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ABSTRACT

Dust is an environmental and health hazard. In this study, a new technology for dust suppressant is introduced
using soybean urease with an optimal cementing solution. Calcium carbonate is produced by soybean urease and
cementing solution, which bonds the soil particles towards a dust suppressant. A laboratory wind tunnel test is
carried out to examine its effectiveness and discover possible optimization solutions. Several factors, including
soybean meal concentration, cementing solution concentration, and volume of solution per unit area, are exam-
ined to quantify their influences on soil transport mass, evaporation ratio, evaporation rate, surface strength,
water retention ratio, and infiltration rate of soil treated by different dust suppressants. Field tests are conducted
to explore the performance of this method in the natural environment. The results show that compared with
other dust suppressants, the optimized soybean urease has the smallest evaporation rate, a moderate infiltration
rate, the largest water retention ratio and surface strength. The indexes of soybean urease for dust suppressant are
found to be better than traditional materials. In the natural environment, soybean urease has a stronger anti-dis-
turbance ability. This study concludes that soybean urease dust suppressant has great application potential as a
cheap and green method.
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1 Introduction

The dust has become a serious problem for human beings [1,2], which impacts climate, building
integrity, and human health [3-5]. Dusting is a process where surface particles are suspended and drift
under the disturbance of wind, during which the ground surface material is migrated and lost. The
original ecological environment is destroyed, and the land could be degraded into the desert in the long
run [6,7]. Dust particles may also contain toxic chemicals, and inhalation of these particles may cause
chronic or acute diseases, such as bronchitis and lung cancer, which threaten human health [§]. Dust is
also an important cause of poor atmospheric visibility and extreme weather. When the dusting is serious,
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buildings and landscaping could also be covered with dust, which affects the urban environment [9]. Large-
scale dusting can also reduce road visibility and therefore results in more traffic accidents [10] (Fig. 1).

Figure 1: Dusting caused by traffic and urban sprinkling for dust suppression: (a) dust caused by traffic; (b)
water sprinkling for dust suppression

Dust suppression methods can be categorized into physical, chemical, and biological methods [11-14].
In practice, physical methods are commonly expensive, whose effect decreases over time [15]. Chemical
methods often only last for a short period, which could bring secondary pollution to the environment
[16]. Biological methods are often involved with a lot of manpower and materials for growing plants,
which may not be suitable for all areas due to environmental limitations [17-19]. Recently, the techniques
of microbially induced carbonate precipitation (MICP) and enzyme-induced carbonate precipitation
(EICP), using urea as the substrate, have been employed for soil solidification and dust control [20-22].
In the solidifying process using the MICP method, urea is hydrolyzed to generate carbonate ions under
the action of urease produced by microbial metabolism and then combined with Ca”" in the cementing
solution to generate CaCOj; precipitation, which binds loose soil particles together and solidifies the
surface to resist wind erosion [23,24]. By spraying microorganisms, the MICP method is effective and
environmentally friendly [25]. On the other hand, urease for calcium carbonate precipitation not only can
be produced by microorganisms but widely exists in living plants [26], which can also be extracted and
mixed with cementing solutions to produce calcium carbonate precipitation. Application of plant urease is
simple, direct, and environmentally friendly [27-29]. The EICP method has been applied in soil
reinforcement, anti-seepage of rock and soil, and anti-erosion of civil engineering structures [19,30-32].
Overall, there is no essential difference between the MICP and EICP methods. Moreover, the induced
carbonate precipitation technology was used for dust control and resolving desertification problems.
Numerous laboratory tests and field tests have been conducted to explore the feasibility of applying this
technique for dust suppression [22]. Potential influences of different factors on the dust suppression effect
have been studied. Naeimi et al. [20] studied the effect of MICP technology on dust suppression through
wind tunnel tests and found that the biological dust suppressant is more economical than the traditional
methods [33]. Almajed et al. [19] treated a sand surface with MICP technology and studied the influences
of bacterial concentration, ambient temperature, and humidity on the effectiveness of the dust suppression
effect. Optimized calcium carbonate precipitation was obtained for dust suppression. It was found that
this method can form a hard crust on the sand surface, which can be used to resist sand surface erosion [19].

In the meanwhile, many tests have also been conducted to study the feasibility of MICP technology for
dust suppression. For example, Gomez et al. [34] conducted field tests to study the variation of soil surface
strength with time and depth during the outdoor application of MICP technology. Li et al. [35] used an in-situ
desert Staphylococcus, to carry out surface solidification treatment in the Ulan Buh Desert, Inner Mongolia,
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China, which confirmed the effectiveness of this technology in the desert environment. Zhan et al. [36]
performed a large-scale outdoor test covering 900 m”. Under the enzymatic action of Bacillus glia, CO,
was absorbed, converted, and carbonate ions were produced, which were then mineralized with calcium
ions existing in the environment to consolidate the surface soil. The testing results showed that the
surface treatment using MICP technology has a remarkable dust suppression effect, which is both
economical and environmentally friendly.

