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Abstract
To explore the migration law of atrazine during the freezing process, an indoor simulated freezing
experiment was carried out. The distribution coe�cient (K) was used to characterize the migration ability
of atrazine and explore the effects of freezing thickness, freezing temperature, and initial concentration
on the migration of atrazine between ice and water. The research results showed that the concentration
relationship between the ice and water phases was: ice < water before freezing < water under the ice. This
indicates that atrazine migrated to the water under the ice during the freezing process in our experiment.
The K value decreased as the ice thickness, freezing temperature, and initial concentration increased;
thus, the greater the ice thickness, the higher the freezing temperature, the greater the initial atrazine
concentration, and the greater the ability of atrazine to migrate to the water under the ice. This study
provides a reference for managing natural waterbodies in high-latitude and high-altitude environments
during the freezing period.

1 Introduction
Freezing is an important hydrological feature of water bodies in high-altitude and high-latitude regions [1],
with more than 50 million lakes in the world freezing regularly [2]. The existence of an ice sheet affects
the light transmittance, and reduces the material and energy exchange rates between the atmosphere and
a waterbody [3]. Moreover, it also reduces the rate of various biochemical reactions [4, 5] and hinders a
waterbody's reoxygenation process [6–8], dilution process [9], and photolysis reaction [10], thereby greatly
weakening the self-puri�cation capacity of a waterbody under ice [11, 12].

Among the published literature on freshwater research, only 2% of the studies have considered the
freezing process of waterbodies [10]; the primary focus has been on research related to conventional
pollutants such as nitrogen, phosphorus, and metal ions. For example, Hampton et al. [10] conducted the
�rst global quantitative integration of 101 lakes, and found that the total dissolved nitrogen and total
nitrogen in these waterbodies during the freezing period were higher. Claude et al. [4] studied dissolved
colored organic matter in polar regions and mountain lakes, and only found a relatively small
concentration of low molecular weight pollutants in ice bodies, with most of the pollutants having been
discharged into waterbodies. Powers et al. [5] determined that the nitrate-nitrogen concentration of a lake
continued to increase during the freezing period, and observed a strong positive correlation between the
number of frozen days in the lake. Xue et al. [13] studied the distribution of haloacetic acid precursors in
a water–ice system during the freezing of water. Gao et al. [14–16] explored the effects of the freezing
process on various organic pollutants in wastewater and wastewater toxicity. Li et al. [17] studied the
migration of nitrobenzene between ice and water through an indoor simulation of the natural freezing
process of rivers. Finally, Gao et al. [18] studied the distribution of m-cresol in the ice phase through
indoor simulation experiments. Despite this research, studies regarding the pollution characteristics of
persistent organic pollutants such as atrazine in waterbodies during the freezing period are still scarce.
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Atrazine is one of the most widely used herbicides [19]. It has a high detection rate in natural water
because it is widely used, stable chemical properties, strong water solubility, and recalcitrance to
biodegradation [20]. Hence, atrazine poses a threat to the ecological environment and compromises the
safety of drinking water [21]. Although considerable research progress has been made with respect to the
pollution characteristics of atrazine during the nonfreezing period of waterbodies [22, 23], information is
still lacking for the freezing period. Accordingly, this study performed an indoor simulation of the natural
freezing process to explore the migration law of atrazine during the freezing process. The in�uences of
freezing thickness, freezing temperature, and initial concentration on the migration law of atrazine are
investigated. The results obtained herein can provide the basis for managing of natural waterbodies in
high-altitude and high-latitude environments during the freezing period.

2. Materials And Methods

2.1 Experimental setup
In order to simulate the top-down freezing process of natural waterbodies, this study used a self-made,
one-way unidirectional cold freezing simulation device (Fig. 1, left). The water sample was placed in a
cylindrical glass container (diameter 10 cm and height 29.5 cm). The circumference and bottom of the
glass container were then wrapped with polystyrene (EPS) insulation material to block the heat transfer
between the barrel and the outside. The experimental device was placed in a low-temperature experiment
box with temperature control. The temperature difference between the experimental box and the speci�ed
temperature did not exceed 0.5°C to ensure that the ice body gradually grew from top to bottom. The
obtained ice sample was melted in an ice melting device with a cylindrical glass wall (Fig. 1, right), and
the ice-melt water was collected.

