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Abstract

Sedimentary soil was selected as the original sample (SOS). The adsorption fractions were obtained by the removal of dissolved
organic matter (SRDOM), removal of minerals (SRM), removal of free fat (SRLF), and removal of nonhydrolyzable organic
carbon (SNHC) respectively to investigate the adsorption characteristic of oxytetracycline (OTC) by different fractions of organic
matter in sedimentary soil. The adsorption mechanism was investigated by elemental analysis, infrared spectra, and UV-visible
spectroscopy. The results showed that the DOM in the sedimentary soil inhibited the adsorption of OTC, but the adsorption of
different fractions of organic matter was quite different. The sorption kinetics of OTC were fitted to the pseudo-second-order
model and the adsorption capacity of each fraction was: SNHC~SRDOM > SOS > SRLF> SRM. The adsorption processes of
OTC by different fractions were spontaneous. Alkaline pH condition had an effect on the adsorption of four fractions except for
SNHC, while neutral and acidic pH affects SOS and SRDOM more obviously, the SNHC fraction was almost free from pH
varies. Mechanism analysis showed that the main factors determining the adsorption capacity were the aromaticity and polarity of
organic matter fractions. For the organic matter—based fractions (SRM, SRLF, and SNHC), the adsorption coefficient was
positively correlated with the aromaticity. Furthermore, for SOS and SRDOM based on inorganic minerals, it was not only
related to aromaticity, but also the content and composition of inorganic minerals.
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Introduction ingested by the human or animal body, they cannot be
completely absorbed. Up to 80—90% of the antibiotics are
excreted with urine or feces, and then enter the environ-

ment (Kiimmerer 2009). Due to the continued use of

At present, the abuse of antibiotics has become a global
problem (Briones et al. 2016). After antibiotics are
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antibiotics, antibiotics remain in the environment for a long
time, seriously endangering the environment and human
health. Thus, it is of great significance to study the migra-
tion characteristics of antibiotics in the environment for a
better understanding of the ultimate fate of antibiotics.

It is known that adsorption/desorption is an important
process affecting the migration and transformation of an-
tibiotics in the soil and sediments. A number of studies
have shown that the physicochemical properties and
components of soils and sediments can influence the ad-
sorption behavior of antibiotics (ter Laak et al. 20006),
such as soil and sediment composition (Sun and Zhang
2011), surface structure (Bao 2013; Okaikue-Woodi et al.
2018), charge characteristics (Jones et al. 2005; Leal
et al. 2013; Tolls 2001), organic matter content (Zhao
et al. 2011), etc. Related research showed that the organ-
ic matter in the soil played a key role in the adsorption
of antibiotics (Figueroa et al. 2004; Figueroa and
Mackay 2005; Mackay and Canterbury 2005; Wang
et al. 2018b). Because the surface had a large number
of functional groups, they would exhibit a certain polar-
ity, causing the soil to carry a large amount of negative
charge (Bao et al. 2009). Special functional groups such
as -NH(CH3),, -OH, and -CONH in antibiotics can be
adsorbed to the surface of the soil by electrostatic inter-
action (Zhao et al. 2012), hydrogen bond (Kolz et al.
2005), synergistic interaction, and complexation mecha-
nism (Gu et al. 2007). Therefore, it is necessary to study
the behavior and mechanism of adsorption of antibiotics
on the organic matter in the soil.

Related studies have shown that (Zhang et al. 2008) the
content of organic matter was one of the decisive factors af-
fecting the ability of the soil to adsorb antibiotics. Ren et al.
(2008) showed that increasing the soil organic matter content
can enhance the adsorption of PAHs in the soil. Kulshrestha
et al. 2004 found that low concentration of organic matter
promoted the adsorption of antibiotics onto the soil, while
high concentrations of organic matter promoted desorption
of antibiotics on the soil. However, some studies have shown
that the amount of organic contaminants adsorbed by the orig-
inal soil was significantly greater than that of the organic mat-
ter removed (Bao et al. 2009). In other words, the soil’s own
DOM, i. e., the endogenous DOM, inhibited soil adsorption of
organic pollutants (Yu et al. 2011). The above literature stud-
ies showed that although organic matter played an important
role in the adsorption of pollutants, high organic matter con-
tents did not necessarily promote the adsorption of organic
pollutants. Perhaps it had a considerable relationship with its
composition and structure. Further research is still needed.