In this study, both laboratory tests and field tests are carried out to examine the behavior of soybean
urease applying for dust suppressant. The effectiveness is evaluated by comparing soybean urease with
three traditional dust suppressants. The microscopic mechanism is also studied. Testing results provide
theoretical guidance for the application of soybean urease as a dust suppressant.

2 Methodology
2.1 Materials

2.1.1 Preparation of Soybean Urease Solution and Cementing Solution

The preparation process and reaction mechanism of soybean urease dust suppressant is presented in
Fig. 2. Firstly, the soybean is dried and ground into powder, which is dissolved into deionized water (the
soybean meal concentration is the ratio of soybean meal mass to deionized water volume). Then, the
soybean meal solution is placed in a blender to stir for 30 min, which is placed in a refrigerator afterward
and held for 24 h at a temperature of 4°C. After standing, the solution is centrifuged for 15 min, and the
supernatant is crude soybean urease solution. Subsequently, it is stored under 4°C before testing [22]. The
soybean urease dust suppressant in this study consisted of cementing solution (a mixture of urea and
calcium chloride solution [37]) and a urease solution [38].
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Figure 2: Preparation process and reaction mechanism of soybean urease dust suppressant

2.1.2 Test Soil

The test soil is silt obtained from the Yellow River alluvial area in the north of Kaifeng, Henan, China.
The soil sample is grayish yellow, loose and dry, which is difficult to compact but easy to form dusting. The
liquid limit, plastic limit, and plasticity indexes are 26.5, 16.8, and 9.7, respectively. The maximum dry
density is 1.67 g/em®, which is the maximum density at optimal moisture content. The optimal moisture
content and the natural moisture content are 15.6% and 9.8%. The test method of these indexes is
determined following ASTM D1557 [39]. Fig. 3 shows the grain gradation curve of the soil.

2.2 Experimental Methods

In this study, the soil transport mass and evaporation ratio of soil is measured first. The soil is treated
with soybean urease dust suppressant with different soybean meal concentrations, cementing solution
concentrations, and volume of solution per unit areca. Then, the evaporation rate, water retention ratio,
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infiltration rate, and surface strength of the soil treated with soybean urease, TY (a commonly used dust
suppressant made in China), YHC (another commonly used dust suppressant made in China), and pure
water are compared. The experimental test method is summarized in Table 1. The surface strength and
settlement of soil treated with different dust suppressants are measured in field tests. X-ray diffraction
(XRD) and scanning electron microscopy (SEM) experiments are carried out to examine the microscopic

mechanism.
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Figure 3: The soil sample and its grain gradation curve
Table 1: Experimental test method information
No. Indexes Calculation method Parameters
1 Soil transport Mt = M; — M, M, initial mass, M,: mass after wind erosion tests
mass (Mr)
. ms —m L .
2 Evaporation Re=——""1 my: initial mass, m,: mass after spraying dust
ratio (Re) iy — suppressant, ms: mass after drying
. my —m .
3 Evaporation W = % m, & ms: same as above, S: surface area of the soil,
rate (W) v T: time
. —m
4  Water retention M= [1 — #} x100% m,, m, & M>: same as above
ratio (M) My —
5 Infiltration rate v=4d/T d: infiltration depth
)
6  Surface P=F/S, F: average force, S;: surface area of the metal probe

strength (P)

2.2.1 Test Soil Optimization of Soybean Urease Dust Suppressant

The soil transport mass (Mf) is calculated using the formula (1) in Table 1. Soil transport mass is
obtained by measuring the initial mass and the mass of soil after wind erosion tests [18]. The soil
samples are subjected to a wind speed of 14 m/s lasting 10 min. The soil sample (2700 g) is dried and
stored, and then full filled in a rectangular container (L X B x H=25 cm x 18.7 cm X 6 cm). The prepared
soybean urease dust suppressant is uniformly sprayed on the surface of the soil sample in the container.
After curing for 3 days, the sample is dried at 60°C, and the mas (M>) is measured. The evaporation ratio
(Re) is calculated using the formula (2) in Table 1. The sprayed amount of each sample is 5.051 L/m? in
this group of cases.
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2.2.2 Effectiveness of Different Dust Suppressants

