elementar Analysensysteme
GmbH) and the method details were described by (Liu et al., 2019). In-
frared spectra were obtained using a Fourier transform infrared (FT-IR)
spectrophotometer (FT/IR-4100, JASCO Corporation, Japan) equipped
with deuterated triglycine and mercury‑cadmium-telluride detectors
(Thermo Scientific Nicolet, Madison, WI, USA), a KBr beam splitter
(Thermo Scientific Nicolet), and a sample bench dried with dry air.
The spectra were obtained by accumulation of 32 scans at a resolution
of 4 cm−1 in the range of 4000–400 cm−1.

Organic carbon functional groups of the POMs were measured using
solid state 13C nuclear magnetic resonance (NMR) spectroscopy (Varian
Infinity Plus 400 MHz, VARIAN medical systems, USA). The 0.5 g POMs
sample was treated with 10% hydrofluoric acid followed by placed in a
sample tube (7 mm diameter) to determine the soil chemical shift com-
position. The following spectrometer parameters used to acquire the 13C
spectra were used: contact time of 2.0 ms; recycle delay time of 1.0 s;
spinning speed of 10 kHz and the number of scans ranged from 5000 to
10,000 per sample. Chemical shifts were divided into alkyl-C
(0–45 ppm), O-alkyl-C (45–110 ppm), aromatic C\\H (110–140 ppm),
aromatic C\\O (140–160) and carboxyl-C (160–220 ppm) bands
(Kögel-Knabner, 1997). The area under the spectrum curve was calcu-
lated for the relative content of different functional group classes, which
was showed as the proportion of peak area to total spectrum curve area.

The special surface area was measured using a Surface Area and
Porosimetry Analyzer (NOVA3200e, Quantachrome Instruments, Flor-
ida, USA) with the Brunauer-Emmett-Teller (BET) capacity method
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(Van Erp andMartens, 2011). Cation exchange capacity (CEC)wasmea-
sured by the international standard method (Remusat et al., 2012) and
determined using an Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES). The pHpzc was obtained using pH drift test
(Ferro-Garcia et al., 1998). Elemental analysis and scanning image was
inspected by reflected light microscopy and scanning electron micros-
copy in combination with energy dispersive X-ray spectroscopy (SEM-
EDX) on the micrometer scale. The SEM-EDX analyses were conducted
with a Hitachi S-4800 with a tungsten cathode equipped with a
HORIBA EX-350 EDX.

Aqueous OTC concentration was quantified using Waters ACQUITY
Ultra Performance Liquid Chromatography (UPLC) -Class with PDA de-
tector. 1.7 μm BEH C18 column (2.1 mm × 50 mm; Waters ACQUITY
UPLC) was used for quantification of OTC in solution. Samples were
isocratic elutionswith amobile phase of 0.126% oxalic acid (80%), aceto-
nitrile (10%) andmethanol (10%) flowing at 0.3mLmin−1. The detector
wavelength was set at 355 nm, 35 °C column temperature and 2 μL of
injection volume. The instrument limit of detection was 0.1 μg L−1.

2.3. Sorption experiments

2.3.1. Isotherms and kinetics
Batch equilibrium sorption experiments were carried out using a

batch equilibration (Guideline, 2001). For each replication 0.1000 g
POM and 20 mL OTC solution were mixed in a 50 mL
polytetrafluoroethylene (PTFE) centrifuge tube, whichwas then shaken
in a thermostat shaker at 200 rpm in darkness. The background solution
was 0.01 mol L−1 sodium chloride (NaCl) in deionized water with
100 mg L−1 sodium azide (NaN3) as a biocide. Due to low aqueous sol-
ubility of the OTC, stock solutions were made in methanol before being
added to the background solution. The concentration ofmethanol in the
final solutions wasmaintained below 0.5% (v/v) tominimize co-solvent
effects. Each experiment included blanks, contrasts and three replica-
tions. The sorption kinetic study experiments were conducted at 25 °C
(298 K, pH 7.0); the initial OTC concentration was set as 150 mg L−1

for each POM with the same specification, and the time intervals were
set at 5 min, 10 min, 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 12 h, 24 h and
48 h. After the sorption process, a desorption process was carried out
and the time intervals were the same as those used in the sorption pro-
cess. The sorption isotherm experiments were carried out at 25 °C
(298 K, pH 7.0) The concentrations added ranged from 5 to
500mg L−1 (5, 10, 30, 60, 100, 150, 200 and 500mg L−1), and the equi-
librium timewas set as 24 h,whichwasmeasured in the kinetics exper-
iments. After the 24 h equilibration period, the samples were
centrifuged for 5 min at 3000 rpm. The supernatants were passed
through 0.22 μm membranes (Millex; Millipore Corp., Billerica, MA)
Table 1
Main characteristics of particulate organic matter (POM) separated from different soils.

