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Abstract
The objective of this study was to evaluate the adsorption capacity of atrazine and the effects of different environmental 
conditions such as temperature, pH,  Ca2+ and biochar on the adsorption characteristics of atrazine in different types of soil 
using the intermittent adsorption method. The kinetic experiment showed that the adsorption of atrazine in albic, black and 
saline–alkaline soils reached equilibrium within 24 h. In the thermodynamics experiment, the Freundlich model effectively 
described the adsorption characteristics of atrazine in all three types of soil, indicating that the adsorption process forms 
multi-molecular layers. Lower soil pH conditions were more favorable for the absorption of atrazine. The addition of appro-
priate concentrations of  Ca2+ or biochar could promote the adsorption of atrazine by the soil. Biochar could promote the 
fixation of atrazine in soils.
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Atrazine is a persistent and widely used triazine-based 
organochlorine pesticide. It was usually applied to corn 
pre- and post-emergence most falling on the soil surface 
during the application process, causing soil pollution 
(Salazar-Ledesma et al. 2018; Brondi et al. 2011; Lizotte 
et al. 2017). Under high rates of atrazine applications, the 
soils adsorption capacity become saturated with atrazine 

adsorption, while the remaining un-adsorbed atrazine pol-
lutes surface water and groundwater through surface runoff 
and leaching (Alsharekh et al. 2018). Adsorption behavior 
of atrazine in soils is not only the key factor to control the 
translocation, transformation and bioavailability of atrazine 
in soil, but also directly affects the pollution effect of atra-
zine in soils (Yang et al. 2018a, b; Kaur et al. 2017). Albic, 
black and saline–alkaline soils are common farmland soil 
types in northeast China. Albisol is a kind of clay soil with 
obvious acidic (pH value is 4–6) and lower organic matter 
content (Arias et al. 2005). Black soil is mostly neutral pH, 
characterized by an fertile humus layer from the accumula-
tion of organic matter due to low decomposition rates (Liu 
et al. 2015). Saline–alkali soil is a strongly alkaline soil with 
low content of organic matter and their key properties are 
high sodium levels and alkaline conditions (Wu et al. 2013).

Studies on northeast Chineses farmlands soils indicate 
atrazine adsorption and distribution was influenced by dif-
ferences in mineral types, pH and organic content (Jiang 
et al. 2016). The adsorption characteristics of atrazine in 
soils containing different mineral types were analyzed by 
Huang who found that clay minerals strongly influenced 
adsorption capacity of atrazine (Huang et al. 2014). How-
ever, comparative studies on the effects of pH and different 
soil types on the absorption of atrazine were rarely reported 
(Paszko 2012). Calcium ions have higher exchangeable 
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alkali saturation in soil, and have stronger exchange des-
orption and effectiveness. The addition of calcium ions can 
reduce the solubility of atrazine and improve the adsorption 
capacity of atrazine in soils. Chemical modifiers such as cal-
cium chloride and calcium humate were commonly used to 
alter excessive acidity or alkalinity of soil (Gao et al. 2015). 
Biochar usually used as soil improvement could reduce the 
bioavailability and leachability of organic pollutants in soils 
(Lu et al. 2015). We identified few literature exists on the 
influence of pH,  Ca2+ and biochar on atrazine adsorption in 
common Chinese soils. Therefore, the main purpose of our 
study is to explore the adsorption behavior of atrazine in 
white mud, black soil and saline–alkali soil, and to analyze 
the influence of external factors such as pH,  Ca2+ and bio-
char on atrazine adsorption.

Materials and Methods

Analytical-grade atrazine with a purity of 99.9% was pur-
chased from Dr. Ehenstofer, GmbH (Germany). Calcium 
chloride, hydrogen chloride and sodium hydroxide were all of 
analytical grade. Biochar was pyrolyzed from corn straw using 
a muffle furnace (Type sx2-15-10 Jiangsu Zhengfei electric 
furnace factory). The soil was collected from corn fields in 
Yongji county, Gongzhuling city and Daan county of Jilin 
province. Top-soils were sampled from a depth of 0–20 cm 
and the basic soil properties are summarized in Table 1.