Soybean urease dust suppressant with the optimal ratio is employed for the soil sample, and TY dust
suppressant, YHC dust suppressant, and water are set for comparison. The optimal ratio of TY of 4% and
the optimal dilution ratio of 1:100 are conducted. Pure water is commonly used as one dust suppression
method, which is also tested for comparison [40]. The evaporation rate (W) is calculated using
formula (3) in Table 1. It represents the evaporation of soil samples per unit of time and area. The water
retention ratio (M) can be calculated by formula (4) in Table 1. The infiltration rate (v) is determined
using the downward infiltration method following formula (5) in Table 1. The soil sample is placed in a
tube with a diameter of 22.8 mm and a height of 180 mm, and is pressed to the height of 123 mm. Then,
9.2 mL dust suppressant is slowly dropped onto the surface of the sample. After standing for 20 min, the
infiltration depth is measured using a ruler. The surface strength (P) is calculated following formula (6) in
Table 1. Then, the surface strength is measured using the pull and push dynamometer with the probe of
the instrument penetrating the sample surface slowly [40,41]. Nine points are measured on each sample
surface and the average force (F) is calculated.

2.2.3 Field Tests

Based on the laboratory testing results, the soybean urease dust suppressant with the optimized ratio is
used in field tests to further assess its effectiveness. The other three dust suppressants are used for
comparison.

The test site is located at the Henan University of China without the influence of traffic and human
activities. The soil sample is paved and dried and then screened by the sieve with a 2 mm mesh size and
filled into 200 cm x 300 cm % 28 cm clay pavers. The sample is naturally settled for 16 days, and the
average measured height is 16.1 cm, which is divided into six 100 cm x 100 cm areas (S1~S6). The test
site is laid out first, and the surface of the sample is then sprayed after 16 days of natural settlement.
S1 is sprayed on the first, second, and third days with soybean urease dust suppressant, while S2 is
sprayed on the second and third days with soybean urease dust suppressant. S3, S4, S5, and S6 are
treated with TY, soybean urease, YHC, and pure water on the third day, respectively. The surface strength
is also measured by the pull and push dynamometer.

The field tests last for 30 days after spraying the suppressants. Each test area is covered with a steel plate
during the spraying process to prevent other test areas from being affected. After spraying the dust
suppressant, a steel ruler is inserted into each piece of testing soil; the initial height and the height at the
end of the experiment are recorded to measure the settlement of soil in the field.

2.2.4 XRD and SEM Test

The topsoil samples treated with soybean urease dust suppressant are ground and crushed and screened
by a 0.2 mm sieve. Then, an X-ray test is performed using an X-ray diffraction analyzer [19]. In this
experiment, the case with raw soil was used as a comparison case. Scanning electron microscopy (SEM)
analysis is also carried out on the surface hard crust of the dry soil samples. Before scanning, the sample
is made flat and the loose soil particles are blown away by ear-washing balls. It is then glued to a
conductive paper and sprayed with gold for scanning with a magnification of 2000 times. The soil treated
with pure water and soybean urease dust suppressants is also examined in the XRD and SEM tests.

3 Results and Discussion

Laboratory and field-testing results are presented in this section. The effects of the cementing solution
concentration, soybean meal concentration, and volume of solution per unit area on the soil transport mass
and surface strength of the soil after treatment are presented. The dust suppression indexes of the soil after
treatment with soybean urease dust suppressant and the reference suppressants are also compared and
analyzed. The microscopic mechanism of the soil treated with the suppressant is analyzed.
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3.1 Single Factor Analysis

The controlled analysis is firstly conducted by varying the cementing solution concentration, soybean
meal concentration, and volume of solution per unit area individually to examine their effects on the soil
transport mass and surface strength of the soil after treatment. Previous studies show that the soil
transport mass is inversely proportional to CaCO; content, while soil surface strength is directly
proportional to CaCO5 content [20]. Fig. 4 shows the effect of key factors on soil transport mass, surface
strength, and CaCOj; content. The default testing parameters are as follows: the cementing solution
concentration of 0.08 M, soybean meal concentration of 40 g/L., and volume of solution per unit area of
4 L/m%. To examine their influences, the cementing solution concentration varies 0.01, 0.03, 0.05, 0.06,
0.07, 0.08, 0.1, and 0.12 M, the mass concentration of soybean meal 10, 20, 25, 33, 40, 50, 67, 100, and
200 g/L, and the volume of solution per unit area 1, 2, 3, 4, 5, and 6 L/m?, respectively.
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Figure 4: Effect of key factors on soil transport mass (g), surface strength, and CaCOj; content: (a)
cementing solution concentration; (b) soybean meal concentration; (c) volume of solution per unit area