The composition of organic matter in sediments is
diverse and complex, which is composed of animal and
plant residues and microorganisms and their decomposition
and synthesis. At the beginning, LeBoeuf and Weber

(1997) found that the humic acid organic matter in the
soil/sediments can be divided into a rubbery state equiva-
lent to a soft carbon organic component and a glassy state
relative to a hard carbon organic component. Two different
forms of organic matter components can be converted to
each other under specific conditions. The adsorption and
desorption of hydrophobic organic pollutants in a rubber
state can be described by a linear distribution model,
while the adsorption and desorption in glass state were
non-linear. Later, people found that organic matter was
mainly composed of proteinaceous substances, polysaccha-
rides, fatty acids, and alkanes (Nebbioso and Piccolo
2013). Some scholars have also begun to pay attention
to the adsorption behavior of different fractions of organic
matter on pollutants (Wang et al. 2018c). Studies have
shown that light fraction (LF) organic matter in soil or
sediment had a much higher enrichment capacity for
PAHS than a heavy fraction (HF) (Ni et al. 2008; Wu
et al. 2004). Aiken found that the higher contents of aro-
matic components in the soil organic matter structure, the
stronger the adsorption capacity of hydrophobic organic
pollutants such as PAHs (Aiken et al. 1986). Ran et al.
(2007) reported that fatty carbon contributed significantly
to the adsorption of hydrophobic organic contaminants.
However, most studies focused on the adsorption behavior
of different organic fractions on hydrophobic organic pol-
lutants (Zhao and Bi 2014). Antibiotics are hydrophilic
organic pollutants, which are typical ionic organic com-
pounds. According to the chemical structure, antibiotics
can be divided into aminoglycosides, (3-lactams, tetracy-
clines, quinolones, macrolides, polypeptides, amide alco-
hols, lincosamides, etc. (Cheng 2016). Although the ad-
sorption properties of different fractions of sediments on
pollutants such as sulfamethazine (Guo et al. 2016), cip-
rofloxacin (Mutavdzi¢ Pavlovi¢ et al. 2017), and
levofloxacin (Qin et al. 2018) have been exhibited, few
studies have analyzed the behavior and mechanism of ad-
sorption of tetracyclic antibiotics on different fractions of
organic matter in sediments. It can be seen that the ad-
sorption of tetracycline antibiotics by organic matter in
different fractions of sedimentary soil can help to fully
understand the adsorption behavior of organic matter on
hydrophilic organic pollutants.

In this study, the Weihe River sediment was selected as the
original sample, and four kinds of fractions were obtained by
fractional treatment. Oxytetracycline (OTC) was selected as
the representative hydrophilic organic pollutants. The batch
sorption experiments were conducted to learn adsorption ki-
netics, thermodynamics, and isotherm of different fractions.
The elemental analysis, infrared spectra, and UV-visible spec-
troscopy were employed to reveal the mechanism and further
understand the environmental behavior of hydrophilic organic
pollutants in the soil.
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Materials and methods
Sample analysis and treatment

Sedimentary soil (the sediment from the Weihe River bed)
(34° 23’ 41.86” N, 108° 52’ 38.99” E) and humus soil
(forest soil from plant debris) (34° 25’ 14.45" N, 109° 1’
1.46" E) from 0 to 20 cm depth were collected as the
original sample (OS). After the impurities in the sample
were removed, it was placed in a ventilated dark place and
dried naturally to constant weight then ground to pass
through an 80-mesh sieve, sealed then stored in low-
temperature before use (oxytetracycline was not detected
in all samples). The different fractions of organic matter
were obtained in sedimentary soil according to the refer-
ence literatures with some changes (Gélinas et al. 2001;
Hu et al. 2006) and the brief process showed in Fig. 1.

Removal of DOM in the first step (water extraction): 30 g
humus and sediments were weighed in a 500-mL conical flask
and 300 mL of ultrapure water was added respectively, after
shaken at 160 rpm for 24 h on an HSH-H shaker (Zhao et al.
2017), the mixture was centrifuged at 6000 rpm for 30 mins.
The supernatant was passed through a 0.45-um filter, the ac-
quired filtrate was the soil DOM solution, and the DOM so-
lution was placed in a brown bottle at a low temperature
(4 °C). The centrifuged solid was dried at 50 °C that is the
RDOM fraction.

The second step was to remove mineralization (carbon-
ates and silicates): The obtained RDOM samples were
first dissolved in 1 M HCI in a 500-mL conical flask.
Carbonate was removed by shaking at 150 rpm for 24 h

Sedimentary soil

Remove | Add ultrapure water,
DOM )
25°C, 160r/min, 24h
Removal of DOM(RDOM)
Mineral Remove | 4\ HC1, 1M HCI+10%HF
V2
Removal of Minerals(RM)
Remove [Dichloromethane : Methanol
Free Fat
2:1)
Removal of Free Fat(RLF)
Remove
Sugar, 6M TEA(18h, N,, 100 C)

Nonhydrolyzable Organic

Fig. 1 Separation of organic matter in different fractions of sedimentary soil
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and centrifuged at 6000 rpm for 30 min. Silicate minerals
were then removed using two successive 4-day shaking
(150 rpm) with a mixture of 1 M HCI and HF 10% at
room temperature. The samples were then centrifuged,
and the supernatants after filtered were removed. The pre-
cipitate obtained by repeating these steps was washed
with ultrapure water to neutral and then dried (50 °C) to
obtain a demineralized fraction (RM).

The third step was to remove free fat (organic solvent
extraction): The obtained HRM sample was extracted in
the mixed solution (solid/liquid=1:4, m:V) containing
dichloromethane and methanol (2:1, V/V) for 15 min,
centrifuged at 8000 rpm and the supernatant was then
removed. The solid was obtained after these steps were
repeated five times, and then dried (50 °C) to obtain a
RLF fraction.

