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ABSTRACT

The kinetic release behaviors of organochlorine pesticides (OCPs) from hydragric acrisols
with three kinds of low-molecular weight organic acids (LMWOAs) solution and water
leaching system were investigated by kinetic device designed by ourselves. Results showed
that the release percentage of OCPs from soil by LMWOAs can increase by 15–18% for DDTs
and 7–25% for HCHs more than that by water leaching system, especially for the initial 240
mL leaching solution. The release velocity of HCHs is far higher than that of DDTs (about 3–4
times) in the leaching systems studied. When using water as leaching solution, the data of
release kinetics of OCPs from soil conformed to the apparent first dynamics equation
(R2 > 0.99, p < 0.0001), it implied that the surface diffuse of OCPs on soil mineral is primary
release mechanism of OCPs from soil in water leaching system. The kinetic release behaviors
of OCPs in LMWOAs solution leaching systems can be described by parabola diffuse
equation, double constant equation, or Elovich equation. It implied that the introduction of
LMWOAs into leaching system induced the complication of release mechanisms of OCPs
from soil. It may be related to the dissolution of soil mineral surface and structure change of
soil inherent organic matters that coating onto soil mineral surface induced by LMWOAs.

Keywords: Organic acids; DDTs; Kinetic; Release

1. Introduction

Organochlorine pesticides (OCPs) have been
widely used throughout the world to control
arthropod disease—vectors and agricultural pests.
They and their metabolites are of great concern as
typical persistent organic pollutants due to their long

half-life (half-life of DDT can reach 10 years in the soil)
[1], that of DDE is longer than DDT [2], high enrich-
ment capability, amplification capability and potential
high toxicity. As a kind of environmental estrogens, it
may cause some damage to the health of human body
and reproductive system [3,4]. Although they have
been banned since the early 1970s in the global scope
in succession and China also banned these pesticides
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in 1983, recent studies have shown that DDTs and
HCHs can still be detected in certain water body and
soils [5].

Dissolved organic matter (DOM) in soil is very
similar both structurally and functionally with sur-
factants. DOM can, therefore, enhance the solubility
of poorly water-soluble compounds [6,7]. The pre-
dominant low-molecular weight (i.e. <10,000 Da) frac-
tion of DOM is highly mobile in soils [8], and as
such, a potential consequence of using organic fertil-
izers is to enhance chemical transport by DOM.
Indeed, DOM can serve as a carrier in soil solutions
that could result in the rapid flow of organic chemi-
cals through soil profiles. DOM could obviously
change the transference behavior of organic pollu-
tants，such as isoproturon [9], phenanthrene [10],
imidacloprid [11], 2,4-D, chlorpyrifos and naphtha-
lene [12], napropamide [13], and polycyclic aromatic
hydrocarbons (PAHs) [14–16].

Low-molecular weight organic acids (LMWOAs),
which are a kind of typical DOM, are the primary
active components of rhizosphere. They occur widely
in soils and primarily originate from root exudation
[17–19]. Moreover, micro-organisms, animals, and the
degradation of organic matters can also produce
LMWOA [20]. LMWOAs have been shown to disrupt
the sequestering of soil matrix, thereby enhancing
desorption of organic pollutants in soil [17,18,21,22].
LMWOAs are abundant in the rhizosphere of many
plant species, and are highly reactive with some soil
fractions such as metal oxides and clay minerals
[23,24]. Consequently, it is expected that LMWOAs, in
theory, may affect OCPs availability in soil environ-
ment. However, studies on the effect of LMWOAs on
the retained behavior of OCPs are scarce. The experi-
ment conducted by White showed that seven kinds of
LMWOAs could significantly increase the desorption
of p,p´-DDE, the increment could reach at the range of
19–80% [21]. Lei et al. also reported that oxalate
enhanced the desorption of p,p´-DDT in several
contrasting soils, and increases in the desorption of
p,p´-DDT from these soils occurred in the presence of
root exudates from maize, wheat, and ryegrass. The
effects of oxalate and root exudates on the desorption
of p,p´-DDT were affected by soil organic carbon
(SOC) and DOC contents of soils. Oxalate and root
exudates increased the desorption of p,p´-DDT
through a partial dissolution of the soil structure,
including desorption of organic carbon from soils, and
the formation of dissolved complexes with inorganic
metal ions. Since oxalate and root exudates are
ubiquitous composition of rhizosphere soils, the
presence of these dissolved carbon sources will clearly