Fig. 4a shows the effect of cementing solution concentration on soil transport mass, surface strength, and
CaCOj; content. When the cementing solution concentration is 0.01 M, the soil transport mass is 41.38 g, and
the soil transport ratio (soil transport mass takes a percentage of total mass) decreases from 70.35% to 1.5%
compared with plain soil. In the process of increasing the cementing solution concentration to 0.05 M, the
soil transport mass of the soil continues to decrease. When the cementing solution concentration reaches
0.05 M, the soil transport mass becomes 1.1 g, indicating that soil erosion is effectively controlled.
Notably, when the cementing solution concentration reaches 0.08 M, the soil loss reduces to nearly 0.
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With the increase of cementing solution concentration, the surface strength of soil samples and the content of
CaCO; formation increase. When the cementing solution concentration increases to 0.1 M, the surface
strength of the soil increases by nearly 300 kPa as compared with plain soil. The cementing solution is
the material source of calcium carbonate [19,20,42]. Therefore, as the cementing solution concentration
increases, the content of calcium carbonate on the soil surface would also increases. With the increase of
calcium carbonate content, the surface cementing effect and surface strength increase, which further
decreases wind erosion.

Fig. 4b shows the effect of soybean meal concentration on soil transport mass, surface strength, and
CaCO; content. When the mass concentration of soybean meal is 10 g/L, the soil transport mass is over
500 g. But when the concentration reaches 40 g/L, the soil loss decreases to almost 0. The CaCO;5 content
increases but the growth rate decreases when the soybean meal concentration increases. Moreover, the
soil surface strength increases with the increase in soybean meal concentration. When the soybean meal
concentration is 10 g/L, the surface strength of the sample is found to be 89.776 kPa. The surface
strength and CaCOs contents are 330.523 kPa and 23.675 g/m?, respectively, where the soybean meal
concentration increases to 67 g/L. The increase of soybean meal concentration is therefore found to be
able to increase the urease concentration. With the increase of soybean meal, the calcium source in the
cementing solution becomes insufficient, where the formation of calcium carbonate is also close to its
peak. Thus, the increase rate of soil surface strength gradually decreases.

Fig. 4c shows the effect of the volume of solution per unit area on soil transport mass, surface strength,
and CaCOs content. As shown, when 1 L/m? is sprayed, a soil transport mass of 872.95 g is measured. Soil
transport mass decreases gradually with the increase of solution volume. When the volume of solution per
unit area reaches 4 L/m?, the wind erosion is eliminated. With the increase in the volume of solution per unit
area, the surface strength and calcium carbonate formation increase almost linearly. The more solution used,
the more calcium carbonate would be formed on the soil surface. Hence the increase in the volume of solution
per unit area would lead to the continuous increase of soil surface strength. A similar observation was
reported by Xiao et al. [43] on sandy soil, which verified that calcium carbonate could improve the
strength of quartz sand columns through the solidifying experiment using EICP technology.

3.2 Influence of Multivariable

3.2.1 Level Design and Results

Following the Box-Behnken sampling principle, three factors that would potentially influence the soil
transport mass and evaporation rate are selected for analysis, namely (A) soybean meal concentration, (B)
cementing solution concentration, and (C) volume of solution per unit area. Similar parameters were
studied by other researchers [22]. Multi-objective response surface analysis tests are carried out. The
response surface test factor levels and results are shown in Tables 2 and 3.

Table 2: Experimental factors and level design

Experimental factor Level

-1 0 1
Soybean meal concentration, A (g/L) 10 25 40
Cementing solution concentration, B (M) 0.05 0.10 0.15

Volume of solution per unit area, C (L/m?) 2 4 6
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Table 3: Experiment design and response results

No. Soybean meal Cementing solution  Volume of solution per Soil transport Evaporation
concentration, A concentration, B (M) unit area, C (L/m?) mass R1/(g) ratio R2/(%)
(gL

1 1 0 -1 636.1 23.13

2 1 1 0 209.9 20.99

3 0 0 0 0 16.93

4 0 0 0 0 15.73

5 0 0 0 0 15.75

6 0 -1 1 0 19.45

7 -1 1 0 0 19.74

8 -1 -1 0 1.1 20.42

9 0 -1 -1 585.9 22.85

10 -1 0 -1 109.7 22.25

11 1 -1 0 358.9 21.31

12 1 0 10.9 18.12

13 0 0 0 0 16.88

14 0 1 -1 144.4 23.85

15 0 1 1 0 18.03

16 -1 0 0 18.11

17 0 0 0 0 15.97

Numerical analysis is performed to statistically analyze the experimental data, and the coding value of
the quadratic multinomial regression equation is obtained using Eqs. (1) and (2). The coefficient of
determination R? of the models is 0.9848 and 0.9881, respectively.