The fourth step was to remove sugar and protein (acid
hydrolysis): The obtained RLF sample was hydrolyzed
twice with 2 M trifluoroacetic acid (TFA, Acros) at
100 °C for 3 h in Teflon bottles, the process was conduct-
ed in duplicate. Subsequent 4 and 6 M TFA hydrolyzes
were carried out at 100 °C for 18 h and centrifuged to
remove the supernatant. Then, the residues hydrolyzes
with 6 M HCI were carried out at 110 °C for 24 h; the
centrifuged and the supernatant was then removed. Each
hydrolyzes was conducted under the protection of N,, and
the centrifugation was performed at 6000 rpm for 15 min
every time. The obtained precipitate was washed with
ultrapure water to neutral and then dried (50 °C) to obtain
a NHC fraction. The total organic carbon (TOC) contents
and pH values of different fractions are shown in Table 1.

Adsorption experiment

The batch sorption experiments were conducted by the
Organization for Economic Co-operation and Development
(OECD) method (OECD 2000). Specific operating proce-
dures for adsorption kinetics, isothermal adsorption, and ther-
modynamic experiments were referred to the literature (Wang
et al. 2018a).

Sorption kinetics

The 0.0500+0.0005 g of different fractions samples
were weighed into 10-mL tubes, and 5 ml of 10.0 mg/

Table 1 The organic carbon content and pH of different fractions
Sample SOS SRDOM SRM SRLF SNHC
TOC (%) 6.83 5.07 18.81 18.71 15.60
pH 5.86 6.91 7.03 6.81 7.02
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L OTC was added, then shaken at 150 rpm at constant
temperature 303 K and pH =7.0 in the dark. The samples
were taken every 2, 4, 8, 12, 20, 24, 28, 36, and 48 h,
and centrifuged at 8000 rpm for 15 min. All adsorption
studies were conducted in triplicate, and a blank experi-
ment was performed with the OTC solution. All sample
operating procedures and conditions were identical to
ensure the same experimental conditions.

Sorption isotherms and thermodynamics

The initial concentration of OTC ranged from 5 to 25 mg/
L (5, 10, 15, 20, and 25 mg/L) for both sorption isotherms
and thermodynamics experiments. The reaction tempera-
ture of the sorption thermodynamics experiment ranged
from 293 K, 303 K, and 313 K, and based on the kinetic
results, the adsorption reached equilibrium in 24 h. Other
steps of sorption isotherms and thermodynamics and ex-
periments were the same as the sorption kinetics described
in the “Sorption kinetics” section.

Effect of pH on adsorption by different fractions

The 0.0500 £0.0005 g of different fraction samples were
weighed into 10-mL tubes. Then, 0.1 M HCI or NaOH was
added to adjust the solution pH to 2.0-10.0, and the solution
pH was measured using a Mettler Toledo pH meter. Finally,
5 ml of 10.0 mg/L OTC was spiked and shook at 150 rpm at a
constant temperature of 303 K.

Analysis

The contents of oxytetracycline (OTC) were determined
by waters ACQUITY UPLC H-class ultra-performance
liquid chromatography. Elemental analyses (C, H, and
N) was conducted via a Vario ELIII elemental analyzer.
Tensor 27 infrared spectroscopy was used to characterize
the samples. The absorption spectrum of DOM was deter-
mined by a UV-visible spectrophotometer. The concentra-
tion of TOC in the DOM was determined by the
Elementar Vario TOC analyzer.

Results and discussion
Effect on adsorption kinetics of different fractions

The adsorption experiment results to explore the adsorp-
tion capacity (Q,) of different fractions with the reaction
time shown in Fig. 2. The high-adsorption rate appeared
at the first 12 h, and gradually decreased until equilibrium
at about 24 h. Thus, the adsorption of different fractions
to sedimentary soil can divide into two phases, that is, the

—=—S0S
250 b —®—SRDOM
—A— SRM —
t —¥—SRLF e
—&— SNHC
200

Q(mg/kg)

=
3
T

50 -

t(h)

Fig. 2 The sorption kinetics curves of oxytetracycline by different
fractions of sedimentary soil organic matter

first fast adsorption and the following slow phase. This
was consistent with the results about the tetracycline ad-
sorption to the soil obtained by Bao (2008). Fu et al.
(1990) also reported that the adsorption kinetics process
of contaminates was a two-speed process consisting of
rapid diffusion and slow diffusion.

The pseudo-first-order and pseudo-second-order model
were employed. The quasi-first-order and quasi-second-
order kinetic models were used to fit the kinetic experimental
data. The linearized form of the pseudo-first-order kinetic
model is given as follows:

0, =0 (1" (1

Where, Q. (mg/kg) and Q; (mg/kg) are the OTC adsorption
amounts onto different fractions at equilibrium and at ¢ time,
respectively. K; (1/h) is the rate constant of the pseudo-first-
order kinetic model.