Parameters POM (53–250 μm)

POM-w POM-o

Soil types Orthic Halosols Orthic Halosols
Land types Saltmarsh Uncultured land
Special surface area (m2 g−1) 6.41 4.09
Mesoporous surface area (m2 g−1) 3.66 2.01
Microporous surface area (m2 g−1) 0.86 0.66
CEC (cmol kg−1) 19.33 19.27
Total organic carbon (g kg−1) 172 325
Alky-C (%) 22.8 13.0
O-alky-C (%) 38.9 0
Aromatic C\\H (%) 17.1 72.2
Aromatic C\\O (%) 8.7 11.6
Carboxyl-C (%) 12.5 3.3
pHpzc 5.90 7.29
CaO(%) 5.59 10.97
Al2O3(%) 19.47 14.95

NA: data not available.
and transferred to 1.5mL amber vials (Shanghai ANPEL Scientific Instru-
ment Co. Ltd.) for UPLC analysis.

2.3.2. Environmental factors
Environmental factors, including pH, salinity and temperature were

examined. In the pH experiment, the initial pH solution values (3.0, 4.0,
6.0, 7.0, 8.0, 9.0, 10.0, 12.0) were adjusted by 0.1 mol L−1 hydrochloric
acid and 0.1 mol L−1 sodium hydroxide to ensure equal sample volume
and ion strength after adjusting the initial pH different values. Initial
concentration was set as 150 mg L−1 with 0.1 mol L−1 NaCl used as a
background solution. The ionic strength experiment was conducted
using different anionic and cationic solutions of the same initial ionic
strength. The experiment was initiated with the conductance gradient
ranging from 0.00 mS cm−1 to 7.90 mS cm−1 (0.00, 1.00, 2.70, 4.20,
5.80 and 7.90 mS cm−1) and the concentration of OTC was
150mg L−1. For the reaction temperature experiment, the sorption iso-
therm experiments were carried out at 25 °C (298 K), 30 °C (303 K),
35 °C (308 K) and OTC concentrationswere the same as in the isotherm
experiments.

2.4. Data analysis

The sorption of OTC by heterogeneous sorbents at time t, Qt

(mg kg−1), was calculated by the equation (Qt ¼
VðC0−CtÞ

m
), where

C0 and Ct are the initial and t time concentrations of the OTC (mg L−1)
in the solution, respectively. V is the volume of the solution (L), and m
is the weight of the POM samples (g). Many compact formulas, such
as the pseudo-first model (ln(Qe − Qt) = lnQe − k1t), pseudo-second

model (
1
Qt

¼ 1

k2Q
2
e

þ 1
Qe

t ) and intraparticle diffusion model (Qt =

kdifft0.5 + C) have been used for correlating kinetic data. Isotherm sorp-
tion was regressively analyzed using three different sorption models,
that is, linear model (Qe = KdCe), Langmuir model (
1
Qe

¼ 1
Qe � Qmax � Ce

þ 1
Qe

) and the Freundlich model (Qe = KfCe
n).

