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De-icing agents (ice and snow control materials) are applied to prevent ice and snow deposits on the roads in winter
period. The extensive use of de-icing agents in countries with cold climate creates problems for the environment. In
this study, the dynamics of de-icing salt concentrations in sod-podzolic soil was revealed in laboratory and field exper-
iments. Twelve de-icing agents of different chemical groups (chlorides, acetates and formates) were studied. Under
laboratory conditions, application of high doses of chloride reagents led to an increase of salt concentration in soil up to
a level of slightly saline soils. Contaminated soils had salt levels high enough to be toxic to plants and soil microorgan-
isms. However, under field conditions, soil salinity eventually decreased due to salt washout by atmospheric precipi-
tation. By the end of the growing season, salt concentration corresponded to a background level. The decrease in salt
concentration was accompanied by a decrease in soil toxicity. Acetate and formate de-icing agents demonstrated the
least environmental effect. Our results suggest that magnesium chloride was the least harmful among the de-icers of
chloride group while the most commonly used road de-icing salt sodium chloride was the most persistent and toxic
to terrestrial plants and soil microbiota.
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Introduction

The most sensitive components of urban environment
are soils and plants. In megalopolises, a range of nega-
tive anthropogenic factors promotes the accumulation
of pollutants in the soil. De-icing agents are among
the most environmentally hazardous (Yakubov and
Nikolayevskiy, 2001; Coldsnow et al.,, 2017; Nutile and
Solan, 2019). De-icing agents are chemical reagents
applied to prevent ice and snow deposits on the roads
and increase human safety for those traveling during
dangerous winter conditions.

Many scientists have been engaged in the research of
de-icing agents for decades, and they have covered
various aspects of this problem. The impact and distri-
bution of de-icing salt in soils have been studied in the
North America (Cain, 2001; Jacobi et al., 2009), European
and Asian countries (Yakubov and Nikolayevskiy, 2001;
Soundararajan et al, 2019; Ke et al, 2019). Different
properties of soils contaminated with de-icing agents are
investigated (TRB, 2008; Vasil'yev, 2008).

Most de-ices are based on inorganic chloride salts, i.e.
sodium chloride (NaCl), magnesium chloride (MgCl,), and
calcium chloride (CaCl,) (Asensio et al., 2017). Among
de-icers based on salts of other chemical groups are
acetates (potassium and ammonium acetates), nitrates
(calcium, magnesium and carbamide nitrates), formates
(potassium and sodium formates), and ammonium salts
(urea and carbamide-ammonium nitrates). Friction ma-
terials such as sand, crushed stone, marble and granite
chips are actively used as de-icers as well. Some de-ic-
ing agents have a complex chemical composition and
consist of several components. Most previous studies
of the effects of de-icing salts have focused on the envi-
ronmental impact of technical salt, while de-icing agents
of new generation have not been given enough attention
in scientific publications (Cunningham et al., 2008; Nutile
and Solan, 2019).

Traditionally, significant amounts of de-icing agents are
used in northern countries (Green et al, 2019). Rea-
gents of the chloride group are the dominant de-icers
in many cities including St. Petersburg, Russia. Their
usage on the roads significantly exceeds the use of ac-
etate, nitrate and formate de-icers. After application,
de-icing salts dissolve and enter soil and freshwater
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ecosystems. Penetrating in large quantities into road-
side soils, de-icers can result in a negative effect on soil,
ground and surface waters, and plant vegetation. Soil
salinization from de-icers heads the list of hazardous
agents affecting plant vegetation in urban environment
(NCHRP, 2007).

The impact of de-icers on soil ecosystems depends on
many factors. These include the distance from the road-
way, the season, the landscape, the duration of impact,
the soil texture, the presence (or absence) of drainage,
rainfall, air temperature, wind, humidity and other fac-
tors (Cain et al,, 2001). De-icing agents accumulate in
soil, and change soil chemical composition and physical
characteristics. Over time, they can cause structural and
functional changes in a soil ecosystem, which lead to the
future stress and death of plants and soil microorgan-
isms (Azovtseva, 2004).