Soil transport mass:

Mt = —1.37866e — 014 + 138.125 « A — 73.95+* B — 183.15 %« C — 36.975 x AB

1
—128.875 x AC + 110.375 %« BC + 74.5375 « A2 + 67.9375 « B2 + 114.638 « C\2 D
Evaporation ratio:
Re = 16252 +0.37875 %« A — 0.1775 %« B — 2.29625 * C + 0.09 x AB — 0.2175 * AC )

— 0.605 * BC + 1.86025 « A2 +2.50275 « A2 + 2.29025 « A2

The results of ANOVA (analysis of variance) are shown in Tables 4 and 5. F value can be used to test the
significance of the influence of each variable on the response value. The larger F is, the higher the
significance of the corresponding variable. When the model significance test is p <0.05, it indicates that
the model is statistically significant. As can be seen from Table 4, the order of influence of process
conditions on soil transport mass is C> A > B. Soil transport mass analysis Rzadj =0.9652, which means
that 96.52% of the experimental response value is close to the predicted correlation coefficient R%. This
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shows that the experimental model fits the real data well and has practical guiding significance. Similarly,
according to Table 5, the order of influence of process conditions on evaporation ratio is as follows: C>
A>B, R>=0.9881, RzAdj=0.9728, Pred R>=0.8792, which indicates the model has high accuracy.
Therefore, the model can be used to analyze and predict the optimal extraction process for wind erosion
resistance and evaporation rate.

Table 4: ANOVA result of soil transport mass analysis

Source Quadratic sum DOF Variance F )4 Significance
Model 6.942E + 005 9 77133.55 50.33 <0.0001 o
A 1.526E + 005 1 1.526E + 005 99.60 <0.0001 oK
B 43757.69 1 43757.69 28.55 0.0011 ok
C 2.684E + 005 1 2.684E + 005 175.09 <0.0001 *x
AB 5473.04 1 5473.04 3.57 0.1007

AC 66435.06 1 66435.06 43.35 0.0003 K
BC 48730.56 1 48730.56 31.80 0.0008 *x
A? 23397.71 1 23397.71 15.27 0.0058 *x
B? 19437.99 1 19437.99 12.68 0.0092 ok
c? 55326.47 1 55326.47 36.10 0.0005 *x
Residual 10728.50 7 1532.64

Total 7.049E + 005 16

Note: R?=0.9848, Adj R>=0.9652, Pred R*=0.7565.

Table 5: ANOVA result of evaporation ratio analysis

Source Quadratic sum DOF Variance F p Significance
Model 115.56 9 12.84 52.99 <0.0001 o
A 1.15 1 1.15 4.74 0.0660

B 0.25 1 0.25 1.04 0.3417

C 42.18 1 42.18 174.10 <0.0001 *x
AB 0.032 1 0.032 0.13 0.7254

AC 0.19 1 0.19 0.78 0.4062

BC 1.46 1 1.46 6.04 0.0436 *
A? 14.57 1 14.57 60.14 0.0001 *x
B? 26.37 1 26.37 108.85 <0.0001 *x
c? 22.09 1 22.09 91.15 <0.0001 ok
Residual 1.70 7 0.24

Total 117.26 16

Note: R?=0.9881, Adj R*=0.9728, Pred R?=0.8792.
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3.2.2 Response Surface Analysis

Fig. 5 shows the influences of soybean meal concentration (Cs), cementing solution concentration (Cc),
and volume of solution per unit area (¥s) on the soil transport mass (Mt) and evaporation ratio (Re). It can be
seen that the interaction of soybean meal concentration and cementing solution concentration has an oblique
surface distribution on the soil transport mass. For a certain soybean meal concentration, the soil transport
mass increases with the increase of cementing solution concentration. For a controlled cementing solution
concentration, the soil transport mass increases with the increase of soybean meal concentration. To
obtain a low soil transport mass, it can be found from the interaction level area that soybean meal
concentration lower than 21 g/L and cementing solution concentration higher than 0.10 M is an optimized
mixture. The interaction surface of soybean meal concentration and cementing solution concentration
presents a downward opening paraboloid, as shown in Fig. 5b. The evaporation ratio firstly decreases and
then increases with the rise of cementing solution concentration and soybean meal concentration.
Therefore, the central level combination of these two factors appears to be beneficial in reducing the
evaporation ratio. Thus, the soybean meal concentration and cementing solution concentration of 26 g/L
and 0.10 M are chosen.

As shown in Fig. 5c, the variations in soybean meal concentration and volume of solution per unit area
could influence the soil transport mass. The longitudinal fluctuation range of the surface is larger, which
indicates that the solution volume has a greater contribution to the soil transport mass level. When the
solution volume is 4-6 L/m?, the soil transport mass is the lowest. Therefore, in practical application, it is
most beneficial to comply with this condition. The influence trend of the interaction of the soybean meal
concentration and volume of solution per unit area on the evaporation ratio presents an arched surface, as
shown in Fig. 5d. With the increase of the soybean meal concentration and solution volume, the
evaporation ratio increases to a peak value and then decreases. The surface fluctuation range caused by
solution volume is larger. When the soybean meal concentration and volume of solution per unit area are
23-27 g/L and 4.5-5.5 L/m?, respectively, the evaporation ratio achieves the minimum value.