The actual concentration of atrazine was measured using 
a UV detector and a C18 column liquid chromatograph 
(ZORBAX Eclipse xdb-c18150 mm × 4.6 mm). The mobile 
phase was composed of methanol and deionized water 
(60:40, v/v) at a flow rate of 1.0 mL min−1. The column tem-
perature was set at 30°C, with a UV detection wavelength of 
222 nm and specific retention time of 5.6 min (Deng et al. 
2014; Qin et al. 2019). The minimum detection limit for 
atrazine was 0.3 ng.

The time required to balance liquid and solid matrices 
was measured by intermittent experiments. Three soil sam-
ples 2 g were placed in a 50 mL polypropylene centrifuge 
tube, with atrazine (5 mg L−1) added at volume ratio of 1:5. 
Adsorption experiments were performed at room tempera-
ture (25°C) (Deng et al. 2014). To ensure the stability of 
ionic strength, the background solution was 0.01 mol L−1 

calcium chloride, at pH 6.0. The contact times assessed 
between soil and solution were 10, 20, 30, 60, 120, 240, 
360, 480, 720 and 1440 min, respectively. The mixtures were 
centrifuged for 10 min at 10,000 r min−1. The supernatant 
passes through a 0.45 µm filter. Then the concentration of 
atrazine in the supernatant was determined. In the isothermal 
adsorption test, atrazine solution at concentrations of 0, 1, 2, 
5, 10, 15, 20, 25 and 30 mg L−1, was added to the centrifuge 
tube. Tubes were shaken at 25°C for 24 h, pH 6.0 and then 
centrifuged for 10 min at 10,000 r min−1. The supernatant 
was filtered through a 0.45 µm membrane filter, prior to the 
determination of atrazine concentrations. Repeat isothermal 
adsorption experiments were performed at temperatures of 
15°C, 25°C and 35°C (Xu et al. 2016). The pH values of 
atrazine solutions were adjusted to 3.0, 5.0, 7.0, 9.0 and 11.0 
with 1 mol L−1 HCl and NaOH. The atrazine concentration 
was set at 5 mg L−1. Atrazine solutions with different con-
centrations of  Ca2+ background solution were prepared with 
 CaCl2, at concentrations of 0.1, 0.2, 0.4, 0.5 and 0.8 mol L−1, 
respectively. Test the concentration of 10 mL of atrazine 
solution in centrifuge tub, which were centrifuged at 25°C 
for 10 min 10,000 r/min. The effects of different biochar 
concentrations were assessed on the adsorption of atrazine 
in the soil, with the addition of biochar to soils at levels of 
0.05%, 0.25%, 0.5%, 0.75% and 1%. Mixtures were placed 
in centrifuge tube and mixed thoroughly by glass rod. The 
atrazine concentration was set at 5 mg L−1, temperature was 
25°C. All tests were performed in triplicate.

In order to describe the adsorption characteristics, the 
quasi-second-order kinetic model (1) and Elovich model 
(2) were used to fit the dynamic data for atrazine in the 
three soil types:

where qt (mg/g) and qe (mg/g) are the amount of atrazine 
adsorbed at a specific time t (min) and equilibrium condi-
tions, respectively; k is the adsorption rate constant of the 
quasi-second-order kinetic equation; a is the constant related 
to the initial velocity of the adsorption reaction; b is the 
constant associated with the adsorption activation energy.