The mechanism of such an effect is based on high con-
centration of salts in the soil solution that interferes
with balanced absorption of essential nutritional ions by
plants (Muchate et al.,, 2016). High salinity has a nega-
tive effect on major plant processes such as disrupting
the osmotic and ionic equilibrium, protein synthesis,
photosynthesis, energy, and lipid metabolism (Tester
and Devenport, 2003). In this situation, the absorption
of water by plants is disturbed, and the phenomenon of
physiological drought occurs.

Plant viability decreases as salts accumulate in the soil,
and they become more sensitive to plant pathogens
and anthropogenic factors (Yakubov and Nikolayevskiy,
2001). Plant death is observed after de-icer application
in landscaped areas in spring if there was little rain or
no precipitation. In this case, the salts stay in the surface
layer of the soil for a long time after snow melt, increas-
ing the osmotic pressure of the soil solution. The salt
accumulation does not occur during heavy spring rains,
because the soil profile is washed by rainfall.

In addition to affected plants de-icing salts can affect soil
microbial communities by causing changes in the com-
position and activity of microorganisms (Vasil'yev, 2008).
The structure and species diversity of soil microbiota
change due to the negative effect of de-icing agents on
the chemical, physical and physical-chemical properties
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of the soil. Thus, de-icing agents are able to change the
geochemical conditions of vegetation in landscaped ar-
eas and the functioning of soil microorganisms that
threatens them with future stress and death. The aim
of our study was to explore changes of salt concentra-
tions in soil over time (during one growing season), and
to evaluate the most environmentally friendly de-icers
along with determination of their acceptable doses.

Materials and Methods

Twelve de-icing agents of different chemical compo-
sitions used to maintain clear roads in the last decade
were selected for the present study. Reagents of the ac-
etate and formate groups, which have recently become
more common, were studied along with the most widely
used chloride salts. The chloride group was represented
by sodium chloride (technical salt), magnesium chloride
(“Bishofit” reagent), calcium chloride (“TOR", “Unipell”),
and mixtures of various chlorides: “lcemelt” (mixture of
CaCl, and NaCl), “Ejik” (mixture of CaCl, and NaCl), “No
Ice” (mixture of NaCl, KCl and Na,S0,), “Rockmelt” (mix-
ture of MgCl, and different additives), and “Rockmelt-Eco”
(mixture of NaCl, CaCl,, marble crips and different ad-
ditives). The acetate group was represented by reagent
“Nordway” (potassium acetate). The formate group in-
cluded two types of reagent “Clearway F-1" (sodium
formate) produced in Russia and Finland. In accordance
with the specifications, the following de-icer dosages
were chosen: 20 g/m? 50 g/m? and 150 g/m? On aver-
age, 20 g/m? is the minimum dose of de-icers for road
treatment, while 150 g/m? is the maximum dose. Rea-
gents were applied to the soil in dissolved form.

Experiments with de-icers were conducted in labora-
tory and field conditions. The cultivated sod-podzolic
loamy soil was used for laboratory experiments. The
soil was moistened to 60% of maximum water holding
capacity; thereafter, it was composted for 10 days at a
room temperature. At the end of the composting, the
soil was placed in 1-liter plastic containers and lawn
grass was sown in each container. We used grass mix-
ture “Universal” of the following composition: perennial
ryegrass (Lolium perenne), Kentucky bluegrass (Poa
pratensis), creeping bentgrass (Agrostis stolonifera),
meadow fescue (Festuca pratensis) and orchard grass
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(Dactylis glomerata). A month later, grass biomass was
determined, and soil samples were taken for analyses.
All treatments were replicated four times. Soil without
the addition of de-icers served as control.

