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Abstract
Purpose Adsorption and desorption are important processes
that influence the transport, transformation, and bioavail-
ability of atrazine in soils. Equilibrium batch experiments
were carried out to investigate the adsorption–desorption
characteristics of atrazine. The objectives of this study were
to (1) determine and quantify the main soil parameters
governing atrazine adsorption and desorption phenomena;
(2) find the correlativity between the identified soil param-
eters; and (3) investigate the universal desorption hysteresis
traits.
Materials and methods Fifteen soils with contrasting
physico-chemical characteristics were collected from 11
provinces in eastern China. The equilibrium time was 24 h
both for adsorption and desorption experiments. Atrazine
was detected by Waters 2695/UV HPLC.
Results and discussion Adsorption isotherms of atrazine
could be well described by the Freundlich equation (r≥
0.994, p<0.01). The total organic carbon (TOC) was the
first independent variable that described 53.0 % of the total
variability of Kf, followed by the pH (9.9 %), and the clay
(4.0 %) and silt (1.2 %) contents, separately; while the
primary soil properties that affect desorption parameters

included the TOC, pH, free Fe2O3 (Fed) and the sand con-
tent, with the biggest contribution achieved by the TOC
(ranged from 48.5–78.1 %). The results showed that when
the content ratio of clay to TOC (RCO) was less than 40, the
atrazine adsorption was largely influenced by the organic
matrix, while when the RCO was greater than 40, they were
vital affected by the clay content.
Conclusions Adsorption–desorption isotherms of atrazine
in soils were nonlinear. The content of TOC, clay, and iron
oxides, as well as the pH value were the key soil parameters
affecting the adsorption–desorption of atrazine in soil,
among which the RCO especially exhibited relevance. Ad-
ditionally, the desorption hysteresis existed for atrazine re-
tention in all 15 tested soils, and the hysteretic effect
enhanced with the increasing time for desorption. This
would be ascribed to the heterogeneity physical–chemical
properties of these soils.

Keywords Adsorption and desorption . Atrazine .

Hysteretic effect . The content ratio of clay to total organic
carbon (RCO) . Soil characteristics

1 Introduction

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-tri-
azine) is one of the most widely used herbicides for broadleaf
weed and certain annual grasses controls and is popular be-
cause of its effectiveness and low cost (Huang et al. 2003; Gao
and Jiang 2010). Since the 1980s, atrazine has been intensive-
ly applied in China and the application amount has increased
rapidly (about 20 % per year); now, it is one of the 52 kinds of
environmental priority control pesticides in China. Due to its
relatively high mobility and long half-life (28–440 days) in
soil, atrazine is often detected in surface and ground waters
worldwide (Sherchan and Bachoon 2011), which has toxicity
to aquatic organisms (Hincapie et al. 2005; Botelho et al.
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2011), frogs (Hayes et al. 2002), and leads to human cancer, it
could even interfere with the production of normal human
hormones, which is just inferior to DDT (Rayner and Fenton
2011).

Adsorption–desorption behavior is one of the key pro-
cesses affecting the fate of agrochemicals in sediment–water
environment (Clausen et al. 2001; Mudhoo and Garg 2011).
The role of key soil properties, such as organic carbon
content, clay content, pH, and cation exchange capacity, as
a determinant of pesticide adsorption–desorption behaviors
has attracted much interest over the past two decades (Jenks
et al. 1998; Spark and Swift 2002; Deng et al. 2007; Flores
et al. 2009; Sun et al. 2010). For example, Jenks et al.
(1998) constructed the adsorption and desorption isotherms
for atrazine retention in a Hastings silty clay loam with six
soil depths, and found that atrazine adsorption was highly
correlated with organic matter content and soil pH, and
desorption hysteresis was also a reflection of the relative
organic matter content and pH level in each soil depth.
Flores et al. (2009) researched simazine adsorption behavior
by using two representative soils (a loam soil with 8.5 %
organic matter content and a clay loam soil with 3.5 %
organic matter content) from agricultural sites of central
Chile. The results and the potentiometric profiles of both
soils, suggested that simazine adsorption in loam soil was
mainly governed by sinazine–organic matter interactions
and in clay loam soil by sinazine–clay interactions. While
the work cited above for the investigation of the correlativity
among divers soil properties for controlling adsorption–de-
sorption behaviors of pesticides were collected mainly from
relatively small geographical scale regions. The information
directly available for various types of natural soils from a
large geographical scale region is still limited to date. Fur-
thermore, several studies have pointed out the occurrence of
hysteresis in the adsorption–desorption reactions in soils
(Lesan and Bhandari 2003; He et al. 2006a, b; Anagu et
al. 2011); but whether it was universal for diverse soils is not
completely understood, and accurate quantification of the
effects of soil properties on adsorption–desorption of atra-
zine in soils still seems to be lacking.

In this study, 15 representative soils, with contrasting
physico-chemical properties that belong to different
types of soil classification, were collected from 11
provinces across about 85 % of the total area of entire
eastern China, ranging from southern latitude of 19°N
to northern latitude of 47°N. Batch adsorption and de-
sorption experiments were carried out using the standard
batch equilibration method. The goal of this work was
to (1) determine and quantify the main soil parameters
governing atrazine adsorption and desorption phenome-
na; (2) find the correlativity between the identified soil
parameters; and (3) investigate the universal desorption
hysteresis traits.