The linearized form of the pseudo-second-order kinetic
model is also given as follows:

2
0= @)
ZQet

Where K, (kg/mg-h) is the rate constant of the pseudo-
second-order kinetic model. The corresponding regression
analysis results are shown in Table 2. Results showed that
the sorption kinetics of OTC was better fitted to pseudo-
second-order model because of the higher R* and lower
value of RSS/dof, which indicated that adsorption of OTC
by different fractions may contain multiple adsorptions. In
addition, in the pseudo-second-order kinetic model, the
adsorption rate constant K of SRM, SRLF, and SNHC is
greater than SOS and SRDOM, which may be related to
the specific surface area, microstructure, and composition
of the sample after classification.
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Table 2  The sorption kinetics model fitted parameters
Samples Qe.exp (mg/kg) Pseudo-first-order model Pseudo-second-order model

R? K, (1/h) Qe,cal (mg/kg) RSS/ R? K; (1/h) Qe,cal (mg/kg) RSS/

dof dof

SOs 111.50 0.9396 0.1116 112.36 10.61 0.9561 0.0009 135.05 7.71
SRDOM 238.07 0.8955 0.1960 232.10 53.55 0.9645 0.0010 262.00 18.17
SRM 60.28 0.9200 0.1414 59.01 3.44 0.9596 0.0025 68.88 1.74
SRLF 100.89 0.9621 0.1319 102.43 2.73 0.9670 0.0012 121.97 5.04
SNHC 219.15 0.7854 0.4525 211.03 33.69 0.9649 0.0033 225.74 5.51

Effect on isothermal adsorption of different fractions

Effect of different fractions of organic matter on OTC
adsorption

Freundlich and Langmuir isotherm models, which can be
applicable to describe heterogencous systems and revers-
ible adsorption, respectively, were employed to fit the ex-
perimental data of OTC. Both Langmuir and Freundlich
equations were suitable to fit the OTC sorption isotherms.
The regression coefficients R* are both greater than 0.92.,
while Langmuir isotherm model provided a better fit be-
cause of a greater regression coefficient (R*>0.94) and
lower value of RSS/dof. The adsorption capacity of each
fraction was: SNHC =~ SRDOM > SOS > SRLF > SRM
(Fig. 3, Table 3). Therefore, the adsorption of OTC in dif-
ferent fractions of organic matter in the sedimentary soil
was closer to the monolayer adsorption theory. Zhao et al.
reported that the isothermal adsorption of sediments to
OTC can be better fitted by the Langmuir equation (Zhao
2013). The dimensionless constant Ry can be used to illus-
trate the nature of Langmuir adsorption. The expression of
Ry is as follows (Wahab et al. 2010):

1

1 + K1.Cy ®)

Ry

K; and Cj are the Langmuir constant (L/mg) and the
initial concentration (mg/L) of the adsorption experiment,
respectively. Ry can be used to assess the adsorption pro-
cess. When Ry =0, it indicates that the adsorption process
is irreversible; when 0 <Ry <1, it means favorable ad-
sorption; when Ry = 1, it indicates that the adsorption pro-
cess is linear adsorption; when R > 1, it is not favorable
to adsorption (Liu et al. 2010). In this study, all the cal-
culated Ry located at 0 < R; <1, which indicated that the
adsorption was conducive to the occurrence. The larger
value of K| was favorable for the monolayer adsorption.
The K} values of SOS, SRDOM, SRLF, and SRM SNHC
were 0.0611, 0.0247, 0.0281, 0.0321, and 0.0196,
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respectively, so SOS was favorable for monolayer adsorp-
tion, while SNHC was difficult. This indicated that the
mechanism of adsorption of OTC by different fractions
of organic matter in sedimentary soil was different.

(a)
500 | = SOS
SRDOM
A SRM
v SRLF
400 & SNHC
Langmuir
)
=4 300
&n
g
[
o
200 -
100 +
0 | | | |
0 5 10 15 20 25
Cc(mg/L)
®) SOS
- -
500
K SRDOM
2 A SRM
v SRLF
400 - & SNHC
S e Freundlich
~ .
o
—gﬂ 300 -
)
o - .
200 T
T
[ e - &
-
0 L 1 L 1 L 1 L 1 L
0 5 10 15 20 25
Ce(mg/L)

Fig. 3 The fitted sorption isotherms of oxytetracycline by different
humus fraction. a Langmuir model; b Freundlich model
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Table 3 The fitted parameters for the Langmuir isotherm model and Freundlich isotherm model
Samples Langmuir model Freundlich model

Qm (mg/kg) Ky (L/mg) R RSS/ Kr (mg/kg) (L/mg)1/n 1/n R RSS/

dof dof

SOs 386.55 0.0611 0.9713 15.91 34.74 0.6119 0.9621 21.02
SRDOM 1859.57 0.0247 0.9680 44.06 52.23 0.8386 0.9553 61.52
SRM 279.28 0.0281 0.9479 43.71 10.03 0.7716 0.9229 64.69
SRLF 516.25 0.0321 0.9810 5.29 22.66 0.7338 0.9897 6.08
SNHC 2092.74 0.0196 0.9824 19.12 46.99 0.8569 0.9766 2543