Field experiments were carried out at the trial field near
St. Petersburg, Russia (59°44'34"N, 30°22'49"'E). The soil
investigated was a loamy podzol with pH,,,, of 6.8. Exper-
imental plots were established separately in the flattened
part of the study area. The size of the plots was 50x25 cm.
There were four replications from each plot. The soil was
treated with 20 g/m? 50 g/m?and 150 g/m? of de-icing
agents at the beginning of the growing season (in May).
Lawn grass mixture “Universal” was sown on plots after
treatment. At the end of the growing season (the end of
September), soil samples were taken from these plots
for laboratory analyses. Sampling was carried out from a
depth of 0-20 cm from 3 points of each plot, after which
a combined sample was formed by mixing.

The soil samples were air-dried at a room temperature,
and sieved in 2 mm sieves. The measurement of soil
salinity was performed using electrical conductivity of
agueous extracts from soil samples. The electrical con-
ductivity was measured from extracts with soil to water
ratios in weights of 1:5. For the preparation of water ex-
tracts from soil, the standard method was applied (GOST,
2011). Salt concentration of the extract was determined
using the multiband conductometer HI 8733 (HANNA
Instruments, Germany). All the electrical conductivities
were expressed in dS/cm at 25°C.

To determine the impact of de-icers on higher plants, we
used toxicity bioassay and measured the grass above-
ground biomass. Toxicity bioassay was based on the
germination and growth of the common wheat Triticum
aestivum L. (FR, 2006). The soil sample was put into 100-
mm diameter Petri dishes with the moisture adjusted
to 60% of maximum water holding capacity. 20 seeds
with > 90% germination ability were arranged on the soil
surface. The test dishes were incubated at 20°C for 72 h.
The measurement endpoints used were seed germina-
tion and seedling growth (roots and shoots). To measure
grass aboveground biomass, we weighted plants from
each plot. Plants were cut at their base.

We measured soil respiration using alkali absorption
method (Alef, 1995). The soil sample was spread on the
bottom of a 500-mL glass jar and reaction container with
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20 mL NaOH (0.02 N) solution was suspended inside the
jar, above the soil. After incubation at 25°C for 24 h, 2
drops of phenolphthalein indicator were added into the
reaction containers, and then titrated with 0.02 N H,S0,.
The jars without soil served as controls. The difference in
the consumed volume of H,S0, between the treatment
and the control was used to calculate the quantity of CO,
emission from soil microorganisms. The quantity of CO,
(the ratio of respiration) was calculated as ug CO,/C g h.

All results were analyzed by one-way ANOVA using SPSS
25.0 statistical software. The significant differences be-
tween the means of parameters (n = 4) were determined
by using the Duncan test (p < 0.05). The treatments with
de-icers were compared with control unpolluted soil, and
significant differences were given with different letters.

Results and Discussion

To assess the fate of de-icing agents in soil after treat-
ment, we determined the concentration of water soluble
salts by measuring the electrical conductivity of water
extracts from soil. The determination of concentration
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of water soluble salts in soil solution by electrical con-
ductivity is one of the generally accepted and widely used
methods in soil science (Vozbutskaya, 1968). This meth-
od is used, in particular, to assess soil salinity (Vorob'ye-
va et al,, 2012). Electrical conductivity is one of the most
convenient and reliable parameters, which makes it pos-
sible to accurately estimate the degree of mineralization
of soil solutions (Kopikova, 1985) and soil salinity (Tolpe-
shta et al., 2000; Sotneva, 2005). Pankova et al. (2006)
developed a special scale for assessing the degree of soil
salinity depending on electrical conductivity. Thus, the
magnitude of the electrical conductivity may reliably and
objectively characterize the degree of soil salinity under
the conditions of our model experiments.

The results of the laboratory study of the effect of soil
contamination with de-icing agents on soil salinity are
presented in Table 1.