Langmuir (3) and Freundlich (4) models were used to 
fit the adsorption isotherm data:

(1)qt = q2
e
kt∕

(

1 + qekt
)

(2)qt = a + b ln t

Table 1  Physical and chemical 
properties of the three test soil 
types

Soil type Organ-
icmatter 
(g kg−1)

Cation exchange 
capacity 
(mol kg−1)

pH Atrazine back-
ground value 
(mg kg−1)

Particle composition 
(%)

Clay Silt Sand

Albic soil 14.54 22.63 5.87 0.014 31.90 37.20 30.90
Black soil 30.1 22.32 7.10 0.043 38.32 55.25 6.43
Saline–alkaline soil 6.80 12.56 10.50 0.016 29.70 32.10 38.20
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where, qe (mg kg−1) is the amount of atrazine adsorbed by a 
mass of soil, Ce (mg L−1) is the equilibrium concentration of 
atrazine; Qmax (mg kg−1) is the maximum adsorption amount 
of atrazine; KL (L mg−1) represents the adsorption affinity 
constant; KF represents the adsorption coefficient, where 
larger values represent a stronger binding ability between 
the adsorbent and substance; n is the adsorption strength 
constant.

Thermodynamic parameters of the adsorption process 
were obtained using the following equations:

where, KF is the Freundlich constant; T (K) as the abso-
lute temperature; R is the gas constant (8.314 J mol−1 K−1); 
Δ S (kJ mol−1 K−1) is the standard entropy change; Δ H 
(kJ mol−1) is the standard enthalpy change; Δ G (kJ  mol−1) 
is the Gibbs free energy; △H and △S were obtained from 
the slopes and intercepts of a linear regression of lnK, 1/T. 
All the data were fitted and analyzed using origin 8.5.

(3)1∕qe = 1∕q + 1∕
(

KLqmaxCe

)

(4)log qe = logKT + (1∕n) logCe

(5)ΔG = −RT lnKF

(6)ΔG = ΔH − TΔS

Results and Discussion

Figure 1 showed the adsorption kinetics of atrazine on the 
three types of soil. The adsorption rate was relatively fast for 
all three soils, from 0 to 60 min. At this time, the adsorp-
tion amount of albic, black and saline–alkaline soils were 
9.45 mg kg−1, 7.05 and 3.37 mg kg−1 accounting for 95.9%, 
93.7% and 94.8% of the total adsorption amount respec-
tively. The increasing rate of adsorption gradually slowed 
between 60 and 480 min for all test soils. When the adsorp-
tion time reached 1440 min, the amount of atrazine adsorbed 
in the soil stabilized. Therefore, the equilibrium adsorption 
time was set as 24 h in this experiment. At this time, the 
capacity of atrazine adsorbed in albic, black and saline–alka-
line soils were 9.77 mg kg−1, 7.52 and 3.45 mg kg−1, respec-
tively. Adsorption kinetics can be used to characterize the 
rate and efficiency of solute adsorption under controlled 
conditions (Tang et al. 2012). The rapid adsorption process 
can be attributed to the adsorption of atrazine on the surface 
of minerals (Lladó et al. 2015). With increased contact time, 
the blank adsorption sites gradually decrease and the rate of 
adsorption reduces. Slow adsorption may be related to the 
gradual diffusion of organic compounds to soil micropores 
or highly cross-linked areas of soil organic matter cover-
ing the adsorption sites on internal mineral surfaces (Lupul 
et al. 2015). The adsorption process for atrazine in all three 
different soils could be well simulated by the quasi-second-
order kinetic equation. It could be seen from Table 2 that 
the quasi-second-order kinetic equation coefficient r values 
ranged from 0.957 to 0.976, showing a better fit than the 
coefficient r values established using the Elovich model, 
which ranged from 0.885 to 0.931.

The adsorption isotherms of atrazine in three types of soil 
were shown in Fig. 2. The pattern of adsorption followed 
a similar trend in all three soil types. As the concentration 
of atrazine increased, the absorption of atrazine in the three 
soils gradually increased. When atrazine concentrations were 
30 mg L−1 and the adsorption equilibrium was reached, the 
adsorption capacities of albic, black and saline–alkaline soils 
were 36.18 mg kg−1, 30.08 mg kg−1, 13.34 mg kg−1 respec-
tively. The Freundlich model was often used to describe the 
adsorption of organic matter by soil and was mainly used 
to describe adsorption surfaces with non-uniform energy 

Fig. 1  Adsorption kinetics curve of atrazine in soils

Table 2  The adsorption 
constants of pseudo-second-
order dynamics, and Elovich 
model