2.2 Instruments and reagents
Main testing instruments: Ultra-high-performance liquid-chromatography electrospray triple-quadrupole
mass spectrometer (UPLC–MS/MS) and an ACQUITYTM UPLC BEN C8 chromatographic column (2.1
mm × 50 mm × 1.7 µm).

Main reagents: Atrazine standard product (purity of > 98.8%), methanol (HPLC grade chromatographic
purity of > 99.9%), and ultrapure water.

2.3 UPLC method parameters
Chromatographic conditions: The mobile phase was methanol (A) and 0.1% formic acid in water (B). The
�ow rate was set to 5.0 µL·min− 1 and 0.2 mL·min− 1. The column temperature was 35°C and the room
temperature for sampling was 15°C. The injection volume was 5 µL.

Mass spectrometry conditions: Electrospray ion source (ESI) as positive ion mode acquisition; multiple
reaction monitoring (MRM) mode. The capillary voltage and cone voltage were 3.3 kV and 35 V,
respectively. The ion source temperature and desolvation (nitrogen) temperature were 120°C and 350°C,
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respectively. The desolvation �ow rate and the cone (nitrogen) �ow rate were 500 L·h− 1 and 30 L·h− 1,
respectively. The MRM parameters are listed in Table 1.

  
Table 1

MRM method parameters of atrazine
Compound Mass to charge ratio m/z Collision energy /eV

Parent ion Daughter ion

Atrazine 215 95.8 25

103.73 28

173.9 17

2.4 Method precision
In the concentration range of 0–100 µg·L− 1, this method exhibited a good linearity for detecting atrazine
(Y = 1337.6X + 6314.4; R2 = 0.995). At the three concentrations of 5 µg·L− 1, 25 µg·L− 1, and 45 µg·L− 1

corresponding to low, medium, and high, the recovery rate of the standard addition was between 96% and
112%, and the relative standard deviation (RSD) of the determination was between 0.39% and 0.92%.
Hence, the method was accurate and reliable.

2.5 Experimental design
In order to study the migration law of atrazine during the freezing process, and the in�uence of freezing
thickness, freezing temperature, and initial concentration on the migration law, the following three
experiments were designed.

(1) To explore the in�uence of freezing thickness on the migration of atrazine, 7.2 L of atrazine solution
with an initial concentration of 15 µg·L− 1 was prepared. It was then divided into four parts which were
equal in volume and poured into four freezing simulators, which were placed in low-temperature boxes at
-5°C. When the ice thickness reached 3 cm, 6 cm, 9 cm, and 12 cm, ice samples and water samples from
under the ice were collected. Each ice sample was layered every 3 cm from top to bottom, and the
samples were labeled as ice 1, ice 2, ice 3, and ice 4. Samples were then analyzed after melting at room
temperature (22°C).

(2) In order to explore the in�uence of freezing temperature on the migration of atrazine, 5.4 L of atrazine
solution with an initial concentration of 15 µg·L− 1 was prepared. It was then divided into three parts
which were equal in volume and poured into three freezing simulators, which were placed in low-
temperature boxes at -5°C, -10°C, and − 15°C. When the ice thickness reached 9 cm, ice samples and
water samples from under the ice were collected following the procedure above. Samples were analyzed
after melting at room temperature.
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(3) In order to explore the in�uence of initial concentration on the migration law of atrazine, 1.8 L of
atrazine solution was prepared at �ve different concentrations (5 µg·L− 1, 15 µg·L− 1, 25 µg·L− 1, 35 µg·L− 1,
45 µg·L− 1). Each one was poured into a freezing simulator, which was placed in a low-temperature box at
-10°C. When the ice thickness reached 9 cm, ice samples and water samples were collected from under
the ice following the procedure above. Samples were analyzed after melting at room temperature.