The organic carbon normalized sorption constant, koc, was calculated

based on the organic carbon content, foc (%), using the equation (koc=

kd
f oc

). The sorption thermodynamics parameters were calculated by the

following equations (Li et al., 2014). The standard Gibbs free energy
change (ΔG0), standard enthalpy change (ΔH0), and standard entropy
change (ΔS0) were determined from Kd. (ΔG0) = −RTlnK0, ΔG0=ΔH0

−TΔS0, and lnKd=−
ΔH0

RT
þ ΔS0

R
, where ΔH0 and ΔS0 were obtained
POM-f1 POM-f2 POM-a

Udic Cambisols Udic Cambisols Orthic Halosols
Wheat field Corn field Aquacultural sediment
7.27 9.59 4.43
3.76 5.57 2.7
1.28 0.31 0.13
19.33 19.32 19.28
189 169 210.3
11.9 17.3 15.1
37.2 37.2 7.2
28.9 22.2 64.5
10.9 9.0 6.0
11.2 14.3 7.2
7.75 7.69 NA
7.46 7.3 12.49
19.47 20.45 17.4
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from the slope and intercept of the linear plot of lnK0 against 1/T. Model
fitting and drawing were conducted by Origin 9.0 software. Principal
component analysis (PCA)was performed using SPSS 16.0 for windows.
All the detected antibiotics values were included in the analysis. The
principal components were considered if their Eigenvalues were N1.
The Varimaxwith orthogonal rotationmethodwas selected for rotation
in the PCA. The principal component scoreswere plotted to show the re-
lationship between Kd and the surface properties of the POMs.

3. Results

3.1. Characterization of POM

The characteristics of the isolated POMare presented in Table 1. Spe-
cial surface areas of POM separated fromdifferent land useswere differ-
ent and were in the following order (high to low): POM-f2, POM-
f1 N POM-w N POM-o, POM-a. Most of the special surface areas of the
POM were mesoporous surface areas and fewer than 18% were micro-
porous surface areas. The cation exchange capacities (CEC) of POM
from different land use soil/sediments were not significantly different.
The organic carbon content of farmland POM (POM-f1, POM-f2) was
similar to POM-w, and lower than POM-a and POM-o. The solid-state
13C NMR spectra of different POMs (Fig. S1 in Supplementary) demon-
strated different chemical shifts, which reflect different types of organic
carbon such as aliphatic carbon, aromatic carbon and carboxyl carbon.
Their integration results are presented in Table 1. Higher aromatic car-
bon content and lower aliphatic carbon content suggest a greater humi-
fication (Tfaily et al., 2014). The humification degrees of the POM were
in the following order: farmland POM (POM-f1, POM-f2) N POM-w.
Nevertheless, the difference of aromatic carbon and aliphatic carbon
contents for POM-a and POM-o may mainly be caused by different
types of human activities and marine organic carbon sources (Liu
et al., 2019). The calcium oxide contents of POM-o and POM-a were
higher than those of the other three POMs while their aluminum
oxide contents were the lowest. This demonstrated that POM from dif-
ferent land uses had different inorganic compositions (Zhou, 1983).

3.2. Sorption kinetics and isotherms

3.2.1. Sorption kinetics
The sorption kinetics process of OTC on different POMs is presented

in Fig. 2. The sorption rate on POM-w and farmland POM (POM-f1,
POM-f2) was rapid during the first 3 h and gradually decreased with in-
creasing contact time until equilibrium at 24 h. There was an analogous
linear sorption progress from 3 to 12 h, and then the sorption rate grad-
ually decreased until equilibrium, whichwas also at 24 h for the POM-o
and POM-a. At the beginning of the sorption progress, there were suffi-
cient sorption sites on the surface of POM samples (Zhao et al., 2012).
The initial concentration of OTC provided the necessary driving force
to overcome the resistances of mass transfer on the surface between
the OTC solution phase and the POM phase (Gu and Karthikeyan,
2008). With increasing contact time, sorption sites on the POM surface
were close to saturation that reduced the rate of sorption transfer
from the liquid surface into voids of POM. Due to the increase of the re-
sistance function, the rate of sorption gradually decreased until equilib-
rium was attained (Watling, 1988). This kinetics process indicated the
differences of sorption mechanisms among the POM from different
land use areas. Three widely used kinetic models, which were pseudo-
first-order, pseudo-second-order kinetic and intraparticle diffusion
models were used to interpret the kinetics results. The kinetic parame-
ters and the determination correlation coefficient R2 are presented in
Table 2. The R2 values obtained by the pseudo-first-order kinetic equa-
tion were higher than 0.99, and the calculated Qe values were close to,
and in good agreement with, the experimental results. This indicated
that the pseudo-first-order kinetic model fits better than the pseudo-
second-order kinetic model. The intraparticle diffusion model was also



Table 3
The isotherm parameters for OTC sorption in the POM.