**Indicate statistical significance at p < 0.01

Soil type Quasi-secondary dynamics model Elovich model

qe k r a b r

Albic soil 9.787 0.033 0.976** 4.698 0.863 0.887**
Black soil 7.357 0.032 0.970** 2.996 0.733 0.931**
Saline–alkaline soil 3.255 0.047 0.957** 2.342 0.165 0.885**
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distribution, including the non-uniformity of adsorbent 
surface, adsorption energy and exponential distribution of 
adsorption point, among other factors. The Langmuir model 
was used to describe single-layer adsorption on a completely 
smooth and uniform matrix surface (Sahu et al. 2016). The 
correlation coefficients of adsorption isotherm fitted by the 

Freundlich and Langmuir models were shown in Table 3. The 
atrazine adsorption isotherm for all three soil types can be 
well fitted by both the Freundlich and the Langmuir model, 
with correlation coefficients all above 0.98, indicating an 
extremely significant degree of correlation (p < 0.01). The 
Freundlich model had a better fitting effect overall, which 
is consistent with the findings reported by Lin et al. (2017). 
The results showed that adsorption may occur on heterogene-
ous surfaces, in the form of multi-layer adsorption. Accord-
ing to the Freundlich model adsorption constant (Kf), the 
adsorption capacity of the three soil types to atrazine could 
be ranked in the order: albic soil > black soil > saline–alkali 
soil. All Kf values were less than 5. It indicated that atrazine 
is highly mobile in soils and could easily pollute groundwa-
ter. According to the Langmuir model adsorption constant 
 (Qm), the maximum amount of atrazine adsorption by albic 
soil was 82.21 mg kg−1, black soil was 82.13 mg kg−1 and 
saline–alkaline soil was 26.43 mg kg−1, with this trend being 
consistent with the change in Kf. 

Albic and black soils had a high organic matter con-
tentand high clay mineral content as well as large surface 
area, which could provide more adsorption sites for atra-
zine (Huang et al. 2014). In the process of saline–alkali 
soil adsorption, due to its low organic matter content and 
strong alkalinity, atrazine interacts with inorganic minerals 
rather than organic matter. Therefore, the adsorbed amount 

Fig. 2  Adsorption isotherms of atrazine in three of soil  (Cg is the 
amount of atrazine adsorbed in soils;  Ce is the concentration of atra-
zine solution at adsorption equilibrium)

Table 3  Fitting parameters of 
atrazine adsorption isotherms in 
three types of soil

Qm maximum adsorption capacity, KL langmuir constant related to binding strength, r correlation coeffi-
cient, Kf Freundlich adsorption capacity, n adsorption intensity
**Indicate statistical significance at p < 0.01

Soil type Langmuir Freundlich

KL Qm r Kf n r

Albic soil 0.053 64.125 0.993** 4.440 1.497 0.996**
Black soil 0.039 61.564 0.997** 3.249 1.403 0.998**
Saline–alkaline soil 0.041 24.450 0.989** 1.399 1.475 0.991**

Table 4  Adsorption simulation 
equation parameters for 
different temperatures

**Indicate statistical significance at p < 0.01

Soil type Tempera-
ture (°C)

Langmuir Freundlich

KL Qm r KF n r

Albic soil 15 0.055 64.775 0.994** 4.633 1.506 0.997**
25 0.053 64.125 0.993** 4.440 1.497 0.996**
35 0.074 36.217 0.988** 3.603 1.685 0.991**

Black soil 15 0.043 62.230 0.996** 3.588 1.446 0.998**
25 0.039 61.564 0.998** 3.249 1.403 0.998**
35 0.062 30.809 0.995** 2.627 1.622 0.996**

Saline–alkaline soil 15 0.050 24.421 0.989** 1.715 1.548 0.991**
25 0.041 24.450 0.989** 1.399 1.475 0.992**
35 0.043 11.316 0.994** 0.708 1.521 0.996**