2.6 Analysis method
The distribution coe�cient (K) was used to express the migration ability of atrazine during freezing, as
de�ned by Eq. (1):

K =
Ci
Cw

1

where Ci is the atrazine concentration of melted water and Cw is the atrazine concentration of water under
ice. The lower the K value, the stronger the ability of atrazine to migrate to water under ice.

3 Results And Analysis

3.1. Migration of atrazine between ice and water during
freezing
Use the change of atrazine concentration to show the migration of atrazine in ice and water. As shown in
Figure 2(a), when the ice thickness reached 3 cm, 6 cm, 9 cm, and 12 cm, the atrazine concentration of
the i) ice-melt water was 0.55 μg·L-1, 0.19 μg·L-1, 0.22 μg·L-1, and 0.22 μg·L-1, and ii) water under the ice
was 16.93 μg·L-1, 19.63 μg·L-1, 23.32 μg·L-1, and 28.58 μg·L-1 (i.e., increased from 15 μg·L-1). This means
that the atrazine concentration of the water under the ice increased with an increased ice thickness.

As shown in Figure 2(b), when the freezing temperature was -5 ℃, -10 ℃, and -15 ℃, the atrazine
concentration of the i) ice-melt water was 0.22 μg·L-1, 0.39 μg·L-1, and 0.70 μg·L-1, and ii) the water under
the ice was 23.32 μg·L-1, 23.19 μg·L-1, and 23.03 μg·L-1 (i.e., increased from 15 μg·L-1). These results
indicate that the atrazine concentration of the water under the ice decreased as the freezing temperature
decreased; the lower the freezing temperature was, the more atrazine remained in the ice. 

As shown in Figure 2(c), when the ice thickness was 9 cm, the atrazine concentration of the i) ice-melt
water obtained at different initial atrazine concentrations was 0.23 μg·L-1, 0.22 μg·L-1, 0.33 μg·L-1, 0.40
μg·L-1, 0.45 μg·L-1, and ii) the atrazine concentration increased from 5 μg·L-1, 15 μg·L-1, 25 μg·L-1, 35 μg·L-

1, 45 μg·L-1 before freezing to 7.69 μg·L-1, 23.32 μg·L-1, 38.99 μg·L-1, 54.28 μg·L-1, and 69.98 μg·L-1 in the
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water under the ice; hence, the atrazine concentration of the ice-melt water increased with an increase in
the initial atrazine concentration.

Under the conditions of different ice thicknesses, freezing temperatures, and initial atrazine
concentrations of the solution, the concentration relationship of atrazine in each phase was as follows:
concentration in ice-melt water < initial concentration of water before freezing < concentration of the
water under the ice. The atrazine concentration of the ice was smaller than that of the water before
freezing, while the atrazine concentration of the water under the ice was higher. This indicates that
atrazine migrated from the ice to the water under the ice during the freezing process.

3.2. Migration ability of atrazine under different factors
The migration ability of atrazine under different in�uencing factors is re�ected in the change in the K
value. As shown in Figure 2(a), when the ice thickness was 3 cm, 6 cm, 9 cm, and 12 cm, the K value was
0.0311, 0.0134, 0.0085, and 0.0047, respectively. As the ice thickness increased, the K value exhibited an
increasing trend. Hence, the ability of atrazine to migrate from the ice to the water was enhanced as the
ice thickness increased. As shown in Figure 2(b), when the freezing temperature was -5 °C, -10 °C, and -15
°C, the K value was 0.01, 0.02, and 0.03, respectively; hence, the K value presented an increasing trend.
Thus, the ability of atrazine to migrate from the ice to the water decreased as the freezing temperature
decreased. As shown in Figure 2(c), when the initial atrazine concentration of the solution was 5 μg·L-1,
15 μg·L-1, 25 μg·L-1, 35 μg·L-1 and 45 μg·L-1, the K value was 0.03, 0.009, 0.008, 0.007, and 0.006,
respectively. Therefore, the ability of atrazine to migrate from the ice to the water increased as the initial
atrazine concentration of the solution increased. In summary, the K value decreased with an increased
freezing temperature, freezing thickness, and initial concentration. This demonstrates that the migration
ability of atrazine was positively correlated with freezing thickness, freezing temperature, and initial
concentration. Hence, increased freezing temperature, freezing thickness, and initial concentration are
conducive to the migration of atrazine from ice to water under ice.