In Fig. 5e, the interaction surface is inclined, while solution volume induces a greater variation on soil
transport mass, indicating its large contribution. In practical application, more attention should be paid. The
optimal solution volume is 4-6 L/m?. The longitudinal span of the interaction surface between the cementing
solution concentration and volume of solution per unit area is large, as shown in Fig. 5f. It indicates that the
interaction of the two factors has a significant effect on the evaporation ratio. It can be seen that the
evaporation ratio firstly decreases and then increases with the rise of cementing solution concentration
and solution volume. There is a kink on the surface when the cementing solution concentration of 0.10 M
and volume of solution per unit area of 5.0 L/m”.

To further determine the optimal parameters for achieving the minimum soil transport mass and
evaporation ratio, numerical analysis is carried out using commercial software Design-Expert. According
to the results, the optimal soybean meal concentration, cementing solution concentration, and volume of
solution per unit area are 21.068 g/L, 0.106 M, and 5.051 L/m?, respectively. In this case, soil transport
mass is 0, and the evaporation ratio is 15.71%.

3.3 Effectiveness of Different Dust Suppressants

The laboratory wind tunnel test is conducted to evaluate the performance of soybean urease for dust
suppression. The evaporation rate, water retention ratio, infiltration rate, and surface strength of the soil
treated with soybean urease dust suppressant and other three dust suppressants are tested and compared.
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(b)

Re (%)

Ms (L/m)

Figure 5: Effects of cementing solution concentration (Cc) and soybean meal concentration (Cs) on (a) soil
transport mass (Mf) and (b) evaporation ratio (Re); Effects of cementing solution concentration (Cc) and
volume of solution per unit area (Vs) on (c) soil transport mass (Mt) and (d) evaporation ratio (Re);
Effects of soybean meal concentration (Cs) and volume of solution per unit area (Vs) on (e) soil transport

mass (Mr) and (f) evaporation ratio (Re)
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Fig. 6a compares the evaporation rate of the four dust suppressants. From low to high ranks soybean urease
dust suppressant (S) (12.73 g-m 2-s "), TY (14.32-16.52 g-m s "), YHC (14.32-16.52 g-m 25 '), and water
(W) (20.84 g-m s "). A higher evaporation rate leads to faster water loss at high temperatures and a shorter
water retention time [44]. After water evaporates, those dry and loose soil particles are prone to wind erosion.
Therefore, the lower the evaporation rate of a dust suppressant, the longer the effective time it can achieve.
Among the four dust suppressants, soybean urease dust suppressant has the best evaporation resistance and
the longest effective time for dust suppression, while the evaporation resistance of water is the worst with
the shortest effective time. Additionally, soybean urease dust suppressant has good high-temperature
resistance and maintains soil moisture for a long time at high temperatures in summer.
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Figure 6: Effects of the four dust suppressants on the four kinds of evaluation indexes of the soil: (a)
evaporation rate; (b) water retention ratio; (c) infiltration rate; (d) surface strength

Fig. 6b shows the water retention ratio of the four dust suppressants after being exposed to the wind at
14 m/s. The soil treated with soybean urease dust suppressant has the highest water retention ratio of 78.12%,
which is followed by TY, YHC, and water. The greater the water retention ratio is, the stronger the water
retention ability of the soil under strong winds after the dust suppressant is sprayed. Compared with the
other three dust suppressants, soybean urease dust suppressant has the best water retention performance,
and consequently, the least water evaporation and longest effective time are expected in windy conditions.

The infiltration rate of the four dust suppressants is shown in Fig. 6¢c. The infiltration rate of pure water is
found to be the highest, which could quickly wet the dust surface. But its dosage is also greater than the other
dust suppressants. For YHC and TY, their infiltration rates are very low and thus require a long time to wet
the soil effectively. Moreover, the thickness of the hardened soil crusts is relatively thin, which therefore is
more fragile. In comparison, the soybean urease dust suppressant shows a balanced infiltration rate.

The surface strength of the hardened soil crust treated with the four dust suppressants is shown in Fig. 6d.
The surface strength of the soil treated with soybean urease dust suppressant is the largest (392.15 kPa).
Compared with the soil treated with pure water, the surface strength increases by 340 kPa. The soil surface
treated with pure water returns to the granular form after drying. The strength of the soil treated with pure
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water is low and close to the surface strength of the untreated soil through the dynamometer test. The soil
treated with soybean urease dust suppressant forms a hard crust on the surface after the water evaporates.
Due to the low cementing solution concentration, the calcium carbonate generated is scarce and only exists
in the upper layer, so its strength is secondary. However, TY and YHC merely cement loose soil particles,
and the surface strengths of the soil after water evaporation are not high.