320 Bulletin of Environmental Contamination and Toxicology (2019) 103:316–322

1 3

of atrazine in saline–alkali soil is far less than that in albic 
and black soils, further proving that the adsorption mecha-
nism of atrazine in soil may be related to factors such as soil 
pH and organic matter (Huang et al. 2018). The fitting of 
atrazine adsorption thermodynamics for all three types of 
soil are shown in Table 4. The Freundlich model exhibited 
better fitting, with decreased Qm values observed with ris-
ing temperatures from 15 to 35°C by 44.09%, 50.49% and 
53.66% in albic soil, black soil and saline–alkaline soil, 
respectively. At low temperature, the adsorption coefficient 
was low (Kf = 0.657–2.970), indicating that a weak atrazine 
adsorption capacity in all three kinds of soil. To clarify the 
adsorption mechanisms, the previously discussed thermo-
dynamic parameters mentioned were calculated, as shown 
in Table 5. In the process of adsorptionΔG was < 0, prov-
ing that the chemical reaction was spontaneous, with ΔG 
increasing with rising temperature. The value of ΔH being 
less than 0 showed that atrazine adsorption from water into 
the solid phase of all three kinds of soil was an exother-
mic process releasing a large amount of heat (Wei et al. 
2018). In addition, the water solubility of atrazine in soil 
gradually increased with the increase in temperature (Jia 
et al. 2013). The higher the solubility of atrazine was, the 
stronger the interaction between atrazine and aqueous solu-
tions there was, and the more difficult it was to separate the 
adsorbed substance from aqueous solution. With increased 

temperatures, the reaction is carried out in the direction of 
heat absorption and the adsorption capacity is weakened. 
The hydrogen bonding lifetimes of atrazine-water show 
decrease (Yang et al. 2018a, b). These results further proved 
that lower temperatures support a greater degree of atrazine 
adsorption on the soil surface.

The effect of pH on atrazine adsorption by all three types 
of soil was presented in Fig. 3, showed that the amount of 
atrazine adsorbed gradually decreased with increasing pH 
values in the range of 3.0 to 11.0. The reason may be that 
atrazine is a weakly alkaline pesticide with a pKa of 1.68. 
When the pH is close to the pKa, atrazine exists partly in 
the form of a cation and partly in the form of non-ion. As 
the pH value of the solution decreases, proton exchange 
and ion exchange gradually increased, and at this time, the 
adsorption of atrazine by soil was dominated by ion adsorp-
tion (Sherif et al. 2014). When the pH value increased, the 
hydrogen bond breaks, the organic polymer is anionic, the 
soil cationic state decreases, and the protonation gradually 
weakens, and atrazine adsorption mechanism occurs at the 
molecular level (Lin et al. 2017). However, cationic adsorp-
tion is one of the main mechanisms of atrazine adsorption 
in soil (Wang et al. 2018). Therefore, atrazine has a lower 
adsorption capacity at a higher pH. Huang (2013) studied 
the adsorption behavior of atrazine in a large number of soils 

Table 5  Adsorption 
thermodynamic parameters of 
atrazine in three types of soil

ΔG0 standard free energy change, ΔH0 standard enthalpy ch.0ange, ΔS0 standard entropy change

Soil type Kf △G (kJ mol−1) △H 
(kJ mol−1)

△S 
(kJ mol−1)

15°C 25°C 35°C 15°C 25°C 35°C

Albic soil 1.533 1.491 1.282  − 3.671  − 3.693  − 3.282  − 8.883 0.018
Black soil 1.278 1.178 0.966  − 3.059  − 2.919  − 2.473  − 10.990 0.027
Saline–alkaline soil 0.539 0.336 0.008  − 1.292  − 0.832  − 0.020  − 18.741 0.060

Fig. 3  Effect of pH on the adsorption of atrazine Fig. 4  Effect of  Ca2+ on the adsorption of atrazine
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in eastern China, and found that the adsorption coefficient 
 Kf of soil and atrazine increased with the increase of  H+.