2 Materials and methods

2.1 Chemicals and soils

Acetonitrile (HPLC grade) was purchased from Merck Co.,
Germany. Atrazine (with purity greater than 99.5 %) was
obtained from National Standard Material Standard Sample
Information Center (China). Stock solution of atrazine was
prepared in acetonitrile at 1000 mg L−1, and stored in the
dark at 4 °C. Working standard solutions were prepared by
appropriate dilutions in 0.02 mol L−1 KCl solution (0.02 %
NaN3). A Waters 2695 series HPLC with UV/Vis spectro-
photometry detector was used for the quantification of
atrazine.

Fifteen uncultivated soils were sampled in the surface
layers (0–20 cm) in 11 provinces from south (19°N) to north
(47°N) of eastern China. They were selected on the basis of
contrasting taxonomy, sampling sites, and different basic
properties (Table 1). Soil types were classified as Mollisols,
Alfisols, Inceptisols, Ultisols, and Oxisols from north to
south of China according to the USA classification. Soil
samples were air-dried, sieved to 2 and 0.25 mm, stored in
the dark at room temperature (20±2 °C) and sheltered from
humidity. No residual atrazine was detected in these soil
samples.

2.2 Adsorption–desorption experiments

Adsorption experiments were carried out using the standard
batch equilibration method. A mass of 2.5 g of air-dried
(0.25 mm sieved) soils were mixed with 5 mL varied con-
centrations (C0) of atrazine (0.1, 0.2, 0.4, 0.8, 1.0, 2.0, 4.0,
8.0, 16.0, 20.0, and 30.0 mg L−1, respectively) in 50-mL
glass centrifugal tubes with a background electrolytic solu-
tion containing 0.02 mol L−1 KCl (0.02 % NaN3 was added
to minimize bacterial growth and biodegradation of atrazine
during batch experiments). One series of vials without soil
as control was also monitored. Since the apparent equilibri-
um could be reached by shaking within 24 h as testified in
our preliminary kinetic experiment, the tubes (with two
replicates and a blank for each concentration) were shaken
for 24 h with a rotary agitator (180 rpm) at 28±2 °C in dark.
The soil slurry was thereafter centrifuged at 3,500 rpm for
20 min using a centrifuge (Legend Plus, Thermo). Superna-
tant solution was sampled from each tube for atrazine anal-
ysis by Waters 2695/UV HPLC, under the optimized
conditions as follows: acetonitrile/water060:40 as mobile
phase, 1 ml/min of flow rate, 30 °C column temperature, and
221 nm detected wavelength.

Desorption experiments were conducted in sequential
decant–refill steps immediately after adsorption procedures.
At the end of adsorption experiments, solids were separated
from the aqueous solution by centrifugation at 3,500 rpm for
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20 min and liquid of supernatant was withdrawn from each
tube. The tube was weighed before and after withdrawal to
calculate the amount of residue. Then, about 5 mL of back-
ground solution was added into each tube to maintain the
same ionic strength as that of the background solution. The
new atrazine mixtures were then desorbed for a new round
shaking for 24 h under the same condition as adsorption,
and subsequently determined by HPLC. In total, three
rounds of successive desorption procedures were carried
out. Desorbed atrazine was calculated at each desorption
stage. The amount of atrazine remaining on sorbents at each
desorption stage was calculated as the difference between
the initial adsorbed amount and the final desorbed amount.
Blank samples were also processed at the same time. Atra-
zine degradation and adsorption loss on the centrifuge tubes
was found to be negligible (<1 %).

2.3 Statistical analyses

The mass of atrazine adsorbed onto the soils was detected
by measuring the mass of atrazine that disappeared from the
solution phase at the end of adsorption experiment. The
fraction of atrazine adsorbed on the soils was calculated by
the equation:

Qe ¼ C0 � Ceð Þ � V
M

ð1Þ

where Qe is the quantity of atrazine adsorbed per unit weight
of soil (in milligrams per kilograms); C0 is the initial

concentration of atrazine (in milligrams per liter); Ce is the
equilibrium concentration of atrazine at the end of the adsorp-
tion experiment (in milligrams per liter); V is the volume of
solution (in liters); andM is the mass of the soil (in kilograms).

The fraction of atrazine desorbed from soils every cycle
was calculated by the equation:

Qej ¼ Cj � Vj

M
� Cj�1 � Vj�1 � Vj�2

� �
M

ð2Þ

where Qej is the j time’s quantity of atrazine desorbed from
soils (in milligrams per kilogram); Cj is the j time’s solution
phase atrazine concentration of the previous equilibrium
experiment (in milligrams per liter); Vj is the j time’s volume
of solution; Cj−1 is the j−1 time’s solution phase atrazine
concentration of the previous equilibrium experiment (in
milligrams per liter); Vj−1 and Vj−2 are the j−1 and j−2 times’
volume of the soil slurry with tube.