have a profound effect on the mobility and fate of
DDT in soils [25].

The aim of this article is to discuss the dynamic
release behavior of several OCPs like DDT isomer
(DDTs) and HCH isomer (HCHs) with LMWOAs
from variable charge soil (red soil) with self-designed
dynamics device, and provide some reference for
understanding the migration and fate of these kinds
of substances in soil and also the phytoremediation
and ecological risk assessment of organic pollutants in
the environment.

2. Materials and methods

2.1. Instruments and reagents

Several reagents were used in the analysis:
n-hexane (chromatographically pure, Tedia Company,
USA); petroleum ether with boiling range from 60 to
90˚C (analytical reagent, Hangzhou Refinery, Zhejiang
province, China); methylene chloride, acetone and
concentrated sulfuric acid (analytical reagent, Nanjing
Chemical Reagent Plant, China); anhydrous sodium
sulfate (analytical reagent, 200 mesh, treated at 225˚C
for 4 h and stored in sealed container before use);
Celite 545 (chromatographic grade, 0.020–0.045mm,
Serva Company) were baked for 4 h at 550˚C in muffle
furnace, then treated for 2 h at 200˚C in oven before
addition of 3% of deionized water to deactivate it, and
stored in a sealed container before use. Purified SPE
column was prepared by packing with a Teflon filter
disc, 1 g Celite 545, 1 g anhydrous sodium sulfate and
a Teflon filter disc. OCPs standard (o,p´-DDT, o,p
´-DDE, p,p´-DDT, p,p´-DDD, p,p´-DDE, α-, β-, γ-, and
δ-HCH) were obtained from Dr Ehrenstorfer
Company, Germany, some properties of OCPs are
shown in Table 1.

Several instruments were used in the analysis:
Sigma 2–16 K high speed freezing centrifuge (Sigma,
Germany); water bath rotary vacuum evaporator
(Yarong Biochemical Instrument Plant, Shanghai, P.R.
China); HS-10360D ultrasonic cleaning machine
(Heng’ao Science and Technology Company, Tianjin,
P.R. China); BS200S-WE1 electronic balance (1/10000,
Sartorius Company, Germany); and SPP cartridge and
filter disc (Chemical and Physical Institute of National
Chromatogram Center in Dalian, China).

The concentrations of OCPs in extracts were
analyzed using an Agilent-6890 GC/ECD gas chroma-
tography equipped with HP7683 automatic sampler,
HP chemical workstation (Hewlet-Packard, USA) and
HP-5-fused capillary column (30m × 320 μm × 0.25 μm).
Separation was achieved according to the following
program: initial oven temperature was kept at 60˚C
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for 1min, then the temperature was increased to
140˚C at a speed of 20˚Cmin−1, subsequently
increased to 280˚C at a speed of 12˚Cmin−1 and held
for 4min. The injector temperature was set as 220˚C,
while the detector temperature was set as 280˚C. High
purity N2 (99.999%) was used as carrier gas (2mL
min−1) and make-up gas (60mLmin−1). Two
microliters of sample was injected in a splitless mode.
Quantitative calculation was conducted with external
standard method.