Soil contamination with the maximum dose of chloride
de-icers (150 g/m?) led to an increase of salt concentra-
tion in the soil (up to 18-36 times). The treatment of soil
with some chloride salts increased soil salinity to the level
of slightly saline soils (4 mS/cm). Moreover, the threshold
value of soil salinity was decreased recently to 2 mS/cm

Table 1. The effect of soil contamination with de-icing agents on the electrical conductivity of water extracts from soil (mS/cm) - a laboratory study

De-icing agents
Control

Technical salt (NaCl)
Bishophit (MgCl,)
TOR (CaCly)
Unipell (CaCl,)

Chloride group Rockmelt (MgCl, + additives)

Rockmelt-Eco (NaCl + CaCl,+ additives)

Icemelt (CaCl, + NaCl)
Ejik (CaCl, + NaCl)
No ice (NaCl + KCL + Na,S0,)
Clearway F-1,,, (HCOONa)
Formate group

Clearway F-1;, (HCOONa)

Acetate group Nordway (CH,COOK)

Dose of de-icing agents, g/m?

20 50 150
0.11e 0.72° 1.56° 3.92¢
0.11e 0.28° 0.67¢ 2.00¢
0.11e 0.44° 0.99¢ 2.77¢
0.11e 0.38° 0.77¢ 2.20¢
0.11° 0.38° 0.74¢ 2.05¢
0.11° 0.34° 0.71¢ 2.25¢
0.11° 0.46° 1.20¢ 3.45¢
0.11e 0.52° 1.14¢ 2.89¢
0.11e 0.60° 1.04¢ 3.96¢
0.11e 0.13° 0.16° 0.27¢
0.11e 0.122 0.142 0.23°
0.11e 0.10° 0.09¢ 0.16¢
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Table 2. The effect of soil contamination with de-icing agents on the electrical conductivity of water extracts from soil (mS/cm) - a field study

De-icing agents
Control

Technical salt (NaCl)
Bishophit (MgCl,)

Rockmelt-Eco (NaCl + CaCl, + additives)

Chloride group
Icemelt (CaCl, + NaCl)

Ejik (CaCl, + NaCl)
No ice (NaCl + KCl + Na,S0,)

Formate group Clearway F-1;, (HCOONa)

Acetate group Nordway (CH,COOK)

(Pankova et al,, 2006). A similar threshold value of soil sa-
linity was found for crop yield of Lolium perenne and Fes-
tuca pratensis used in street lawn plantings (Bagdasaryan,
2008). Among all chloride de-icing agents, magnesium
chloride de-icer caused less soil salinity, which is in line
with other studies (Jacobi et al., 2009).

In soils contaminated with average doses of chloride
de-icers (50 g/m?), the maximum electrical conductivity
reached 1.56 mS/cm, which can be considered as a per-
missible level. At the same time, salinity of the soil treat-
ed with acetate and formate de-icers did not exceed the
control value regardless of the reagent concentration.

The laboratory studies are known to provide a high level
of control over the experiment. Soil mesocosm is isolated
from external effects, and the experiment is performed in
a controlled environment (the same temperature, humid-
ity, etc.). Thus, the impact of the outside factors is mini-
mized, and laboratory experiments provide a high confi-
dence level. Nevertheless, there are important limitations,
associated with laboratory studies. The properties of the
soil change dramatically during long-term incubation in
the laboratory, thus complicating interpretation of any ob-
served effects (Polyak et al., 2018). Additionally, most of
the laboratory studies are focused on the short-term ef-
fects, seen after a few weeks or even days of contamina-
tion, while the study of a longer period is uncommmon.

To reproduce the changes which take place under nat-
ural conditions with time, we studied the effect of soil

Dose of de-icing agent, g/m?

20 50 150
0.09= 0.14° 0.17¢ 0.29¢
0.09= 0.142 0.13 0.142
0.09° 0.12° 013 0.19¢
0.09= 0.17° 0.16 0.17°
0.09= 0.17° 0.17° 0.19¢
0.09° 0.12° 0.14¢ 0.24¢
0.09= 0.072 0.08° 0.11°
0.09= 0.09° 0.12° 0.18¢

contamination with de-icing agents on soil salinity in field
experiments at the trial field near St. Petersburg. The
electrical conductivity of water extracts from soil meas-
ured at the end growing season is represented in Table 2.