The adsorption and desorption data are analyzed using
the Freundlich equation:

Qe ¼ Kf � CN
e ð3Þ

where Qe is the solid-phase equilibrium concentration of
atrazine (in milligrams per kilogram); Ce is the liquid-
phase equilibrium concentration of atrazine (in milligrams
per liter); Kf is the Freundlich unit capacity factor; N is the
Freundlich exponent.

Table 1 Location, classification and properties of soils used in this study

Soil no. Soil type Province Textural class pH TOC CEC Feo Fed Particles fraction (%)

Chinese
classification

U.S.taxonomy
(Great Groups)

(USDA) (H2O) g kg−1 cmol
(+)kg−1

g kg−1 g kg−1 Clay Silt Sand

1 Black soils Argiustoll Heilongjiang Silty clay loam 5.77 31.74 37.5 6.3 9.2 38.3 55.3 6.4

2 Brown earth Paleboralf Liaoning Silt loam 6.49 9.40 13.5 4.1 11.5 24.7 62.2 13.2

3 Brown earth Typustalf Shandong Clay loam 6.26 8.96 14.3 3.9 11.7 27.3 37.6 35.0

4 Cinnamon soils Haplustalf Henan Silt loam 8.36 4.17 9.9 1.8 9.8 19.5 60.7 19.8

5 Fluvo-aquic soils Ustifluvent Henan Loam 8.32 8.29 7.7 1.4 7.2 15.5 43.2 41.3

6 Yellow-brown earth Typudalf Jiangsu Silt loam 5.12 15.38 18.2 4.7 19.3 25.1 68.4 6.5

7 Red earth Plinthudult Zhejiang Silt clay 4.59 3.57 9.7 2.9 25.0 50.2 41.5 8.3

8 Red earth Psammaquent Zhejiang Sandy loam 4.28 1.46 6.6 0.7 7.2 11.5 14.4 74.4

9 Red earth Plinthudult Jiangxi Silty clay 4.73 6.55 10.1 3.6 24.9 49.3 46.0 4.6

10 Yellow earth Hapludult Guizhou Silty clay loam 4.09 25.68 10.5 6.0 24.6 35.1 61.0 3.9

11 Red earth Plinthudult Guangxi Clay loam 4.23 10.73 9.8 2.1 24.9 37.0 28.7 34.2

12 Latosols Tropudult Guangdong Clay 4.35 27.75 10.4 4.9 25.8 73.1 23.3 3.6

13 Latosols Tropudult Hainan Silty clay loam 4.80 24.59 7.9 2.0 7.0 22.5 13.6 63.9

14 Latosols Tropudult Guangdong Clay 4.82 20.66 145.4 9.6 25.8 60.9 26.3 12.8

15 Cinnamon soils Haplustalf Henan Clay loam 8.32 3.21 117.5 2.8 10.7 26.5 21.5 52.0

TOC total organic carbon, CEC cation exchange capacity, Feo amorphous Fe2O3, Fed free Fe2O3
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The content ratio of clay to total organic carbon (TOC;
RCO) was calculated by the equation:

RCO ¼ %clay

%TOC
ð4Þ

Cox et al. (1997) proposed desorption hysteresis coeffi-
cients (H) based on the ratio of desorption and adsorption
isotherm parameters:

H ¼ Nd

Na
� 100 ð5Þ

where Na and Nd are the Freundlich parameter N for adsorp-
tion and desorption, respectively.

Ma et al. (1993) reported hysteresis as the maximum
difference between adsorption and desorption isotherms:

w ¼ Na

Nd
� 1

� �
� 100 ð6Þ

where w is the hysteresis coefficient.
Although H and w are easy to use, there is great differ-

ence between practical adsorption and desorption isotherms.
Zhu and Selim (2000) defined a new hysteresis parameter λ,
based on the difference in the area between the adsorption
and desorption isotherms:

l ¼ Na þ 1

Nd þ 1
� 1

� �
� 100 ð7Þ

3 Results

3.1 Adsorption and desorption isotherms

Adsorption isotherms and Freundlich parameters of atrazine
in the 15 soils were presented in Fig. 1 and Table 2. The
results showed that adsorption amount of atrazine in the 15
soils increased with increasing equilibrium concentrations
(Fig. 1). In addition, Freundlich parameters (Kf and Na) were
significant, and the correlation coefficients were highly sig-
nificant at 0.01 probability level (Table 2). The Kf values
ranged from 0.20 to 5.74 (29-fold to 0.2), and a grading in
soil Kf values has been observed in the following order: soil
1>soil 10>soil 13>soil 9>soil 8≈soil 6>soil 11≈soil 14≈
soil 12≈soil 7≈soil 2>soil 3>soil 5≈soil 4>soil 15.

Since all desorption isotherms were similar in shape, only
the isotherm for soil 1 was shown graphically as example
(Fig. 2). Apparently, there are significant differences among
adsorption and desorption isotherms, and the desorption
amounts of atrazine from the tested soils increased with
increasing equilibrium concentrations. Desorption isotherms
also conformed well to the Freundlich equation for all the
tested soils (r>0.945, p<0.05) (Table 2). The results showed
that the average desorption rate of atrazine after three

successive desorption were in the order: soil 5>soil 15>soil
4>soil 2≈soil 3≈soil 13>soil 14>soil 6≈soil 1>soil 7≈soil
12>soil 11≈soil 10≈soil 8>soil 9. It obviously revealed
that the soils with high Kf values (e.g., soils 1, 10, 9,
and 8) had lower desorption rate and adsorbed more
atrazine than those with low Kf values (e.g., soils 15, 4,
and 5).