2.2. Dynamic experiment methods

2.2.1. Soil sample

The red soil, hydragric acrisols—according to
World Reference Base for soil resources [26], was
sampled at the depths of 5–20 cm from the Red Soil
Ecologic Experimental Station of the Chinese Academy
of Science in Yingtan, Jiangxi province, China (28˚12´
34.1´´N, 116˚55´32.3´´E), and was lyophilized and
sieved (≤1mm) for further analysis. The clay minerals
of soil sample were mainly composed of kaolinite and
hydroxy-aluminum vermiculite, and contained a spot
of hydromica and a trace amount of gibbsite. The
main physical and chemical characteristics of the soil
were as follows: pH 5.07, clay content 32.3%, organic
matter content 1.14%, and cation exchange capacity
10.10 Cmol (+) kg−1.

2.2.2. Spiked soil

Soil samples were sieved to <2mm and stored at
room temperature until spiking procedure. Spiked soil
samples were prepared by adding 500 μL of standard
mixture of eight kinds of OCPs (the concentration is
10 ng μL−1 for each compound dissolved in n-hexane)
to 20 g of soil according to the reference [27]. This
spike level corresponds to 250 μg kg−1. Then, 20mL of
acetone was added and suspension was mixed for
30min with a mechanical shaker. After the bulk of the
solvent was evaporated at room temperature, samples
were stored at 4˚C in stoppered glass bottles for six

months in the dark. Then, the extractions were carried
out.

2.2.3. Preparation of eluent

Three kinds of LMWOAs eluent solutions (oxalic
acid, tartaric acid, and citric acid) were all prepared as
10mmol/L solutions by the analytical reagents, and
their pH were adjusted to 5.5 by NaOH or HNO3.

2.2.4. The dynamic devices are as follows

(1) Storage Bottles; (2) 200Ⅱtype HPLC pump
(Scientific Instruments Co., Ltd, YiLite, Dalian, China);
(3) dynamic reaction cell made of PTFE to provide
reaction space; and (4) SBS-100 automatic fraction
collector (Huxi Analytical Instrument Factory Co., Ltd,
Shanghai, China).

2.2.5. Dynamics experiment methods

Weigh 7 g of spiked soil, put it into the dynamic
reaction cell, and seal the cell tightly after wetting the
sample with distilled water. The upper and lower
ends of dynamic reaction cell, respectively, were con-
nected with the automatic fraction collector and HPLC
pump. The leaching velocity was set up for 1mL/min;
the collection time of each glass tube was 10min and
continuously 100 glass tubes of leacheate were col-
lected. The experimental temperature of the dynamic
reaction cell was controlled at 298 ± 0.5 K using
thermostatic waterbath. When the samples were
determined, two adjacent glass tubes were mixed as
one test sample point. The collected liquid was trans-
ferred into separating funnel, and 10 μL of internal
standard (pentachloronitrobenzene in methanol solu-
tion, 5 ng/μL) was added into it. After homogeneous
mixing, 10mL of petroleum ether and 0.5 g of NaCl
were added in the separating funnel, and was
oscillated for liquid–liquid extraction. After adding
0.5 mL of acetone to eliminate stubborn emulsification
phenomenon, organic extraction phase was transferred

Table 1
Some properties of the OCPs

DDTs Solubility log Kow HCHs Solubility log Kow

p,p´-DDT 1.2–5.5a 6.2–6.91 α-HCH 10 3.8
o,p´-DDT 1.2–5.5 6.76 β-HCH 5 3.78
p,p´-DDE 65 5.69–6.96 γ-HCH 7.3–17 3.61, 3.72
o,p´-DDE 65 6.94 δ-HCH 1 4.14

aSolubility in water at 24–25˚C, μg/L [43,44].
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into pear-shaped bottle, and then 10mL of petroleum
ether was added to repeat the extraction step. These
two extracts were combined in pear-shaped bottle,
concentrated to about 1mL by rotary evaporators, and
transferred into purifying SPE column. The SPE-puri-
fying column was eluted with 10mL of 10% dichloro-
methane/petroleum ether (V:V), and the leacheate
was concentrated to about 1mL by rotary evaporators
again and blown by nitrogen, and was adjusted to 1
mL by n-hexane. Determined by GC-ECD, and quanti-
fied by external standard method, the results showed
that the recovery rate of this liquid–liquid extraction
method was 80–105% to different pesticides, and the
relative standard deviation was 3–8%, which meet the
demands of the analysis of trace organic compounds.