Effect of DOM on the adsorption of OTC

In order to further explore the mechanism of the adsorption of
organic matter on OTC, humus soil was selected to compare
with sedimentary soil. The detail sample information was
mentioned in the “Sample analysis and treatment™ section.
The organic matter in two soils was extracted with water to
obtain four samples: SOS, SRDOM, HOS (humus soil), and
HRDOM (removal of DOM from humus soil). The adsorption
experiments of OTC at different initial concentrations were
carried out with four samples. The linear adsorption isotherms
of the soil before and after the removal of DOM of humus and
DOM of sedimentary soil were shown in Fig. 4. Comparing
the adsorption isotherms of HOS and HRDOM, it can be
clearly seen that with the increase of the initial concentration
of OTC, the adsorption capacity of HOS containing DOM was
higher than HRDOM, indicating that DOM in humus soil
promoted the adsorption of OTC. However, comparing the
adsorption isotherms of SOS and SRDOM, after removing
DOM, SRDOM had a higher adsorption capacity for OTC
than SOS, which indicated that DOM in sedimentary soil
inhibited the adsorption of OTC. The reason for these two
phenomena may be related to the functional group type, com-
position, and structure of the DOM of the humus and

2000

A SOS
» SRDOM
= HOS
® HRDOM
Linear fit

1600

Q.(mg/kg)
T
[ ]

3

=3

S
T

400 -

0 1 n 1 n 1 n 1 n 1

C.(mg/L)
Fig. 4 Effect of the presence of DOM on the adsorption of OTC

sedimentary soil. Some studies have also found that different
sources and types of DOM have large differences in compo-
sition and structure, which resulted in different effects on the
adsorption of pollutants. For example, Zhao et al. (Zhao and
Bi 2014) showed that there were significant differences in the
contents of hydrophilic and hydrophobic components in
DOM from different sources.

Effect on adsorption thermodynamic of different
fractions

Thermodynamic parameters including the Gibbs free energy
(AG), enthalpy (AH), entropy (AS), and distribution coeffi-
cient (K,) were calculated to estimate the nature of OTC sorp-
tion. AH and AS were obtained from the slope and the inter-
cept of the plots of log Ky versus 1/T (Fakhri and Adami 2014)
(figure not given). The calculated thermodynamic parameters
for OTC sorption on all investigated different fractions of
organic matter in sedimentary soils were listed in Table 3.
Thermodynamic parameters were determined by using the
following equations.

AG = —RTInK, (4)
AH AS

Ky = —— + — 5

"=TRTTR (5)

Yu et al. (2004) reported that the change of free energy
for physical adsorption was smaller than that for chemi-
sorption. The former is in the range of 0 to —20 kJ/mol
and the latter is in the range of — 80 to —400 kJ/mol. The
value of AG ranged from —3.25 to — 10.92 kJ/mol for the
adsorption process under three temperatures (293 K,
303 K, and 313 K), illustrating that the adsorption process
of OTC by different fractions of organic matter in sedi-
mentary soil was spontaneous. The changes of AH may
indicate the binding mechanisms including physisorption
(AH <40 kJ/mol) and chemisorption (AH >40 kJ/mol)
(Li et al. 2014). Most values of AH (AH <40 kJ/mol,
Table 4) indicated that OTC sorption onto sedimentary
soil samples can be mainly attributed to physisorption.
All the AH are greater than 0, indicating that the
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Table 4  The parameters of sorption thermodynamics

Samples T (K) InK, AG (KJ/mol) AH (KJ/mol) AS (KJ/mol)

SOS 293 238 —5.80 33.73 0.1355
303 305 -7.70
313 326 —848

SRDOM 293 313 —7.63 34.92 0.1452
303 362 -—9.11
313 4.05 -10.53

SRM 293 133 -325 24.77 0.0959
303 1.79 —4.66
313 198 —5.16

SRLF 293 259 -631 33.61 0.1356
303 279 -7.02
313 348 —9.06

SNHC 293 284 —692 51.77 0.2006
303 3.65 —-9.20
313 420 -10.92

adsorption process is endothermic. In a word, raising the
temperature will promote the reaction to move in a posi-
tive direction.

Effect of pH

The pH effect on adsorption showed in Fig. 5. Alkaline pH
condition had an effect on the adsorption of four fractions
except for SNHC, while neutral and acidic pH affected SOS
and SRDOM more obviously, the SNHC fraction almost free
from pH varies. The pH-dependent sorption characteristics of
OTC to adsorptive fractions may cause by OTC speciation
and the fractions surface charge. In general, OTC bears differ-
ent charges on different sites depending on solution pH. At pH
below 3.3, the dimethyl ammonium group was protonated,
resulting in a cationic form of +0 0. Between pH 3.3 and

pk,=3.57 pk,,=7.49
800 |- I/I/
3 pk,z=9.44
600 |-
) y
=
on
E
&
400 +
—e—508
SRDOM
—A—SRM %
—v—SRLF
200 L —e—SNHC
OTCH] OTCH) oTcH | oTc*
L | | | | L |
0 2 4 6 8 10
pH