3.2 Relation between atrazine adsorption–desorption
and soil properties

Bivariate correlation analysis between soil properties
and atrazine adsorption–desorption parameters (Kf,
Kfd1−Kfd3) are showed in Table 3. There was a positive
significant relationship between the Kf and the TOC
content (r00.728, p<0.01), and a negative relationship
between the Kf and pH (r0−0.577, p<0.05). In addi-
tion, there were also significant relationship between
desorption parameters and the TOC content (Kfd1: r0
0.355, p<0.05; Kfd2: r00.522, p<0.05; Kfd3: r00.781,
p<0.01). A simple correlation analysis was also ana-
lyzed among soil properties (Table 4), which showed
that the TOC content was positively correlated with the
amorphous Fe2O3 (Fe0) content, and the pH was neg-
ative correlated with the Fed content, while the Fed
content was positively correlated with the clay content
and negative correlated with the sand content. There-
fore, it is difficult to assess the exact relationship
among TOC, pH, and Kf if only by bivariate correla-
tion analysis.

According to the principle of statistics, a dependent var-
iable which is influenced by many factors cannot be
explained by simple correlation analysis. Stepwise
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Fig. 1 Sorption isotherms of atrazine on 15 soils. Qe is the amount of
atrazine adsorbed per unit weight of soil and Ce is the equilibrium
atrazine concentration
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regression analysis were thus derived in order to further
correlate the various soil properties with the adsorption–
desorption parameters for atrazine, and leads to a linear
predictive model for Kf and Kfd1-Kfd3, respectively (Table 5).
According to Table 5, model (D) is the best regression way
to describing the relationship between Kf and soil properties,
which had significant coefficient (p<0.05) and described
nearly 68.1 % of total variability of the Kf. The TOC was
the first independent variable that describe 53.0 % of total

variability of the Kf (model A), and followed by the pH
(9.9 %), and the content of clay (4.0 %) and silt (1.2 %),
respectively. Table 5 also showed that the tendency of
relationship between atrazine desorption parameters and soil
properties was similar in the three sequential desorption
processes. The primary soil properties that affect desorption
parameters were the content of TOC, Fed, and sand, as well
as the pH value, with the biggest contribution achieved by
the TOC (ranging from 48.5–78.1 %). The best regression
model in the three desorption were model (G), model (K)
and model (N), and the contribute rates to capacity of
desorption were 75.1, 75.2, and 86.4 %, respectively.

3.3 Correlation of adsorption with the content ratio of clay
to TOC (RCO)

Scatter diagram was used to show simple regression be-
tween the RCO values and Freundlich constants (Kf) for
15 soil samples used in the present study and 21 soil sam-
ples reported by others (Spongberg and Lou 2000; Huang et
al. 2003; Amaud et al. 2005; Huo 2006; Gao and Jiang
2010) (Table 6), as shown in Fig. 3. According to Fig. 3,
the 15 soils used in the present study had the same trend as
the 21 soil samples reported by others. Note that the Kf

value was RCO dependent. In most cases, the Kf value
sharply decreased with the increase of the RCO values when
RCO<40, and then approached relative unity in the upper
RCO values range until further decrease of the Kf value was

Table 2 Constants and correlation coefficients (r) of atrazine adsorption and desorption on 15 soils based on the Freundlich equation

Soil Adsorption First desorption Second desorption Third desorption

Kf
a N r Kfd1 Nd1 r Kfd2 Nd2 r Kfd3 Nd3 r

1 5.74** 0.795** 0.999** 0.86** 0.322** 0.996** 1.25** 0.558** 1.000** 1.31** 0.587** 0.999**

2 0.54** 1.284** 0.997** 0.38** 0.278** 0.999** 0.36** 0.294** 0.987** 0.28** 0.823** 0.986**

3 0.87** 0.849** 0.998** 0.49** 0.194** 0.988** 0.29** 0.389** 0.989** 0.43** 0.547** 0.945**

4 0.20** 1.142** 0.996** 0.13** 0.170** 0.999** 0.15** 0.607** 0.996** 0.11* 1.010** 0.993**

5 0.35** 0.747** 0.998** 0.27** 0.652** 0.996** 0.21** 0.603** 0.998** 0.26** 0.629** 0.998**

6 0.60** 0.781** 0.999** 0.49** 0.101** 0.999** 0.38** 0.285** 0.993** 0.32** 0.651** 0.992**

7 1.71** 0.901** 1.000** 0.55** 0.264** 0.993** 0.61** 0.600** 0.999** 0.52** 0.627** 0.992**

8 1.71** 0.847** 0.999** 0.83** 0.197** 0.999** 0.66** 0.275** 0.990** 0.44* 0.632** 0.991**

9 2.16** 0.840** 0.998** 0.67** 0.150** 0.999** 0.58** 0.454** 0.998** 0.19* 0.429** 0.945*