2.3. Quality control and data analysis

Laboratory blank values for all the compounds
were generally low and posed no problem to the
analytical quantification. The overall reproducibility
was evaluated using the replicate analyses (n = 3). The
coefficient of variation was between 0.01 and 0.35 for
the various compounds, and it was less than 0.3 in
90% of the cases. Therefore, the reproducibility of the
measurements was considered to be satisfactory.

3. Results

3.1. Effects of LMWOAs on the release rate of OCPs

Average releasing rates of OCPs are calculated by
each pesticides quantity contained in leaching solution
(20mL) divided by elution volume. From Fig. 1, the
release rates of HCHs eluted by water and organic
acids are much higher than that of DDTs, the differ-
ence is up to about three times. The release ability of
water to DDTs is very low. This kind of pesticides is
released by water at a certain concentration, which is
practically lower than their solubility, and elution
volume does not have evident effects to their release
rate. The release patterns of HCHs with high solubility
by water and oxalic acid leaching follow a quick
release at first, and then a slow release after an elution
inflection point, at which the elution volume is about
300mL.

The release patterns of DDTs with lower solubility
by oxalic acid are single-peak type curve. That means
the release rates of DDTs increased along with the
increase of elution volume, and they reached the
maximum elution rate when the elution volume is
about 40mL, after that the rates gradually decreased,
and they were not stable until the elution volume
reached 120mL.

The release patterns of DDTs and HCHs by tartaric
acid belong to bimodal curve. When the volume of
leacheate increased to 40mL, the release rate of the
two kinds of pesticides reached maximum, then the
release rate slightly decreased. When the volume of
leacheate increased to about 100mL, the rate reached
another maximum and it became stable till the volume
reached 240mL. The release patterns of DDTs and
HCHs by citric acid solution were also single-peak
type curve, and their inflection point appeared at
about 140mL.

The existence form of OCPs in soil includes free
form, loose bound form, and tight bound form (e.g.
aging residual form). The researches on sorption and
mobility of pesticide suggest that the soluble organic
matter in the soil solution had no effect on the
sorption characteristics of atrazine, isoproturon, and
paraquat, but promoted their desorption in the pres-
ence of DOM and LMWOAs; and the soil type
affected predominantly the physiochemical process,
and the desorption and mobility of these pesticides
were promoted [9,28]. In this present study, when the
leaching solution flowed through the soil, the free
form and loose-bound form would be released firstly,
after loose-bound form was eluted completely, the
OCPs of tight-bound form were slowly dissolved out
soil with approximately constant speed. The leaching
pattern of OCPs by tartaric acid displayed the bimodal
curve, it may relate to the comparatively weak elution
ability of tartaric acid to loose-bound form pesticides.
The first peak represents the release of free-form
pesticides, the second peak represents the release of
loose-bound form pesticides, then the slow release of
tight-bound form pesticides. This indicates that the
release ability of tartaric acid to loose-bound form
pesticides is smaller than that of citric acid. As the
citric acid has stronger desorption ability to the free
form and loose-bound form pesticides, these two
forms of pesticides would be leached out of the soil
together and form a single peak.

3.2. The cumulative release of OCPs from soil by LMWOA

Fig. 2 shows the cumulative release of OCPs by
several LMWOAs from red soil. Table 2 lists the fit-
ting results of dynamic release data of OCPs accord-
ing to several common kinetic equations, where t is
the time, Qt is the cumulative release amount of
pesticides, a and b are the parameters of the kinetic
equation (with different meaning in different equa-
tions), k is the apparent speed constant in the first-
level dynamic equation, and qmax is the apparent
equilibrium desorption amount. The multiple correla-
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tion coefficient (R2) and standard error (Se) can be
used to judge the degree of fitting. That is to say
the larger R2 and the smaller Se contribute to a
better fitting degree.