POM Linear fitting Langmuir fitting Freundlich fitting

kd(L kg−1) koc(L kg−1) R2 Qmax(mg kg−1) k1 R2 kf((mg kg−1) (mg L−1)1/n) 1/n R2

POM-w 772.9 (57.0) 4493.6 0.97 96,720.2 (14,684.4) 0.019 0.99 209,349.6(46,708.00) 0.772(0.07) 0.99
POM-o 69.9 (9.7) 215.0 0.91 14,690.0 (2537.4) 0.11 0.99 96,967.5(37,481.21) 0.506(0.05) 0.98
POM-f1 673.9 (65.4) 3565.7 0.96 35,854.1 (7756.1) 0.13 0.99 110,724.9(25,042.30) 1.00(0.14) 0.94
POM-f2 666.7 (66.3) 3945.5 0.95 28,708.1 (7939.2) 0.19 0.99 110,204.5(23,566.48) 1.00(0.13) 0.95
POM-a 84.7 (26.3) 403.2 0.70 31,385.7 (12386) 0.06 0.91 45,370.04(4778.53) 0.851(0.09) 0.98

Note: standard errors are indicated in brackets.
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used to investigate the kinetic sorption and the results are presented in
Fig. S3 in Supplementary and Table 2. Fig. S3 in Supplementary showed
that the experimental data points had three linear sections, indicating
that the sorption of OTC by POM was related to three consecutive
steps. The consistent values are shown in Table 2. The R2 values of the
second line were all higher than 0.95 and the intercepts (C1 values)
were all different from zero indicating that the first line did not pass
through the origin. These data suggest that intraparticle diffusion was
not the sole rate controlling step in the first steps of sorption and that
other processes may influence the sorption rate (Liu et al., 2012).
Film-diffusion control may have also occurred in the early stage of the
OTC sorption process and the actual sorption process may contain sur-
face sorption and intraparticle diffusion before reaching the equilibrium
stage.

3.2.2. Sorption isotherms
The sorption isotherms described by the Linear equation, Langmuir

equation and Freundlich equation are presented in Fig. 3. The correla-
tion coefficients and the organic carbon normalized sorption constant
koc are shown in Table 3. The kd values of the linear sorption isotherm
ranged from 69.89 to 772.90 L kg−1 and the R2 ranged from 0.700 to
0.973 for the POM from different land types. The R2 of POM-a (0.70)
was the lowest, while the other R2 values were all higher than 0.90.
This indicated that the sorption isotherm of POM-awas not a linear pro-
cess. The kd values on POMwere less than values previously reported for
soil organic matter. For example, the kd value for tetracycline was
C
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Si
Al

C

)3(
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Fig. 1. SEM-EDX images of POM from the differnet soils, which show the comprising of organi
8400 L kg−1 on activated sludge (Kim et al., 2005), and
1140–1620 L kg−1 on peat (Sithole and Guy, 1987). This might be due
to the complex interaction effect of POM's mineral part shown in
Fig. 1. The fractionation and conformational changes in POM substances
on sorption to minerals could reduce their reactivity toward OTC since,
mineral-bound humic substances could undergo physiochemical and
conformational changes (Wang and Xing, 2005).

The Langmuirmodel suggests that uptake occurs on a homogeneous
surface by monolayer sorption and it assumes uniform energies of the
sorption onto the surface of the POM. The Freundlich equation parame-
ters (kf and 1/n) represent sorption affinity and isotherm nonlinearity,
respectively. Table 3 shows that the saturate sorption amount of OTC
on the POM varied from 14,690 to 96,720. 22 mg kg−1 and that on
POM-w was greatest (96,720.22 mg kg−1). The kl values varied from
0.019 to 0.19 and the POM-w value was the lowest (0.019). The 1/n of
POM-w was 0.772. Weber and Young (1997) suggested that the 1/n
value could be used as an index of site energy distribution. Both of the
models suggest that the POM-w sorption isotherm was affected by
more than one mechanism. The 1/n values of POM-o (1/n = 0.506)
and POM-a (1/n = 0.851) were both lower than one. The kl values
were similar and lower than the values of POM-f1 and POM-f2, suggest-
ing that the sorption isotherms of POM-a and POM-owere different. The
1/n values equaled one for POM-f1 and POM-f2, demonstrating that the
sorption processes of POM-f1 and POM-f2 were linear (Weber and
Young, 1997). Linear sorption indicated that partitioning was the dom-
inant mechanism for OTC sorption on POM-f1 and POM-f2, due to its
S
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c and inorganic components in the POM, (1) POM-w, (2) POM-f1, (3) POM-o, (4) POM-a.
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higher hydrophobicity and lager molecular volumes that resulted in
sorption mainly via solid-phase dissolution (Gu et al., 2007).