Through the comparison, it can be seen that the soybean urease dust suppressant is superior to the other
three dust suppressants. A large amount of calcium carbonate precipitates can be formed in the pores of soil
after treatment with soybean urease dust suppressant. It fills the pores between the soil particles and cements
them together, which effectively prevents the evaporation and loss of pore water inside the soil. It also
reduces the infiltration rate of the soil to a certain extent. At the same time, the filling and cementation of
calcium carbonate crystals also greatly enhance soil surface strength.

3.4 Field Testing Results and Analysis

3.4.1 Surface Strength

To study the effects of different reinforcement schemes on the soil surface strength, the following six
groups of field tests are performed. Fig. 7 shows the variation of soil surface strength in 30 days after
spraying different dust suppressants. As can be seen, the surface strength in groups S1-S5 continues to
increase within 0-5 days. The surface strength reaches its peak on the 5™ day. Among them, the strength
of group S1 treated with soybean urease dust suppressant reaches about 894 kPa on the 5™ day, and that
of group S2 treated with soybean urease dust suppressant reaches 623 kPa. The strengths of group S3,
S4, and S5 areas treated with TY, soybean urease, and YHC dust suppressant only reached 355, 393, and
308 kPa on the 5 day, respectively. However, the surface strength of group S6 treated with water
reaches a peak of 108 kPa after the 1° day. In comparison, the soil surface strength treated with soybean
urease dust suppressant is 786 kPa reflecting an increase of 726%. The surface strength of the soil treated
with soybean urease dust suppressant is also higher than that of soil treated with the other three dust
suppressants, i.e., 38 kPa higher than that of TY, which has the best effect among the tested dust suppressants.
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Figure 7: The variations of surface strength with time

After 5 days of sun exposure, the surface moisture evaporates, and the strength continues to decrease.
After rainfall, the surface strength of group S6 increases again, which turns out to be similar to the effect of
the initial water spraying treatment. The relationship curves of areas treated using other dust suppressants
after rainfall and sun exposure are similar. In other words, the surface strength decreases after rainfall and
increases after sun exposure, but they both could not return to the peak strengths as found on Day 5. The
regional surface strength decreases in the order of S1>S2>S4>S3>S5>S6. The surface strength of
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the soil treated with soybean urease dust suppressant is greater than the others, which increases with
treatment times. The surface strength of the soil treated three times using soybean urease dust suppressant
increases by 501 kPa as compared with that treated once only. Studies exist on the improvement of soil
strength by enzyme-induced calcium carbonate precipitation. Carmona et al. [45] applied the EICP
method to solidify poorly graded inorganic soil mainly composed of sand particles. Their results also
showed that the formation of calcium carbonate and the unconfined compressive strength in the soil
increased with the increase of curing time, urease concentration, and cementing solution concentration
within a certain range. This is consistent with the results of this study.

3.4.2 XRD Analysis

The microscopic mechanism of the soil surface is also examined to explain the above observation and
results. Firstly, XRD analysis is carried out to explore the formation of substances. Figs. 8a and 8b display the
XRD patterns and the corresponding substance content of the raw soil and the soil treated by soybean urease
dust suppressant, respectively. For non-treated soil, there is no crystalline form of calcium carbonate present.
However, the formation of calcium carbonate on the soil surface is confirmed by the X-ray diffractometer
after spraying 4 L/m* soybean urease dust suppressant with 0.08 M cementing solution concentration and
40 g/L mass concentration of soybean meal. Calcite is dominant in the generated minerals.
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Figure 8: The XRD pattern and the corresponding substance content: (a) raw soil; (b) soil treated by
soybean urease dust suppressant

According to the XRD analysis results, 5.8% of CaCQOyj is found in the soil sample. The small particles in
the soil can be cemented into larger particles by CaCO5 [24]. Calcium carbonate crystal types generally
include calcite and vaterite [13,36]. Among them, vaterite is the crystal with the stronger cementation,
while its physical and chemical properties are unstable. Studies have shown that vaterite may be
converted to calcite when the ambient temperature is higher than 60°C [19,22]. This process is
accompanied by a change in the properties of calcium carbonate [46]. However, calcite can maintain
strong cementation and have more stable physical and chemical properties [28,31,45].