Se ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPðst � ŝtÞ2

n� 2

s
; R2 ¼ 1�

Pðst � ŝtÞ2Pðst � �stÞ2

where st, ŝt, �st and n are the measured value, the pre-
dictive value, the average value, and sample number,
respectively. Fig. 2 shows that the introduction of
LMWOAs strengthens the release of OCPs to a certain
extent. Comparing with water leaching system, the
release amount of DDTs in LMWOAs leaching
systems increased by 15–18%, while that of HCHs
increased by 7–25%. The release ability of LMWOA
for DDTs are: citric acid (18–26%) > tartaric acid

(14–20%) > oxalic acid (6–10%) >water (3–8%). On the
other hand, the release ability of LMWOA for HCHs
are: tartaric acid (60%) > citric acid (49–55%) > oxalic
acid (41–48%) >water (35–41%). The results match the
experiment results conducted by White, who used
batch method and pot experiment to study the effects
of seven kinds of LMWOA to p,p´-DDE [21].

Tables 2 and 3 show that the kinetic release of
OCPs in water leaching system is basically in accord
with the first-order kinetic equation (R2: 0.99−0.9999,
p < 0.0001), while that of p,p´-DDE appears to be more
consistent with double constant equation because its
Se is lower than that of the first-order equation, it
implies that the release kinetics of the OCPs studied
from soil with water leaching is still a kind of surface
diffusion on soil particles. In oxalic acid leaching
system, the kinetic release behaviours of o,p´- and p,p
´-DDE, o,p´-DDT, and HCHs seem to be more
consistent with parabolic diffusion equation, and it
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Fig. 1. Release velocity of OCPs from red soil with LMWOAs.
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indicates that their release behaviours from soil are
controlled by a number of diffusion mechanisms, and
the outward diffusion process of the pesticides from
soil particle interior is the limit step of whole release
process; but that of p,p´-DDT more conforms to
double constant equation, it may be related to its
molecules structure, mineral dissolution and the
heterogeneity of energy on soil particles surface
induced by oxalic acid (activation and inactivation
function of granular surface) for p,p´-DDT.

In tartaric acid leaching system and citric acid
leaching system, parabola diffusion equation (tartaric
acid system) and double constant equation (citric acid
system) may be better to describe the kinetic release
behaviours of DDE and DDT; besides α-HCH
conforms to double constant equation, the kinetic
release behaviours of β-, γ- and δ-HCH seem to be
more consistent with the Elovich equation. So, the
release behaviours of DDTs in the tartaric acid
leaching system are mainly characterized by several
diffusion mechanisms, while the release of DDTs in
citric acid leaching system is characterized by the
release mechanism of different energy position. For
the release behaviors of HCHs, which own a larger
solubility in water, it may involve some more complex
release mechanisms.

Overall, the release behaviours of OCPs in water
leaching system are consistent with first-order kinetic
equation, which is good at describing a simple surface
diffusion mechanism. The release behaviours of DDTs
by citric acid leaching system can be well described
by double constant equation, which is good at describ-
ing a uniform energy distribution; that of DDTs in the
oxalic acid and tartaric acid systems can be described
by parabolic diffusion equation, which is controlled by
a number of diffusion mechanisms. For HCHs, their
release behaviours in oxalic acid leaching system
conforms to parabolic diffusion equation, and those in

tartaric acid and citric acid leaching systems are more
consistent with Elovich equation (see Tables 2 and 3),
which is good at describing some more complex
release mechanisms.