The organic carbon normalized sorption capacity (koc) can be an in-
dicator of POM sorption affinity for OTC. In the present study, the koc
value increased with increasing hydrophobicity of the sorbates, which
was consistent with previous results (Labanowski et al., 2007). For a
given sorbate, the koc values of POM-wand POM-f1, POM-f2were nearly
10× higher than the values of POM-o and POM-a. This observation to-
gether with the lower values of 1/n indicated that POM-o and POM-a
less powerful partition medium was probably due to their lowest ali-
phatic carbon level and highest aromatic carbon level. Suan and
Dmitrenko (1994) reported that koc values were positively correlated
with the level of aliphatic carbon and not correlatedwith the level of ar-
omatic carbon. The similar koc values for POM-w and POM-f are mainly
due to their similar composition and configuration (Wang and Xing,
2005).
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3.3. Effect of environmental factors

3.3.1. Effect of pH
OTC is an amphoteric molecule with multiple groups, such as phe-

nol, amino, and alcohol, that are charged and/or capable of electronic
coupling (Chang et al., 2009; Pils and Laird, 2007; Sassman and Lee,
2005). Solution pH values play an important role in OTC exhibiting dif-
ferent ionic forms. Generally, OTC has four different species at various
pH values, such as a positive form, a neutral form, one negative valence
and two negative valences (Sassman and Lee, 2005). These are shown in
Fig. 4(2). The net negative charge ion (+–) is present at pH ≈ 5.5. At
pH 7.0, OTC has about 67% neutral zwitterions (ionization is +-0) and
33% zwitterions with a net negative charge (ionization is +–). The
two negative valences are present up to pH N 7. At pH 9.0, there is
about 29% one negative valence and 71% two negative valences
(Sassman and Lee, 2005). The pH effect was investigated by adjusting
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Fig. 4. Effect of solution pHon the oxytetracycline sorption in the different POMs(1), the OTC speciations and the surface charge of the POMs under the different pH condition (2) (Kd is the
partition coefficient of OTC between the POM and solution which was calculated using linear model for isotherm sorption).
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the pH of initiating sorption solution from 3 to 12. Sorption of OTC to
POM exhibited a strong pH dependence and the sorption isotherms of
OTC on POM in different pH values are shown in Fig. 4(1). The OTC sorp-
tion process of different original POM showed different variation ten-
dencies according the range of pH variation. At a pH b pka1, the
carboxylic groups of POMs are protonated, andOTC is dominated by cat-
ions. Higher log(kd) of POM-w and POM-f2 than the other two POMs is
mainly caused by carboxylic groups in the organic matter, probably
0 1 2 3 4 5 6 7 8
2.6

2.7

2.8

2.9

3.0

3.1

3.2

3.3

0 1 2 3 4 5 6 7 8

2.4

2.6

2.8

3.0

3.2

3.4

0 1 2 3 4 5 6 7 8

1.8

2.0

2.2

2.4

2.6

2.8

3.0

3.2

Lo
g(
K
d)
/L

 k
g-1

Ion strength /mS cm-1

POM-w

POM-f1

Lo
g(
K d
)/L

 k
g-1

Lo
g(
K d
)/L

 k
g-1

POM-a

Fig. 5. Effect of ions types and their ionic strength on the oxytetracycline sorption in the differe
coefficient of OTC between the POM and solution which was calculated using linear model for
through a cation exchange mechanism (Gu and Karthikeyan, 2008).
With pH in the range of 4–6, OTC is dominated by zwitterions and sorp-
tion of OTC on the POM is mainly through H-bonding interactions for
POM-w and POM-f1, POM-f2. Sorption of OTC in POM-f1, POM-f2 was
caused by hydrophobic effects. When pH N pka2, electrostatic repulsion
dominated the sorption between OTC and all the POMs since both the
sorbate (OTC) and the sorbent (POMs, pHZPCwere higher than pka2) be-
come progressively negatively charged with increasing pH (Gu and
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Table 4
Thermodynamic parameters for OTC sorption in the POM.