10 2.78** 0.702** 0.994** 0.39** 0.492** 1.000** 0.74** 0.521** 0.954** 0.19* 0.514** 0.946*

11 1.86** 0.846** 0.998** 0.24** 0.269** 0.996** 0.25** 0.441** 0.976** 0.20** 0.591** 0.993**

12 4.52** 0.835** 0.998** 0.55** 0.153** 1.000** 0.35** 0.231** 0.992** 0.52** 0.473** 0.996**

13 2.15** 0.781** 0.999** 0.41** 0.310** 0.988** 0.52** 0.332** 0.998** 0.44** 0.338** 0.993**

14 3.10** 0.869** 0.994** 0.93** 0.165** 0.999** 0.89** 0.331** 0.998** 1.02** 0.642** 0.999**

15 1.79** 0.844** 0.998** 0.30** 0.295** 0.997** 0.48** 0.402** 0.993** 0.53** 0.455** 0.982**

aKf the Freundlich unit capacity factor for adsorption; r the correlation coefficient; Kfd1, Kfd2, and Kfd3, the Freundlich unit capacity factor for the
first, second, and third desorption, respectively; Nd1, Nd2, Nd3, the Freundlich exponent for the first, second, and third desorption, respectively

*p00.05; **p00.01
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Fig. 2 Desorption isotherms of atrazine in soil 1. Qe is the amount of
atrazine desorbed per unit weight of soil and Ce is the equilibrium
atrazine concentration
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not observed when RCO>40. Therefore, the adsorption
characteristics of atrazine by the soils could be separated
into two groups according to the values of RCO (Fig. 4).
The first group of soils with the RCO<40 had the higher Kf

values, and their adsorption capability had closer positive
correlation with the TOC content (r00.315, p<0.05), but no
relationship with the clay content (r00.014, p00.942). The
second group of the soils with the RCO>40, nearly 17 % of
total tested samples, had lower Kf values, and their adsorp-
tion capability had closer positive correlation with the clay
content (r00.359, p00.058) than the TOC content (r0
0.009, p00.987).

3.4 Hysteretic effect of atrazine desorption from soils

From the current results in Table 2, adsorption parameter
(Na) is bigger than desorption parameters (Nd1, Nd2, and
Nd3), and discrepancy between adsorption and desorption
isotherms had been well documented in Fig. 2. According to
Eqs. (5), (6), (7), if Nd/Na01, then H0100, ω00, and λ00.
The desorption rate and the adsorption rate would be similar.
There was thus no hysteresis; if Nd/Na<1, then H<100, ω>
0, and λ>0. The desorption rate would be less than the
adsorption rate. The positive hysteresis would thus be char-
acterized; if Nd/Na>1, then H>100, ω<0, and λ<0. It would
be in the case of negative hysteresis (O’Connor et al. 1980;
Barriuso et al. 1994). The results from Table 7 showed that
the hysteretic phenomena existed during all desorption pro-
cedures, and all of them were indicative of positive hyster-
esis (Nd/Na<1, H<100, ω>0, and λ>0). In addition, Table 7
also revealed that desorption parameters (Nd) and hysteresis

index (H) increased with the increasing times of desorption
circles, indicating that desorption hysteresis effect and de-
sorption activation energy enhanced with the increasing
times of sequential desorption procedures, and desorption
of atrazine became increasingly difficult.

4 Discussion

4.1 Adsorption

The Freundlich equation was developed mainly to allow for
an empirical account of the variation in adsorption energy
with concentration of an adsorbate on an energetically het-
erogeneous surface. The adsorption capacity of atrazine on
different soils has been estimated by comparing Freundlich
parameters Kf in previous studies (Hamaker and Thompson
1972; Si et al. 2006). The results showed that the higher the
Kf value, the stronger adsorption of atrazine in soil. Accord-
ing to Table 1, adsorption isotherms of atrazine could also
be well described by Freundlich model, and the largest Kf

value was observed in the Argiustoll (the silty clay loam
with high organic matter content), while the minimal Kf

value was found in Haplustalf (the silt loam with low
organic matter content). The 15 soils could be divided into
three groups: the first group of soil 1 and soil 10 with the
strongest adsorption capacity, the second group of soils 13,
9, 8, 6, 11, 14, 12, 7 and 2 with a moderate adsorption
capacity, and the third group of soils 3, 5, 4 and 15 with the
weakest adsorption capacity (Fig. 1) The values of parame-
ter Na, which can be used as an index of nonlinearity, were

Table 3 The bivariate correla-
tion between Kf, Kfd1–Kfd3 and
soil properties (N015)