4. Discussion

4.1. Release mechanisms of OCPs from soil in LMWOAs
leaching systems

The slow desorption of toxic hydrophobic organic
compounds (HOCs) in soil has been a major impedi-
ment to successful remediation of many contaminated
sites [29]. Much effort has been expended on the opti-
mization of the physical chemistry of the solution in
order to maximize desorption [30]. Very little attention
has been devoted in changing the properties of the
geosorbent itself to enhance the rate of mass transfer
of HOCs into the solution phase.

SOC played a predominant role in the retention of
HOCs [28,31], sequestration in soil organic matter
(SOM) was critical for HOCs distribution in soils [14].
SOM or humic macromolecules may complex with
inorganic particles via metal ion bridges or by direct
coordination with lattice metals [32,33]. Complexed in
this way, they are most likely constrained, restricting
the diffusion of bound HOCs [34]. Chelating agents,
including DOM, root excudes, LMWOAs and so on, are
commonly used to determine activities of heavy metals
[35] and organic pollutants [9–14,25,28,30,31,34,36–39]
in soils. Chelating agents can also enhance release of
SOM, and alter the association between SOM and the
inorganic matrix or affect the structure of SOM itself. In
addition, polyvalent metal ions can act as cross-linking
agents of the SOM “polymer” phase by coordinating to
carboxyl or phenolate groups on different strands,
increasing the rigidity of the matrix, and hence the
diffusional resistance of partitioned molecules.

Table 3
Coefficients of determination (R2) and standard errors (Se) of four kinetics equations

LMWOA

First-order kinetic
Parabolic
diffusion Elovich equation Double constant

R2 Se R2 Se R2 Se R2 Se

HCHs Water 0.9900 8.84 0.9212 23.96 0.9869 10.03 0.9516 18.90
Oxalate 0.8417 34.87 0.9933 7.18 0.9434 20.7 0.9911 8.19
Tartrate 0.9775 19.61 0.9083 39.66 0.9865 15.18 0.9334 33.79
Citrate 0.8778 31.65 0.9333 23.16 0.9832 11.72 0.9643 16.99

DDTs Water 0.9997 0.24 0.9822 1.76 0.8613 5.05 0.9986 0.52
Oxalate 0.9079 4.46 0.9787 2.43 0.8968 5.45 0.9805 2.16
Tartrate 0.9581 6.80 0.9825 4.34 0.9503 7.54 0.9815 4.50
Citrate 0.9501 10.80 0.9877 5.53 0.9404 12.39 0.9895 5.06
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The ability of carboxylic acids and oxy acids to cause
dispersion of humic aggregates into smaller colloids
might then be due to their multi-ligand potential. SOM
desorption and restructuring due to metal chelation can
also improve the availability of HOCs because changes
in the binding chemistry and transport characteristics
of HOCs are likely [30,40].

For example, the desorption rate and extent of soil
dissolved natural organic carbon (DNOC) and PAH
from a contaminated soil can be significantly
enhanced with the aid of complexing agents, which
reduced the degree of cross-linking in the SOM phase
and accelerated PAH diffusion [30]. The desorption
and mobility of isoproturon were promoted in the
presence of DOM and LMWOAs in Eutric gleysols [9].
Dissolved organic carbon reduced imidacloprid sorp-
tion by competing with the pesticide molecules for
sorption sites on the soil surface [11]. The initial rapid
leaching of a small fraction of napropamide was not a
result of preferential flow, but is due to DOM-facili-
tated transport [13]. Gao et al. reported that the pres-
ence of inherent DOM in soils was found to impede
phenanthrene sorption, and the influence of exotic
DOM on phenanthrene sorption was related to DOM
concentrations, higher concentrations (>=52mgDOC/
L) of added exotic DOM clearly impeded the distribu-
tion of phenanthrene between soil and water [10].
Similarly, LMWOAs could inhibit (4-chloro-2-methyl-
phenoxy)acetic acid sorption in soils through direct
competition for sorption sites [37]. Moreover, Ling
et al. observed that oxalic and citric acids significantly
reduced the sorption of phenanthrene in soils, and
organic matter colloids bound to the soil mineral sur-
faces via polyvalent metal ions might be released into
the aqueous phase, resulting in the decreased content
of solid organic matter, which was the predominant
pool for hydrophobic organic pollutants in soils [17].
Chen et al. showed that the decrease of pentachloro-
phenol adsorption was induced mainly by the low-
molecular weight root exudates promoting the organic
matter release from the soil samples, and the higher
the content of organic matter, the more was its release
amount [39].