Fig. 5 The effect of pH on the adsorption of oxytetracycline (OTC) by
different fractions
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7.7, it existed as a zwitterion, + — 0, due to the loss of proton
from the phenolic diketone moiety. When pH was above 7.7,
it was presented as a monovalent anion, + — —, or a divalent
anion, 0 — —, due to the loss of protons from the tricarbonyl
system and phenolic diketone moiety (Chang et al. 2009;
Kulshrestha et al. 2004). In addition, the surface charge of soil
and sediments also related to the pH value of the zero point of
charge (pHzpc), that is, when the pH > pHzpc, soil, and sed-
iment surfaces are negatively charged, while positively
charged when the pH < pHzpc (Hendershot et al. 1979;
Sakurai et al. 1989). The zero point of different adsorptive
fractions was 5.12-5.65.

To the SOS sample, when the pH was lower than 3.00, the
OTC existed as OTCH;", the sample surface was positively
charged, the electron static repulsive force between OTCH;",
and positively charged HOS would reduce the contact of OTC
and sample, resulting in a lower sorption capacity of OTCH;*
at pH below pH 3.00. Similarly, when the pH was higher than
7.00, the electron static repulsive force would also lead to a
reduce adsorption of OTC, OTC mostly exists as OTCH and
OTC? and the SOS sample surface was the negatively
charged this time. The maximum adsorption appeared at
pH 6.0-7.0. However, the maximum adsorbed OTC came
from the complexation between the OTC and the absorbent
rather than the OTCH,° from the electrostatic attraction. The
effect of pH on the SRDOM-adsorbed OTC was consistent
with the SOS sample, which revealed that the DOM affects the
adsorption of OTC with complexation, hydrogen bond, and
hydrophobic partitioning rather than electrostatic interaction
or charge change (Chen et al. 2017).

To the SRM sample, it had already known that the point of
zero charge of most aluminosilicate minerals was around the
pH 3.00 (Chen et al. 2012), and the electron static repulsive
force would reduce the adsorption of OTC. Once it was re-
moved, the electron static repulsive force between the mineral
and contaminates no more existed, so the adsorption capacity
would increase at a pH lower than 3.00. When the pH in-
creased more than 3.00, the electron static attraction appears
between the mineral and OTC, and the adsorption capacity
would reduce when the minerals were removed, resulting in
the adsorption capacity lower than SRDOM sample.

According to the adsorption capacity of SRLF and SNHC
sample, it can be concluded that these two fractions could
inhibit the adsorption of OTC. Fatty acid, polysaccharides,
and protein contained a good number of oxygen-containing
functional groups, such as carboxyl, phenolic hydroxyl, and
lactone. Especially for the carboxyl group, as the pH further
increased to 4-5, the carboxylate groups became dissociated,
and water molecules might compete for the sorption sites
through H-bond, leading to the sorption capacity of decreased
OTC (Jiaetal. 2013; Jia et al. 2014). When these groups were
removed, the adsorption capacity would increase. As a result,
the adsorption capacity of SRLF was higher than SRM, and
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the adsorption capacity of SNHC was obviously higher than
SRLF when the pH increased to 4-5 or even higher. On the
other hand, the sorption of OTCH, by SNHC may be predom-
inated by 7t electron donor—acceptor interaction of the pro-
tonated aniline ring with the 7t-electron rich graphene surface,
referred to as 7t + —7t EDA, rather than ordinary electrostatic
cation exchange, which was not affected with pH, so the ad-
sorption capacity at pH 2.0 ~ 10.0 was slightly changed.

Analysis of the mechanism of the adsorption
Elemental analysis

The mass composition of C, H, N, and O elements of different
fractions of organic matter in the sedimentary soil was obtain-
ed by elemental analysis. The result of the atomic ratio of
about H/C, (N + O)/C, and O/C are shown in Table 5. As seen
from Table 5, the aroma and polarity of each fraction were
significantly different.

Figure 6 showed that the SRM, SRLF, and SNHC fractions
were dominated by organic matter; the adsorption coefficient
K4 was positively correlated with aromaticity. In general,
when the polarity increased, the adsorption coefficient
should be reduced. However, as seen in Fig. 6, SNHC has
increased polarity compared with SRM and SRLF, but its
adsorption coefficient also increased, which may be the
aromaticity of organic matter playing a leading role in
adsorption. Chen et al. (2005) also showed that the adsor-
bent’s adsorption capacity was mainly dependent on its aro-
matic fraction. Although both aromaticity and polarity affect-
ed the adsorption capacity of the adsorbent, aromaticity
played a leading role in the adsorption of pollutants. For
SOS and SRDOM containing inorganic minerals, the adsorp-
tion capacity was not only related to aromaticity but also the
content and composition of inorganic minerals. So they still
show a high-adsorption capacity.