Abbreviations are as in Tables 1
and 2

*p00.05; **p00.01

pH TOC CEC Feo Fed Clay Silt Sand

Kf −0.577* 0.728** −0.123 0.390 0.172 0.258 0.085 −0.258

Kfd1 0.385 0.355* −0.304 0.050 −0.232 0.089 −0.111 −0.154

Kfd2 0.393 0.522* −0.107 0.219 −0.081 0.193 −0.018 −0.128

Kfd3 0.218 0.781** −0.071 0.403 −0.183 0.124 0.010 −0.100

Table 4 Correlation coefficients
among soil properties of the 15
soils

Abbreviations are as in Tables 1
and 2

*p00.05; **p00.01

pH TOC CEC Feo Fed Clay Silt Sand

pH 1

TOC −0.395 1

CEC 0.194 0.066 1

Feo −0.291 0.627* 0.567* 1

Fed −0.615* 0.197 0.115 0.495 1

Clay −0.485 0.437 0.274 0.624* 0.803** 1

Silt 0.214 0.055 −0.277 0.222 0.074 −0.142 1

Sand 0.191 −0.367 0.014 −0.636* −0.653** −0.630* −0.679** 1
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not equal to 1 (Table 2), suggesting a significant nonlinear-
ity for atrazine adsorption isotherm in the 15 soils. Clay and
Koskinen (1990a) also got similar results on atrazine
adsorption.

4.2 Desorption

Desorption is an inverse process of adsorption and a key
process affecting pesticide sequestration behaviors in soils.

Table 5 Stepwise regression
models for predicting parameters
of atrazine adsorption (Kf, Kfd1–
Kfd3) based on soil properties

aTOC, %; clay, %; silt, %
bS.E. standard error of the esti-
mate; other abbreviations are as
in Table 2

*p00.05; **p00.01

Model Multiple linear equation R2 S.E.b

The stepwise regression for Kf

(A) Kf00.492+0.112[TOC]
a 0.530* 1.11

(B) Kf02.690+0.091[TOC]−0.340[pH] 0.629* 1.02

(C) Kf03.783+0.102[TOC]−0.429[pH]−0.021[clay] 0.669* 1.01

(D) Kf03.550+0.099[TOC]−0.456[pH]−0.020[clay]+0.010[silt] 0.681* 1.04

The stepwise regression for Kfd1

(E) Kfd100.828−0.058[TOC] 0.485* 0.23

(F) Kfd101.589−0.129[TOC]+0.022[pH] 0.709* 0.18

(G) Kfd101.927−0.147[TOC]+0.031[pH]−0.004[sand] 0.751* 0.18

The stepwise regression for Kfd2

(H) Kfd200.311−0.015[TOC] 0.522* 0.26

(I) Kfd200.576−0.013[TOC]+0.041[pH] 0.560* 0.26

(J) Kfd201.202−0.012[TOC]+0.099[pH]−0.018[Fed] 0.680* 0.24

(K) Kfd202.007−0.006[TOC]+0.149[pH]−0.035[Fed]−0.007[sand] 0.752* 0.23

The stepwise regression for Kfd3

(L) Kfd300.111−0.025[TOC] 0.781** 0.21

(M) Kfd300.313−0.027[TOC]+0.014[ pH ] 0.853** 0.18

(N) Kfd300.612−0.026[TOC]+0.018[pH]−0.037 [Fed] 0.864** 0.18

Table 6 Values of the Kf, TOC,
clay content, and the content ra-
tio of clay to organic carbon
(RCO) for atrazine adsorption in
21 soil samples investigated in
the previous studies

Abbreviations are as in Tables 1
and 2

Soil No. Source Kf TOC(%) Clay (%) RCO Literature

1' Jiangsu (China) 10.52 2.17 31.0 14.3 Gao and Jiang (2010)

2' Shengyang (China) 6.19 1.1 30 27.3 Huang et al.(2003)

3' Shengyang (China) 10.39 2.01 14 7.0

4' Liaoning (China) 2.24 0.58 9 15.5

5' Beijing (China) 1.26 1.31 8.96 6.8 Huo (2006)

6' Ohio (USA) 0.82 0.77 40.4 52.5 Spongberg and Lou (2000)

7' Ohio (USA) 0.11 0.18 6.96 38.7

8' Ohio (USA) 4.47 1.63 22.3 13.7

9' Lorraine area (France) 6.3 6.03 17.7 2.9 Amaud et al. (2005)

10' Lorraine area (France) 4.0 5.81 53.6 9.2

11' Lorraine area (France) 3.6 5.59 38.1 6.8

12' Lorraine area (France) 3.4 4.8 51.6 10.8

13' Lorraine area (France) 3.9 3.66 10.4 2.8

14' Lorraine area (France) 2.7 3.63 33.4 9.2

15' Lorraine area (France) 2.2 3.64 45.5 12.5

16' Lorraine area (France) 3.4 3.32 41.1 12.4

17' Lorraine area (France) 2.7 2.77 50.9 18.4

18' Lorraine area (France) 2.9 2.62 30.9 11.8

19' Lorraine area (France) 1.3 1.5 11.4 7.6

20' Lorraine area (France) 2.2 1.43 12.7 8.9

21' Brittany (France) 2.7 1.08 20.1 18.6
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Desorption controls the predisposition of a pesticide to
be degraded and/or leached at different times (Dur et al.
1998). It is important to assess desorption since it may
reflect some of the interactions involved between the
chemical and the various soils (Amaud et al. 2005). The
current results showed that desorption isotherms could
also be well described by Freundlich model for the 15
soils (r≥0.945, p<0.05) (Table 2). The order of the
average desorption rate of atrazine is obviously different
from that of adsorption. For example, soils 1, 10, 9, and

8 had higher Kf values but lower desorption rate, while
soils 15, 4, and 5 had lower Kf values but higher
desorption rate. These results indicate that in soils with
low Kf values, less atrazine will be adsorbed, and the
adsorbed atrazine would also be less strongly held,
resulting in a greater tendency to leach.