3.4.3 SEM Analysis

To further explore the microscopic mechanism of the soil surface, SEM analysis is conducted to observe
the soil’s internal microscopic changes. Fig. 9a shows the sample treated using pure water. The magnification
is 2000 times. Fig. 9b shows the SEM images of the treated soil samples with the optimal ratio of soybean
urease dust suppressant. Through comparison, it can be seen that the pores of the surface soil treated with
soybean urease dust suppressant are reduced, and the soil particles are compacted. In the microscopic
test, a large amount of CaCOj; is formed in the soil particles, which fills the space between the soil
particles and thus improves the soil properties. This is the possible reason why the surface settlement
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amount using soybean urease dust suppressant is less than that of other dust suppressants. Moreover, the
formed CaCOj; in the soil could bond soil particles together, which connects the soil surface tightly and
improves the wind erosion resistance. Furthermore, due to the reduction of soil pores, it is difficult for the
water in the soil to evaporate but be preserved, which further improves the water retention performance.

Figure 9: The SEM images of the soil treated with pure water and soybean urease dust suppressant: (a) case
of pure water; (b) case of soybean urease dust suppressant

3.4.4 Settlement

The influence of soybean urease dust suppressant on soil settlement is the key to evaluating the effect of
soybean urease dust suppressant on the environment [30]. According to the data recorded in each area before
and after the test, the soil settlement in different spraying areas can be determined, and the surface appearance
images are recorded, as shown in Fig. 10. After 30 days, the settlement decreases in the order of S6 > S3 =S5
>S1>S4>S2. The settlements of the three areas treated with soybean urease dust suppressant are all lower
than 2 mm. The area treated after spraying soybean urease dust suppressant twice has the smallest settlement
of 1 mm. The settlements of the three areas treated with soybean urease dust suppressant are all smaller than
that treated with other dust suppressants. The settlement of the area treated with pure water is more than
4 mm. The formation of a new substance (calcium carbonate crystal) in the pores of soil during the
treatment with soybean urease dust suppressant can be observed. Calcium carbonate crystals fill the pores
of the soil. Thus, the settlement of the soil treated with soybean urease dust suppressant is generally
smaller than that treated with other dust suppressants. The amount of calcium carbonate generated in the
soil pores increases with the rise of the spraying time of soybean urease dust suppressant. Hence the
settlement of soil treated twice is less than that treated once. However, when the soil is treated more than
twice, small particles in the surface soil pores would be washed away by the excess solution as the
treatment time increases. This effect is similar to that when treated with water. Therefore, the settlement
of the soil treated three or more times increases.
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Figure 10: Settlement and surface appearance images of six areas: (a) settlement; (b) surface appearance images
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As shown in Fig. 10b, the soil surfaces of the six areas are all close to dry, and there are still obviously
hardened crusts on the surface of the three areas sprayed using soybean urease dust suppressant. After 9 times
of rainfall within 30 days, these three areas still maintain good integrity. According to the surface appearance
color, S1 is superior to S2 and S4, indicating that the area treated with soybean urease dust suppressant three
times has the best performance. There is little difference in the surface appearance morphology of S3, S5, and
S6. In the S5 area treated with YHC and the S3 treated with TY, their dust suppression effects are weakened.
The S6 has a slightly powdered surface after evaporation. Although the color of S5 is similar to that of S6,
there is a thin but hardened crust on the surface protecting it from dust. The dust suppression of pure water
mainly depends on the matric suction of capillary water to soil particles. When the water evaporates, the pore
water decreases gradually, and the dust suppression effect also decreases correspondingly. The fundamental
mechanism of dust suppression by TY and YHC dust suppressants does not change the microstructure of the
surface soil, and the dust suppression effect would also decrease over time. However, calcium carbonate
crystals with relatively stable physical and chemical properties are formed in the soil treated with soybean
urease dust suppressant, which changes the material composition and microstructure. Therefore, the dust
suppression effect of the soil treated with soybean urease dust suppressant is significant and could
maintain for a long time.

4 Conclusions

In this study, a new technology using soybean urease for dust suppressant in the city is proposed, and the
optimal preparation process of soybean urease dust suppressant is evaluated through a series of laboratory
and field tests. The dust suppression effectiveness of soybean urease, TY, YHC, and water are compared.
The conclusions are drawn as follows:

1. For the key parameters of soybean urease dust suppressant, the optimum values of soybean meal
concentration, cementing solution concentration, and solution volume are determined by
quantitative analysis and response surface analysis.

2. Inthe laboratory tests, the comprehensive order of the soil treated with the four dust suppressants is as
follows: soybean urease < TY < YHC <water (evaporation rate and surface strength), water < YHC
<TY <soybean urease (water retention ratio), TY < YHC < soybean urease < water (infiltration rate).
Soybean urease is proven to have the best dust suppression effect.

3. In the field tests, the surface strength and settlement of soil treated with four kinds of dust
suppressants are ranked as follows: soybean urease>TY > YHC > water, water>TY = YHC >
soybean urease, respectively. Soybean urease has the strongest anti-disturbance ability.

4. The microscopic analysis results show that CaCOj; is formed between soil particles, and the soil
particles are cemented together, which inhibits the formation of dust.
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