Salt concentration in the soil decreased to the back-
ground level at the end of the growing season in the field.
Under the influence of external factors, the highest val-
ue of electrical conductivity did not exceed 0.29 mS/cm
even in the soil contaminated with the maximum dose of
technical salt (NaCl). This may be due to the almost com-
plete leaching of the de-icing agents during the growing
season from the upper soil horizons. Earlier, Asensio et
al. (2017) demonstrated that the de-icing salt moved to
other areas by runoff water, and leaching of salt cations
occurred faster in sodic soils.

To assess the salt reduction rate, we determined the sa-
linity of the soil contaminated with two chloride de-icers
(“No ice” and “Rockmelt-Eco”) two weeks, one and a half,
and four months after contamination in a field experi-
ment. Soil salinity changed dramatically during the ex-
periment (Table 3).

A decrease in salinity was noted in the shortest time (2
weeks after contamination). After a month and a half, the
salt content reduced almost to the control value (the high-
est value was 0.32 mS/cm). Later on, a further decrease in
salt concentration was observed. At the end of the growing
season, the electrical conductivity in water extracts from
contaminated soils did not exceed 0.24 mS/cm.
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Table 3. The dynamics of electrical conductivity in water extracts from contaminated soils during the growing season (mS/cm) - a field study

Time after contamination
De-icing agents Concentration, g/m?
Initial 2 weeks 1.5 months 4 months
Control 0 0.112 0.112 0.16° 0.092
20 0.60° 0.34° 0.192 0.12°
No ice . . b .
(NaCl+ KCl+ Na,S0,) 50 1.04 0.65 0.25 0.14
150 3.96¢ 1.80¢ 0.32¢ 0.24¢
20 0.34° 0.33° 0.192 0.12°
Rockmelt-Eco
(NaCl + CaCl,+ 50 0.71¢ 0.53¢ 0.172 0.13
additives)

150 2.25¢ 1.01¢ 0.29° 0.19¢

Toxicity bioassays using seeds of wheat Triticum aes-
tivum L., grass aboveground biomass and soil microbi-
al activity determination were performed in autumn to
evaluate the toxic effect of de-icing agents on plants and
soil microorganisms. The impact of de-icers on wheat
seeds, plant biomass and soil respiration were studied

in laboratory and field conditions. Laboratory experi-
ments demonstrated high toxicity of de-icers to plants
and microorganisms, while in field studies the decrease
in the amount of de-icing salts was accompanied by the
decrease in toxicity of contaminated soil by the end of
the growing season (Fig. 1-3).

Fig. 1. Impact of de-icing agents on phytotoxicity of contaminated soil (A - laboratory experiment, B - field study)
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Fig. 2. Impact of de-icing agents on plant biomass (A — laboratory experiment, B - field study)
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The most pronounced decrease in toxicity to higher
plants at the end of the growing season was observed
for the chloride group of de-icers: technical salt (NaCl),
“Bishophit” (MgClL,), “No ice” (NaCl + KCl + Na,S0,), “Rock-
melt-Eco” (NaCl + CaCl, + additives), “Icemelt” (CaCl, +
NaCl), and “Ejik” (CaCl, + NaCl) (Fig. 1b). In the soil with
maximum doses of de-icing agents, an inhibition of root
length of wheat decreased from 85%—100% to 50% (tech-
nical salt), or to zero (“Noice”). The other chloride reagent
“Bishofit” (MgCl,) even had a stimulating effect on wheat
seeds. In autumn, the root length exceeded the value of
the root length for the control soil by 30.8% (Fig. 1b).

Toxic effect reduction was found for plant biomass in
the field study. In the soil contaminated with chloride de-
icers, 86%-100% inhibition of plant growth was observed
in laboratory experiments (Fig. 2a). In field experiments,
the toxicity of the soil decreased from a practically lethal
effect to a nearly non-toxic soil at the end of the growing
season (Fig. 2b). The two exceptions were technical salt
(NaCl) and “Icemelt” (CaCl, + NaCl). The soil contaminated
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with the maximum dose of these reagents (150 g/m?)
remained toxic for plants, although at lower concentra-
tions (20 g/m? and 50 g/m?) the effect no longer exceed-
ed the degree of moderate toxicity.