Infrared spectra
The infrared spectra of sedimentary soil before and after the

adsorption of OTC are shown in Fig. 7, and the main changes
in the adsorption of OTC after each fraction were: (1) Except

for SNHC, the bending vibration of Si-O in all the samples
between 440 and 460 cm ™' was shifted to high waves, which
indicated that the N atoms in the OTC molecule may coordi-
nate with the positively charged ions of the sample or the
charge dipole occurs when the OTC molecule and the positive
potential on the edge of the end face of the sample layer were
electrostatically attracted. The bending vibration peak of
SNHC at 455 cm™" was shifted to 446 cm !, and the intensity
became large and the peak shape became sharp. This indicated
that OTC and SNHC had a strong hydrogen bonding, which
was one of the reasons for the better adsorption of SNHC
(OuYang et al. 2003; Pan et al. 2011). (2) All samples (except
SOS), the Al-O and Si-O bending vibration peaks between
515 and 526 cm ', were shifted to high waves, indicating that
coordination bonding, charge dipole, or charge transfer oc-
curred. The bending vibration of Si-O or Al-O of SOS moved
down to 520 at 525 cmﬁl, and it can be seen that OTC and
SOS generated hydrogen bonding or complexation. (3) The
C-H bending vibration absorption peak between 770 and
780 cm™' was displaced downward or upward, and the C-O
stretching vibration peak in the region of 9901020 cm ™' was
shifted downward, showing that the sedimentary soil in dif-
ferent fractions and the OTC had a hydrogen bonding or com-
plexation and charge transfer. (4) The vibration absorption
peaks of CH of SOS and SRDOM were shifted to 1474 and
1490 cm™ " at 1470 and 1477 cm™ " respectively, and the C=C
stretching vibration absorption peak at 1600 cm ' was also
shifted to high waves, indicating the presence of charge trans-
fer or coordination binding. (5) In SRM, SRLF, and SNHC,
the C=C skeleton stretching vibration absorption peak shifted
to high waves around 1600 and 1500 cm ', indicating charge
transfer or coordination binding. (6) In SRM, SRLF, and
SNHC, the CH-outside the bending vibration peak at
690 cm™! was displaced, and the SRM shifted to a low wave,
and complexation or hydrogen bonding may occur, SRLF and
SNHC moved toward high waves. Coordination or charge
transfer may occur.

UV-visible spectroscopy

UV-visible spectroscopy is one of the important methods to
analyze the structural characteristics of DOM in recent years,

Table 5 Elemental composition of different fractions
Samples C% H% N% 0% TOC(%) H/C o/C (N+0)/ Ky
C

SOS 4.64 1.07 0.58 8.09 6.83 2.77 1.31 1.42 8.64
SRDOM 4.93 1.09 0.65 7.61 5.07 2.64 1.16 1.27 31.76
SRM 1143 1.33 0.99 4.89 18.81 1.40 0.32 0.39 4.57
SRLF 9.37 1.01 0.92 6.02 18.71 1.29 0.48 0.57 8.90
SNHC 691 0.54 0.36 6.77 15.60 0.93 0.73 0.78 29.18
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which provides a quick and convenient way to study the struc-
ture and properties of natural organic matter (Kalbitz et al.
2003). SUVA,s4 (specific ultraviolet absorbance 254 nm) val-
ue is widely used to characterize the contents of aromatic
compounds in humus and unsaturated C=C bonds in DOM,
and the larger the value, the higher the contents of humus and
aromatic compounds in DOM (He et al. 2011; Shao et al.
2009). In Table 6, the SUVA,s,4 values of HDOM and
SDOM are 1.72 and 0.60, respectively, which indicated that
the HDOM sample contained more aromatic substances and
humus than SDOM samples, which further indicated that
more aromatic compounds in the DOM of humus have an
important influence on the adsorption of OTC.

The ratio of DOM absorbance at 253 to 203 nm, A,53/A503,
can be used to indicate the degree of substitution of the aro-
matic nucleus and the type of substituent. In general, when the
substituent on the aromatic nucleus is mainly aliphatic chain,
the ratio of A,s3/Asg3 is lower; and when the contents of
carbonyl, carboxyl, hydroxyl, and ester in the substituent on
the aromatic nucleus are high, the ratio of A,53/A53 is higher
(Korshin et al. 1997). In this study, the A,s53/A03 value of
HDOM was 0.435, and the A,s3/Asp; value of SDOM was
0.092. It can be seen that the aromatic nucleus substituent of
HDOM contains more carbonyl, carboxyl, hydroxyl, and es-
ter. These functional groups undergo hydrogen bonding and
coordination with -C=0, -OH, -NH2, etc. in the oxytetracy-
cline molecule, thereby the adsorption of OTC by humus soil
was enhanced, while aromatic nucleus substituents of SDOM
were mainly aliphatic chains. In comparison, it was not easy to
interact with OTC, and it would occupy a certain adsorption
site and inhibit the adsorption of OTC by sedimentary soil.