Hysteresis is one of several manifestations of non-ideal
behavior of hydrophobic organic chemicals in soils (Huang
et al. 1998; Deng et al. 2005). The adsorption of atrazine in
soil is irreversible when the Na is greater than Nd (Pusino et
al. 2004), and the ratio of Freundlich exponents (Nd/Na)
gives an indication of adsorption–desorption hysteresis (Pal-
vostathis and Mathavan 1992; Carrizosa et al. 2001). The
major finding of the current result suggested that some
fraction of adsorbed atrazine may be irreversibly bound to
all of the 15 soils, and indicated clearly the considerable
positive hysteresis (the Nd/Na values ranged from 0.13–
0.88; Table 2, Fig. 2 and Table 7). Sorption–desorption
hysteresis has been explained variously as the result of
nonattainment of equilibrium (Huang and Weber 1997;
Barriuso et al. 2004), degradation (Armstrong and Chesters
1968; Schiavon 1988), irreversible binding to soil constitu-
ents such as organic matrices or inorganic structures (Bhan-
dari et al., 1996; Altfelder et al. 2000; Oren and Chefetz
2005; Liao and Xie 2007), or any combination of these. In
the present study, degradation was not measured but non-
attainment of equilibrium (a relative equilibration time of
24 h was considered the most convenient) may result in
hysteresis. Moreover, we observed that the soils with
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contrasting properties resulted in varying degrees of hyster-
esis effect (Tables 1 and 7). This may also suggest that the
heterogeneity of soil properties have contributed to atrazine
hysteresis phenomenon. In a similar study, Weber et al.
(1998) found that particle-scale soil organic matter hetero-
geneity significantly affected the extent of hysteresis of
hydrophobic organic contaminants in soils and sediments.
Clay and Koskinen (1990b) observed more atrazine desorp-
tion from a Plano soil at pH 6.1 than at pH 4.5. Less
desorption at the lower soil pH was attributed to greater
protonation and ionic bonding of atrazine.

4.3 Primary parameters affecting adsorption–desorption
behavior

Several studies have suggested that various soil parameters,
including the TOC content, pH, clay silicates, and aluminum
and iron oxides, should affect the adsorption and desorption
behavior of atrazine and other s-triazine herbicides by soil
samples (Stevenson 1972; Huang et al. 1984). It is reported
that soil organic matter contains a variety of functional
groups such as hydrophobic, hydrophilic, and free radicals
that can strongly entrap atrazine (Hamaker and Thompson
1972). Borggaard and Streibig (1988) also showed that
atrazine adsorption is highly correlated with total organic
matter, especially with pyrophosphate-extractable organic
matter. He et al. (2006b) founded that the pH was an
important factor affecting adsorption behavior of

pentachlorophenol in soils. When the pH increases, the soil
surface tends to be negatively charged, and the organic
molecules also tend to be ionized and negatively charged.
This is due to the repulsion of same-sex charge, which will
be detrimental to the adsorption of organic molecules on the
soil surface (Wang et al. 1999). Characteristics of organic
matter in different soil particle size composition are very
different and may indirectly affect the adsorption–desorp-
tion behavior of organic molecules (Chen and Chiu 2003;
Chefetz et al. 2004). However, accurate information about
the relative importance of the various soil parameters to
these behaviors still seems to be lacking. In our study, we
found that the TOC was the most important factor for
affecting atrazine adsorption behavior (accounted for
53.0 % of the variation in Kf value), then the pH (9.9 %),
and the contents of clay (4.0 %), and silt (1.2 %), separately.
The TOC was also the first parameters affecting atrazine
desorption behavior as it could describe the variation of Kfd

value ranging from 48.5–78.1 %, and followed by the pH
(ranged from 3.8–22.4 %), the Fed content (ranged from
1.1–12.0 %), and the sand content (ranged from 4.2–7.2 %).

As indicated by the determination coefficient (R2), about
31.9 % of the total variability in the Kf and about 13.6–
24.9 % of the total variability in the Kfd, could not be
described by the best stepwise regression models. This
indicated that even with the combination of soil properties
of the contents of TOC, clay, silt, Fed, and sand, as well as
the pH value, adsorption and desorption processes of