POM Δ G0(kJ mol−1) H0(kJ mol−1) Δ S0(kJ mol−1) R2

298 K 303 K 308 K

POM-w −14.55 −14.87 −15.51 13.81 0.095 0.700
POM-o −8.60 −9.60 −10.23 40.09 0.16 0.948
POM-f1 −14.22 −14.75 −15.06 10.97 0.085 0.756
POM-f2 −14.19 −14.69 −15.13 13.89 0.094 0.984
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Karthikeyan, 2008). When pH ranged from 4 to 12, log(kd) values of
POM-o decreased and this was mainly caused by electrostatic
interaction.

3.3.2. Effect of ionic strength
Coexisting ions play an important role during OTC sorption in POM.

Sorption of OTC in POM is mainly affected through ionic strength and
ionic types. The log(kd) values of OTC sorption in POM with different
ionic strength are shown in Fig. 5. A strong dependence occurred for
OTC sorption to POM-f1, POM-f2 and POM-a, but the sorption extent de-
creased by N50%with Ca2+ in the background electrolyte concentration
than with other ions at the same ionic strength. Cation exchange was
proposed as the dominant sorption mechanism for OTC interaction
with POM (Gu et al., 2007). SO4

2− slightly inhibited OTC sorption in
POM-w mainly controlled by the cation sorption surface and competi-
tion by H-bonding. SPB had less inhibition in POM-w, POM-a and
POM-o. Solution pHPSB equals to 7,whichmainly controlled the sorption
process.

3.3.3. Effect of reaction temperature
OTC sorption capacity increased with increasing temperature, indi-

cating that the sorption process was endothermic (Table 4). The nega-
tive values of ΔG0 suggested the feasibility of the sorption process and
the positive values of ΔH0 and ΔS0 showed that the sorption process
was endothermic in nature and had an increase in randomness at the
solid/liquid interface during the sorption process, respectively.

4. Discussion

The results demonstrated that physical adsorption occurred be-
tween OTC and the surface of the POM samples (Watling, 1988). The
maximum OTC absorption capacity of POM from both wetland and
farmland is consistent with the larger special surface area of these
POMs compared to the other POMs. The slow penetration of OTC by dif-
fusion onto the microporous surface of the interlayers of POM after an
initially rapid adsorption onto the external surface and themesoporous
surface has been observed previously (Chang et al., 2009). In this study,
the OTC sorption dynamics in the POM-a and POM-o showed an analo-
gous linear sorption process due to the relatively small special surface
area, especially the small external surface area andmesoporous surface.
OTC sorption in POM-o and POM-a was relatively low (Table 2). Due to
the micropore-filling effect (Kögel-Knabner et al., 2008; Mayer, 1994),
the large-sized OTCmolecule has a low sorption efficiency in themicro-
pores of POM at low solute concentrations because the high-energy
small pores are preferentially occupied by small-sized sorbates. Previ-
ous studies showed that the reduced adsorption of large-sized tetracy-
cline molecules on black carbon is probably due to the size-exclusion
effect (Remusat et al., 2012). The size-exclusion effect was proposed
earlier as themechanism for the impeded adsorption of bulky adsorbate
(OTC) molecules on highly microporous carbonaceous adsorbents. This
indicated that the main sorption sites of OTC were the inter pores
existing in organic matter formation or mineral construction on the
analogous sorption process (Aristilde et al., 2010).