The influence of different background solution  CaCl2 
concentrations on the amount of atrazine adsorbed in the 
three soil types is shown in Fig. 4. With increased  Ca2+ 
concentrations, the amount of atrazine adsorbed by all the 
three soils gradually increased. When the concentration of 
 Ca2+was greater than 0.4 mol L−1, the adsorption capacity 
of atrazine in the soil was significantly higher. The reason 
may be that the increase of ion strength enhances the hydro-
phobicity of atrazine, weakens the electrostatic interaction 
between atrazine and soil, and promotes the absorption of 
atrazine in soil. In addition,  Ca2+ may compete with atrazine 
for solvent molecules, which reduces the solubility of atra-
zine and produces salting out, and also increases the adsorp-
tion capacity of atrazine in soil. However, the increase effect 
was limited. When the concentration of  Ca2+was greater than 
0.5 mol L−1, possibly because  Ca2+ and atrazine exhibited 
competitive adsorption, clay mineral oxides competed with 
soil organic matter for cation exchange adsorption, and the 
adsorption point was gradually saturated (Zhang et al. 2017).

The effects of addition of different amounts biochar to 
the three types of soil on atrazine adsorption are shown in 
Fig. 5. With the increasd of biochar, atrazine adsorption in 
all three types of soil gradually increased. Organic matter is 
one of the important adsorption domains of organic pollut-
ants in soils. The adsorption of atrazine by biochar is a result 
of hydrophobic interactions and pore filling (Zhang et al. 
2013a, b). With the increase of organic matter content, the 
hydrophobicity was enhanced, the adsorption sites in soil 
increase correspondingly, and the adsorption amount of atra-
zine in soil gradually increases (Deng et al. 2017). The study 
by Deng et al. (2017) found that the high affinity for atrazine 
on cassava waste biochar governed by hydrophobic nature 

of biochars, which was characterized by lower (N + O)/C 
ratios. The content of organic matter in saline–alkaline soil 
was low and therefore, the adsorption increased most after 
the addition of organic matter. The content of organic matter 
in saline–alkaline soil was low and therefore, the adsorption 
increased most after the addition of organic matter.

The adsorption of atrazine effect was best when the pH 
value was 3.0. At this time, the adsorption capacity of white 
soil is 11.16 mg kg−1, and that of black soil is 7.45 mg kg−1. 
The adsorption capacity of saline–alkali soil is 4.16 mg kg−1. 
Compared with the isothermal adsorption test, the adsorp-
tion capacity of atrazine in soil was improved by 27.25%, 
11.69% and 13.04%, respectively. When  Ca2+ concentrations 
were 0.5 mol L−1, the adsorption capacity reached the maxi-
mum level. The adsorbed amounts were 12.95 mg kg−1 for 
albic soil, 11.10 mg kg−1 for black soil and 5.05 mg kg−1 
for saline–alkaline soil, which were 32.58%, 47.55% and 
53.00% higher than isothermal adsorption, respectively. 
When the  Ca2+ concentration was greater than 0.5 mol l−1, 
the adsorption amount of atrazine in soils showed a down-
ward trend. Atrazine has the best adsorption effect when 
biochar content was 0.05%. The adsorption amounts in albic 
soil, black soil and saline–alkaline soil were 13.47, 8.87, 
4.33 mg kg−1 respectively. Compared with the treatments 
without the addition of biochar, the growth rates increased 
by 26.03%, 19.89% and 27.86% respectively.

In summary, the results obtained in this study showed 
that the adsorption of atrazine in the three different agri-
cultural soils was generally following the order albic soil 
> black soil > saline soil. Atrazine concentration in soil, 
ambient temperature, addition of calcium ions and biochar 
were significantly correlated with the adsorption capacity (p 
< 0.01). The pH value of background solution was signifi-
cantly negatively correlated with the adsorption capacity of 
atrazine on soil. Therefore, appropriate soil acidification, as 
well as the addition of calcium ions and biochar to the soil 
can reduce the mobility of atrazine in the soil. The results 
of the experiment provided a basis for the residual dynamics 
of atrazine in the soil, and provided a scientific basis for the 
treatment of atrazine pollution in the soil of northeast China.
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