LMWOAs, which is a kind of typical DOM and
could be retained on soil particle surfaces through
ligand exchange [23,41], is the primary active compo-
nents of rhizosphere and has been shown to disrupt
the sequestering of soil matrix and enhancing desorp-
tion of OCPs in soil. For example, White et al. found
that the presence of organic acids induced the
increased solubility of inorganic soil constituents and
concomitant increase in the desorption of p,p´-DDE
[21]. Gonzalez et al. showed that sodium citrate and
oxalate, at levels usually exuded by plant roots,

effectively enhanced the desorption of p,p´-DDT,
p,p´-DDE, and α-cypermethrin, while no effects were
observed for α-endosulfan and endosulfan sulfate [42].
Luo et al. reported that the addition of oxalate
resulted in the increased release of dissolved organic
carbon and inorganic ions from soils, also significantly
increased the desorption of p,p´-DDT for different
soils (11–54%).

From the discussion abovementioned, we can put
forward some mechanisms about OCPs desorption
from soil induced by LMWOAs or root exudates: (1)
Mechanism of minerals dissolution. LMWOAs
induced the dissolution of soil minerals and resulted
in desorption of OCPs adsorbed on soil minerals; (2)
Indirect release mechanism. Soil inherent organic
matter is dissolved and released by LMWOAs, or
SOM matrix is restructured due to LMWOA’s multi-
ligand potential with polyvalent metal ions acting as
cross-linking agents of the SOM matrix, and resulted
in desorption of OCPs adsorbed by soil inherent
organic matter; (3) Direct release mechanism. The
LMWOAs directly competed with OCPs for sorption
site on soil surface and released them; and (4)
Mechanism of locking and unlocking. LMWOAs inter-
acted with soil inherent organic matter like a key and
induced the change in its conformation and properties,
which resulted in the locking or unlocking of the
OCPs by soil inherent organic matter.

4.2. OCPs-specificity and LMWOAs-specificity of release
mechanisms

From Figs. 1–3 and Tables 2–4, one can find that
the release behaviours of OCPs in different LMWOAs
leaching systems had obvious difference. The results
of cluster analysis showed that desorption behaviours
of HCHs and DDTs can be divided into two groups, it
may relate to their larger difference of dissolvability
and n-octanol/water partition coefficient (Kow). In
order to explore the relationship between the dissolv-
ability and Kow of OCPs and their release behaviour,
we carried out linear correlation analysis among the
cumulative release amount (log Q), dissolvability (log
S) and log Kow of OCPs (Fig. 4). Results suggested
that the linear correlation degree between log Q and
log Kow (R2 = 0.9034 − 0.9862) exceeded that between
log Q and log S (R2 = 0.9034 – 0.9862), it implied that
their release mechanisms from soil in LMWOAs leach-
ing systems still dominated by partition mechanism.