In addition to the physical conformation and accessibility, the chem-
ical composition of POM also influences OTC sorption characteristics
(Smernik and Kookana, 2015). The PCA results indicated that several
surface properties (e.g. carbon functional groups, CEC, SSA) may affect
the sorption affinity between OTC and POMs (Fig. 6). POM exists in
the form of mineral-organic complexes. The organic matter of POM is
themain active component that effects the sorption of OTC. The organic
part is derived from the decomposition of plant, animal, microbial bio-
molecules and constitutes a major sorbent phase for organic contami-
nants (Ling et al., 2016). The results of FR-IT (Fig. S2 in
Supplementary) and 13C NMR (Fig. S1 in Supplementary and Table 1),
show that organic matter contains large numbers of functional groups
of carboxyl carbon, aliphatic carbon and aromatic carbon. All of these
different carbon types have different capacities for bonding to charged
OTC ions (Six et al., 1999). However, the high sorption affinity of OTC re-
sults from its strong complexation ability due to its polar functional
groups (phenol, alcohol, amine, and ketone) (Fig. 6). This process in-
volved organic functional group substitutions between POM and OTC
or the interaction of sorption of mineral interlayers (Feng et al., 2013;
Kulshrestha et al., 2004; Oehler et al., 2010; Vogel et al., 2014). Previous
research verified that dissolved organic matter (DOM) in soil signifi-
cantly affects the sorption and mobility of organic chemicals
(Kulshrestha et al., 2004; Sutton and Sposito, 2005). In this study, koc
values of POM from wetland and farmland were significantly greater
than other two POM (Table 3), and koc values exhibited significant pos-
itive correlations with the relative content of POM aliphatic carbon
(R2 = 0.973) and negative correlations with relative content of POM
aromaticity (R2 = 0.993). These results were consistent with results of
other studies (Suan and Dmitrenko, 1994). This indicated that POM-w
and POM-f1, f2, had strong sorption capacity, mainly due to their high
relative content of aliphatic carbon.

The sorption mechanism differences between POM-w and POM-f1,
f2 are due to the relative O-alkyl carbon content. Many other studies
have reported that koc values of hydrophobic organic contaminant
were negative with the O-alkyl carbon relative content (Mitchell and
Simpson, 2012; Smernik and Kookana, 2015). Regarding the pH effect
on sorption processes, the log(kd) of POM-w and POM-f1, f2 was nearly
constant from pH 6 to 10 indicating that the lipophilic interactions of al-
iphatic carbon were the main influencing factors. The log(kd) of POM-a
decreased as pH increased from pH 4, indicating that lipophilic interac-
tion was the main sorption mechanism (Pils and Laird, 2007; Sassman
and Lee, 2005; Xu and Li, 2010). Both POM-a and POM-o have high ar-
omatic carbon relative content, but the maximum adsorbing capacity
of POM-a was much higher than POM-o. This was due to the high rela-
tive calcium oxide and aluminum oxide content of POM from the
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aquaculture pond sediment (Tolls, 2001). In this situation, exchange-
able base cations can enhance OTC sorption by interaction of the hy-
droxylate group or dihydroxy moiety with surface-associated cations
(Le Bris, 1996; Loke et al., 2002). This OTC sorption process was com-
peted by solution ions (Fig. 5). This result was not consistentwith a pre-
viously described mechanism of soil ionic binding of OTC to divalent
metal cations, such as Ca2+ (Loke et al., 2002). Themaximum adsorbing
capacity of POM-w was nearly 3× that of POM-f1, f2 and the high rela-
tive content of carboxylwas another influencing factor. A previous DOM
study verified that TCs sorption on DOMwas attributable to ionic inter-
actions and hydrogen bonding via many kinds of reactive functional
groups such as carboxyl, hydroxyl and carbonyl (Sedghi et al., 2015).

5. Conclusions

The sorption of OTC to different POMs had variable characteristics
due to the various properties of the POMs. POMswith a high special sur-
face area and CEC content showed a higher sorption capacity for OTC
owing to the abundant surface sorption sites and ion exchangeable
sites. Aliphatic carbon and aromatic carbon on the POM surface had a
different effect on OTC sorption. The POM had a high affinity for OTC
when it contained a high proportion of aliphatic carbon but a low sorp-
tion capacity when it contained a high proportion of aromatic carbon.
The carbonyl group on the POM surface enhanced OTC sorption by for-
mation of a hydroxylated group with surface-associated cations. Sorp-
tion of OTC by POM was a spontaneously endothermic reaction with
entropy increasing in nature. Sorption of OTC in the POM appears to
be regulated by several mechanisms, including cation exchange, hydro-
gen bonding and surface complexation.
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