The impact of de-icers on soil microbiota was deter-
mined by the carbon dioxide release (soil respiration),
which characterizes the microbial activity and integral
intensity of the biodegradation processes of organic
matter occurring in soils. Most of de-icers were not
toxic to soil microbiota in laboratory conditions (Fig. 3).
Only technical salt (NaCl) and “Ilcemelt” (CaCl, + NaCl)
had a strong inhibitory effect, but in the field conditions
all de-icers were not toxic to soil microorganisms.

Acetate (“Nordway”) and formate (“Clearway F-1") rea-
gents had a strong stimulating effect on the activity of
microorganisms in laboratory experiments. In the soil
contaminated with these reagents, microbial activity
exceeded the control level by 57%-74%. However, this
cannot be called a positive phenomenon, since such
hypertrophied microbial activity can also bring the soil



Environmental Research, Engineering and Management

ecosystem out of the normal functioning further lead-
ing to its destruction (Zvyagintsev, 1987; Zvyagintsev et
al.,, 2005). By the end of the growing season, the stim-
ulating effect of acetate and formate reagents passed,
and they had no significant effect on the intensity of soil
respiration. Similar patterns of the dynamics of bio-
logical indicators of soils contaminated with de-icers
during the growing season have been found in previ-
ous studies (Gerasimov, Chugunova, 2016; Gerasimov,
Chugunova, 2018).

A decrease in soil salinity can be explained mainly by the
leaching of salts from the upper soil horizons by precip-
itation. The area has a humid continental climate with
the average annual temperature, precipitation and air
humidity of 5.8°C, 660 mm and 78%, respectively. The
soil moisture in the area of St. Petersburg is mostly high,
since evapotranspiration is low due to the cool climate.
This climatic condition and soil washout by atmospher-
ic precipitation, in general, allow the use of all studied
de-icing agents including de-icers based on chlorides.
Soils have time to clean, and the accumulation of salts in
the soil does not occur.
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Nevertheless, it is necessary to take into account the var-
iability of external factors, for example, a dry summer,
when the processes of soil desalinization can slow down
dramatically. Moreover, leaching may ameliorate toxicity
for land plants but accelerate inputs to aquatic ecosys-
tems (Cunningham et al., 2008). It is also important to
note that the maximum harmful effect of reagents on
plants and soil microorganisms occurs in the second half
of spring, immediately after the end of the winter season.
At this time, soil salinity is at its highest level, while plants
are just entering a period of active growth, and they are
the least pollutant resistant. Accordingly, the harmful ef-
fect of de-icers on plants is greatest in April and May.

Currently, the widespread use of acetate and formate rea-
gents that are harmless to plants is limited by their high cost.
Therefore, the application of the cheaper chloride de-icing
agents is more common, and this situation will not change in
the near future. Taking into account these objective factors,
de-icing agents based on magnesium chloride can be de-
fined as the least environmentally hazardous. Salt concen-
tration in the soil contaminated with magnesium chloride is
several times lower than that of other chloride de-icers.

Fig. 3. Effect of de-icing agents on soil respiration rate (A - laboratory experiment, B - field study)
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Conclusions

Many ecosystems worldwide are threatened by high salini-
ty caused by human activities. The extensive use of de-icing
agents leads to soil salinization that affects plant vegetation
and creates problems for the environment. The results of our
study show that acetate and formate de-icers do not change
soil salinity, and generally have no effect on plant growth and
soil microbial activity. Chloride de-icers in a dose of 150 g/
m? increased salt concentration in the soil to the level cor-
responding to low salinity, which is potentially dangerous
for plants and soil microorganisms. Therefore, the use of
chloride reagents in these doses should be limited. Among
chloride de-icers, preparations based on magnesium chlo-
ride are the least environmentally hazardous while sodium
chloride based preparations are the most toxic. However, the
degree of soil salinity, caused by de-icing agents, is reduced
during the growing season due to their washout in the upper
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