4 Discussion

4.1 Migration mechanism of atrazine between ice and water
during freezing
The migration process of atrazine between ice and water could be explained by the formation and growth
of ice. After placing the freezing container in the low-temperature experiment box, the temperature of the
solution surface was �rst reduced. When it reached 0 °C, surface water molecules formed small, �at ice
crystals under the action of hydrogen bonding. As the growth rate of ice crystals exceeded the nucleation
rate, atrazine molecules were repelled to the ice–water interface, thus making the atrazine concentration
at the ice–water interface much higher than that in the water under the ice. Driven by the concentration
difference, atrazine at the ice–water interface diffused into the water under the ice. At the same time,
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almost pure water molecules in the aqueous solution under the ice continued to migrate to the ice–water
interface and froze on the lower surface of the ice layer [24]. In addition, as the temperature and energy of
the ice–water system decreased, the solvation of atrazine by water molecules weakened, it can be
imagined that the atrazine molecules were “squeezed out” of the ice phase to allow them to migrate into
the water under the ice [25]; thus, the atrazine concentration of the water under the ice continued to
increase.

However, not all of the atrazine was excluded into the water under the ice, and the discharge capacity of
the ice was limited during the growth process of the ice; hence, some of the atrazine was retained within
the ice. Especially during the early stage of freezing, water was in direct contact with the cold source and
the freezing rate was higher. The dendritic ice crystals that were produced for a faster heat dissipation
increased the adsorption of atrazine [26]. The adsorption process of atrazine molecules was similar to
the capture process of salt packets during seawater freezing [27], and a small number of atrazine
molecules froze in the ice before they could be squeezed out. In addition, a branching migration channel
formed in ice during the freezing process, and atrazine trapped in the ice under the action of gravity
migrated downwards through the channel. However, as the ice thickness increased, the ice growth rate
slowed and the pore channel density decreased [28]. The undischarged atrazine froze in the lower pore
channels; thus, it was di�cult for it to further migrate to the water under the ice, thereby �nally forming
the ice structure shown in Figure 3.

The migration process of atrazine between ice and water can be veri�ed by the theory of mass
conservation. During the freezing process, as the volume of ice gradually increased, the volume of water
under the ice decreased (dVw < 0), and the atrazine concentration of water under the ice increased (dCw >
0). According to the mass balance of atrazine in the ice–water phases, Equation (2) can be derived [29]:

According to Equations (1) and (2), Equations (3) and (4) can be derived:

The -(dCwdVw)/(CwVw) term in the equation was ignored because it was small. By integrating both sides
of Equation (3), it can be converted into the relationship between the volume ratio relative to the initial
volume (Vw/V0) and the concentration ratio relative to the initial concentration (Cw/C0):
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where C0 is the initial concentration of atrazine before freezing and V0 is the initial volume of atrazine
before freezing. Figure 4 shows the linear plot of the K value for a 1.8 L water sample with an initial
concentration of 15 μg·L-1, which was frozen at -5 °C to a 12 cm ice thickness. The atrazine concentration
of the water under the ice was 28.58 μg·L-1 and the volume of water under the ice was 0.936 L. According
to Equation (4), the K value was calculated to be 0.0046, the correlation coe�cient was 0.99995, and the
error from the actual K value of 0.0042 at a 12 cm ice thickness was < 10%. This model used the theory
of mass conservation to explain the migration of atrazine.