E,/E; is the ratio of DOM absorbance at 250 nm and
365 nm, which can be used to indicate the proportion of humic
acid and fulvic acid in DOM. Studies have shown that when
E,/E3 < 3.5, the contents of humic acid in DOM are greater
than the fulvic acid; when E,/E; > 3.5, the contents of the
fulvic acid in DOM are greater than the humic acid. The
higher the E,/E;, the higher the proportion of fulvic acid
(Peuravuori and Pihlaja 1997). The E,/E; values of HDOM
and SDOM were 3.89 and 4.75, respectively. It can be seen
that the contents of fulvic acid in these two DOMs were great-
er than humic acid, and the contents of fulvic acid in SDOM
were higher than HDOM. Both humic acid and fulvic acid are
humic substances. Studies have found that humus not only
increased the adsorption of organic pollutants by minerals as

Table 6 UV spectral eigenvalue of DOM

Samples SUVA,s4 Asss/ E,/ E4/Eq
Asos E;

HDOM 1.72 0.435 3.89 13.80

SDOM 0.60 0.092 4.75 6.00
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a new adsorption site but also inhibited the adsorption of or-
ganic pollutants by occupying adsorption sites and weakened
the interaction between mineral surfaces and organic pollut-
ants (Sheng et al. 2001). Therefore, HDOM promoted the
adsorption of OTC as a new adsorption site, while SDOM
inhibited OTC adsorption.

E4/Eg is the ratio of the absorbance of DOM at 465 to
665 nm, which can be used to indicate the degree of benzene
ring C skeleton polymerization and carbonyl conjugate. When
the value of E4/E¢ was small, the degree of polymerization of
the benzene ring C skeleton or the conjugate degree of car-
bonyl was higher (Strobel et al. 2001). The E4/E¢ value of
HDOM was 13.8, and the E4/E¢ of SDOM was 6.00, which
indicated that the SDOM had a higher degree of phenyl ring C
skeleton polymerization or carbonyl condensation, so it was
not conducive to the interaction with OTC and inhibited the
adsorption of OTC. The degree of polymerization of benzene
ring C skeleton or the conjugate degree of carbonyl of HDOM
was relatively low, which was beneficial to its interaction with
OTC molecules and promoted the adsorption of OTC.

For the overall analysis, the adsorption of OTC on each frac-
tion of sedimentary soil mainly involved complexation, coordi-
nation, charge transfer, and hydrogen bonding. The adsorption
mechanism of OTC of each fraction was similar. Nevertheless,
after the adsorption of OTC, the absorption peak position and
vibration intensity of some characteristic functional groups and
radical groups have changed to different degrees, which indicat-
ed that the binding intensity between OTC and different frac-
tions was varied, leading to a different adsorption capacity.

Conclusions

The adsorption behavior and mechanism of OTC by different
fractions of organic matter in sedimentary soil were investi-
gated. The following conclusions were drawn:

1. Adsorption studies showed that the sorption kinetics of
OTC was fitted to the pseudo-second-order model. Both
Langmuir and Freundlich equations were suitable to fit
the OTC sorption isotherms. The adsorption capacity of
each fraction was: SNHC =~ SRDOM > SOS > SRLF >
SRM and the different fractions of adsorbed OTC are
spontaneous and endothermic.

2. The main factors determining the adsorption capacity were
the aromaticity and polarity of organic matter fractions.
For the organic matter-based fractions (SRM, SRLF, and
SNHC), the adsorption coefficient was positively correlat-
ed with the aromaticity. For SOS and SRDOM based on
inorganic minerals, it was not only aromaticity but also
related to the content and composition of inorganic min-
erals. The infrared spectra revealed that there were some
differences in the functional groups and radical groups of

the sedimentary soil. After the adsorption of OTC by
SRDOM and SNHC, the absorption peak position and
vibration intensity of some characteristic functional groups
and radical groups changed strongly, indicating that the
interaction strength with OTC was very strong. This was
just positively related to the amount of adsorption. The
UV-visible spectroscopy showed that the functional group
characteristics of DOM and the hydrogen bonding and
coordination between OTC were the key effects of OTC
adsorption. The degree of polymerization of benzene ring
C skeleton or the conjugate degree of carbonyl of HDOM
was relatively low, the aromatic nucleus substituent con-
tains more carbonyl, carboxyl, hydroxyl, and ester. These
functional groups undergo hydrogen bonding and coordi-
nation with -C=0, -OH, -NH2, etc. in the oxytetracycline
molecule, thereby enhancing the adsorption of OTC.
While aromatic nucleus substituents of SDOM were main-
ly aliphatic chains, it was not easy to interact with OTC.

3. Alkaline pH condition had an effect on the adsorption of
four fractions except for SNHC, while neutral and acidic
pH affects SOS and SRDOM more obviously, the SNHC
fraction was almost free from pH varies. The pH-
dependent sorption characteristics of OTC to adsorptive
fractions expect for SNHC may be caused by OTC speci-
ation and the fractions surface charge, while the sorption
of OTCH, by SNHC may be predominated by 7t elec-
tron donor—acceptor interaction of the protonated aniline
ring with the 7t-electron rich graphene surface, rather than
ordinary electrostatic cation exchange.
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