Table 7 Desorption hysteresis index of atrazine for the 15 soils

Soil no. Nd/Na H ω λ

Nd1/Na Nd2/Na Nd3/Na H1 H2 H3 ω1 ω2 ω3 λ1 λ2 λ3

1 0.40 0.70 0.74 40.44 70.14 73.83 147.26 42.58 35.44 35.83 15.24 13.11

2 0.22 0.23 0.64 21.64 22.90 64.12 362.11 336.71 55.96 78.74 76.50 25.27

3 0.23 0.34 0.64 22.79 34.05 64.39 338.75 193.69 55.32 54.92 43.44 19.55

4 0.15 0.53 0.88 14.85 53.14 88.48 573.33 88.18 13.02 83.14 33.30 6.54

5 0.13 0.36 0.58 12.96 36.48 57.75 671.49 174.10 73.15 61.73 38.61 22.74

6 0.29 0.38 0.47 29.30 37.76 47.44 241.25 164.84 110.79 50.39 41.84 33.18

7 0.23 0.33 0.51 23.27 32.51 51.00 329.74 207.56 96.06 54.29 44.82 28.98

8 0.18 0.54 0.56 17.86 54.06 55.78 459.77 84.97 79.29 59.99 26.54 25.30

9 0.70 0.74 0.76 70.11 74.28 76.01 42.63 34.63 31.56 14.06 11.87 10.98

10 0.18 0.28 0.57 18.30 27.72 56.66 446.55 260.79 76.50 59.18 49.01 24.57

11 0.32 0.52 0.70 31.84 52.10 69.83 214.04 91.93 43.20 45.42 28.12 16.04

12 0.14 0.17 0.18 14.08 16.86 17.61 610.07 493.07 467.94 60.45 57.38 56.57

13 0.19 0.38 0.74 19.01 38.03 73.84 425.94 162.92 35.43 60.40 40.47 13.85

14 0.35 0.48 0.54 34.98 47.68 53.88 185.88 109.72 85.60 42.37 31.48 26.76

15 0.62 0.81 0.84 61.87 80.74 84.16 61.62 23.85 18.82 19.48 8.97 7.27

Na and Nd the Freundlich exponent for adsorption and desorption; Nd1, Nd2 and Nd3 the Freundlich exponent for the first, second and third time of
desorption, respectively; H, ω, and λ the hysteresis index calculated using Eqs. 5, 6, and 7, respectively; H1, ω1, λ1, H2, ω2, λ2, H3, ω3, λ3, the
hysteresis index for the first, second, and third time of sequential desorption processes, respectively
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atrazine in soils could not be assessed exactly. It was
reported that the amorphous hydroxyl-Fe and -Al compo-
nents had high capacity for the retention of the phenolic
acids, and provided adsorption sites for atrazine (Huang et
al. 1977, 1984). The non-crystalline to poorly crystalline Fe
and Al components are often qualified by the term of “ac-
tive”, because they have high specific surface and proton
donor functional groups (Kwong and Huang 1979; Huang
and Wang 1997; Huang et al. 2002). In this study, a positive
relationship of the content between Feo and TOC was ob-
served in the tested soils (r00.627, N015, p<0.05)
(Table 4). Therefore, the amorphous minerals were likely
interacted with the organic matter in soils, and thereby could
affect the interfacial behavior of atrazine in soils such as
adsorption and desorption.

Our investigation indicated that 53.0 % of the total rele-
vance for Kf values was correlated with the TOC content,
and only very small contribution was from the clay content
(Table 5). However, the previous study of Wang et al. (1999)
verified that Kf had better correlation with the RCO than
with the TOC only for the adsorption of acetanilide herbi-
cides. More recently, our previous studies have also testified
that the RCO could act as a good parameter to predict the
adsorption of butachlor in soils (Liu et al. 2008; He et al.
2011). In this study, by investigation on natural different
type soils that showed contrasting characteristics and were
collected from large geographical scale region that make up
about 85 % of the total area of entire eastern China, the
results also indicated that the RCO value would be helpful
to understand the atrazine adsorption mechanism in soils.
Moreover, Mersie and Seybold (1996) suggested that de-
sorption capability of atrazine in soil could reflect the sta-
bility of atrazine; the higher the stability, the better practice
restoration effect. Therefore, the RCO may be used to direct
the application process of atrazine to achieve adequate weed
control and the environmental protection and remediation.
That is, in the soils with the RCO<40, atrazine might have a
higher adsorption capability. The application rates should
thus be adjusted upward, and the bioavailability and mobil-
ity of atrazine in these soils should be considered; while in
the soils with the RCO>40, atrazine might have a lower
adsorption and desorption capacity and apparently higher
bioactivity, leachability, and volatility. The application rates
of atrazine should thus be adjusted downward for preventing
the environmental risks.

5 Conclusions

Based on investigation of contrasting natural soils from
large geographical scale region that make up about 85 %
of the total area of entire eastern China, this study indicated
that the adsorption and desorption data were of major

importance for understanding the overall fate of atrazine
in soils. Adsorption and desorption isotherms of atrazine
in soils were nonlinear, and could be well described by
the Freundlich equation. The TOC content, pH, and
inorganic fraction (such as clay and amorphous sesqui-
oxides) played an important role affecting both adsorp-
tion and desorption processes of atrazine in soils,
among which the TOC content did a vital contribution.
The content RCO was observed as a useful parameter
for predicting the atrazine behavior in soils. For soils
with high organic matter content (RCO<40), the strong
binding between atrazine molecules and soil organic
compounds can prevent the atrazine from release, thus
reducing its bioavailability; for soils with low organic
matter content (RCO>40), high bioactivity and leach-
ability of atrazine deserved to be taken into account for
potential environmental risk control. Positive hysteresis
was verified for all of the tested soils. The hysteretic effects
enhanced with the increasing times of sequential desorption
and atrazine desorption became increasingly difficult.
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