4.2 In�uence of various factors on the migration capacity of
atrazine
The migration ability of atrazine in ice–water phases is affected by factors including ice
thickness, freezing temperature, and initial concentration. During the freezing process, as temperature
decreases, ice crystals gradually grow and form ice caps. The presence of ice caps weakens the heat
exchange between the solution and surface gas. With the continuous increase in ice thickness, the growth
rate of ice decreases, and the ice body has a better effect on removing discrete ice. In this study, the
ability of the ice body to capture atrazine was weakened, which reduced the atrazine concentration of the
ice [30, 31] and enhanced the ability of atrazine to migrate from the ice to the water under the ice.

The freezing temperature determines the freezing rate, nuclear density, shape, and size of ice crystals. As
the freezing temperature decreases, more crystal nuclei and ice crystal branches are produced in the ice
body, the freezing rate of ice increases, and the water molecules move to the ice–water interface faster.
Once this speed exceeds the speed of atrazine moving to the interface, atrazine will be trapped by ice [32,
33]. At the same time, as the freezing temperature reduces, the solution area for the release latent heat
increases and ice crystals grow in dendrites. In addition, more branches are produced on the trunk, and
atrazine is more likely to be "trapped" by dendritic ice crystals or branch gaps. The purity of ice crystals
then decreases and the K value increases with decreasing temperature [34–36]; hence, the migration
ability of atrazine from ice to water under ice is weakened. For atrazine solutions with different initial
concentrations, the freezing point decreases as the initial concentration of the solution increases. The
stability of the ice–water interface also decreases and the formation of dendritic ice crystals with higher
branches can capture atrazine more easily, thus reducing the purity of ice crystals [37]. On the other hand,
an increased initial concentration of the solution also increases the number of potential crystal nuclei in
the solution. Moreover, the frequency and energy of collisions between crystal nuclei increase, the
probability of secondary nucleation increases, ice crystal growth accelerates, and purity decreases [38].
The atrazine concentration in ice increases as the solution concentration increases [39]. However,
although the amount of captured atrazine in ice increases, it is more advantageous for atrazine to
migrate to water under ice during the freezing process, the increase in atrazine concentration in ice at
various concentrations was less than the migration [40]. Therefore, the K value of atrazine decreases with
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an increase in the initial concentration, and the migration ability of atrazine from ice to water under ice
increases.

5 Conclusion
(1) The concentration relationship of atrazine in ice–water phases under various in�uencing factors was:
ice < water before freezing < water under ice. In our experiments, atrazine continuously migrated from the
ice to the water under the ice during the freezing process. The migration ability of atrazine was positively
correlated with freezing thickness, freezing temperature, and initial concentration. The K value decreased
with increasing freezing temperature, freezing thickness, initial concentration; thus, we infer that these
factors are bene�cial to the migration of atrazine to water under ice.

(2) As atrazine migrates to water under ice during the freezing process, this may increase the ecological
risk posed by atrazine to subglacial waters. Therefore, it is necessary to focus on water quality changes
in subglacial waters of high-altitude and high-latitude regions during the freezing period.

(3) In addition to the factors investigated in this study, there may be many other factors affecting the
migration of atrazine during the water freezing process, for example, pH and dissolved oxygen, which
need to be further explored.
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Figures

Figure 1

Ice formation device and ice melting device 1- cylindrical glass container; 2- polystyrene (EPS); 3- freezing
simulation device; 4- ice sample; 5- funnel with glass mesh; 6- ice-melt water
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Figure 2

Distribution of atrazine in an ice–water system under different in�uencing factors (a) The in�uence of
different ice thickness on the distribution of atrazine; (b) The in�uence of different freezing temperatures
on the distribution of atrazine; (c) The in�uence of different initial concentrations on the distribution of
atrazine
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Figure 3

Schematic of ice structure cross section (KMnO4)

Figure 4

Relationship between Vw/V0 and C0/Cw during freezing of a 15 μg·L-1 atrazine solution at -5 ℃