The release behaviours of OCPs in different
LMWOAs leaching systems can be divided into two
groups, which include the group of water and oxalate
leaching systems and the group of tartrate and citrate
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Fig. 2. Accumulative release kinetic of OCPs from red soil with LMWOAs leaching.
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Fig. 3. Cluster analysis about the release kinetics behavior of OCPs from soil in LMWOAs leaching systems.
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leaching systems, by cluster analysis according to their
cumulative release amount. But viewing from the
fitting results of kinetic equation (Tables 3 and 4),
there are different classifications results. The introduc-
tion of LMWOAs resulted in the complication of
release mechanism from simple surface diffusion
mechanism in water leaching system to more compli-
cation diffusion mechanisms in LMWOAs leaching

systems. The difference of OCPs release pattern stud-
ied in different LMWOAs leaching systems may be
related to the differences of OCPs’ three-dimensional
structure, the number and position of carboxyl and
hydroxyl in LMWOAs molecule, and the influence on
their coordination, mineral dissolution, and restructur-
ing ability on soil inherent organic matter structure,
and different action mechanisms between LMWOAs

Table 4
Dunn’s multiple comparisons test of release kinetics in different LMWOA systems

α-HCH β-HCH γ-HCH δ-HCH

W1 O1 T1 C1 W2 O2 T2 C2 W3 O3 T3 C3 W4 O4 T4 C4

α-HCH W1 ns
O1 ns ns
T1 **** **** ns
C1 * * *** ns

β-HCH W2 ns
O2 ** ns
T2 **** **** ns
C2 **** **** ns ns

γ-HCH W3 ns
O3 ns ns
T3 **** **** ns
C3 **** **** * ns

δ-HCH W4 ns
O4 ns ns
T4 ** ns ns
C4 ** ns ns ns

o,p´-DDE p,p´-DDE o,p´-DDT p,p´-DDT

W5 O5 T5 C5 W6 O6 T6 C6 W7 O7 T7 C7 W8 O8 T8 C8

o,p´-DDE W5 ns
O5 *** ns
T5 **** **** ns
C5 **** **** **** ns

p,p´-DDE W6 ns
O6 *** ns
T6 **** *** ns
C6 **** **** ** ns

o,p´-DDT W7 ns
O7 *** ns
T7 **** ** ns
C7 **** **** *** ns

p,p´-DDT W8 ns
O8 ** ns
T8 **** **** ns
C8 **** **** *** ns

Notes: W =water, O = oxalate, T = tartrate, C = citrate; ns = no significant.

*represents different significant level.

The “*, **, ***, ****” represent different significant level with p value of ≥ 0.05, 0.01 to 0.05, 0.001 to 0.01, 0.0001 to 0.001 and < 0.0001,

respectively.
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and different bound OCPs on the soil surface. In this
study, LMWOAs may cause partial dissolution of soil
mineral structure and partial destruction of the soil
matrix, such as the organo-mineral linkages, resulting
in decrease of available sorption sites and the release
of organic carbon and metal ions, and thus the
subsequent enhanced desorption of OCPs from the
soils [25].

5. Conclusion

Results showed that the introduction of LMWOAs
could accelerate the release of the tested OCPs
(relative to the water, increased 15–18% for DDTs,
7–25% for HCHs). It implied that the LMWOAs
induced the complication of the kinetics release mech-
anisms of OCPs (the best kinetics equation describing
the release of pesticide changed from the first-order
kinetic equation in water system to parabola diffuse
equation, double constant equation, or Elovich equa-
tion in LMWOAs systems). It also indicated that the
kinetics release mechanisms of OCPs by LMWOAs
involved not only the simple granular surface diffu-
sion mechanism in water system, but also the outward
diffusion mechanism of soil particles internal, activa-
tion and inactivation function of granular surface, the
non-uniform mechanism of surface energy distribution
induced by the solution of soil mineral, and structure
change of soil inherent organic matter coating onto the
soil mineral surface by LMWOAs.

The release velocity of HCHs was far higher than
that of DDTs by water and LMWOA. Their difference
was nearly three times. The variation amplitude of the
release velocity and the influence of elution volume
on release velocity for DDTs by water were all small

and not obvious. The release velocity curves of OCPs
from soil by LMWOAs were all peak-type curve, and
it included two stages which are rapid release and
low release.
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