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Abstract: Recent laboratory studies have shown that biopolymers have the potential to act as dust
suppressants on barren mine soils. However, there is a lack of field trials investigating the effectiveness
of biopolymer treatments under real field conditions on a large scale. This study performed field
trials to examine the potential of three biopolymers—corn starch (CS), xanthan gum (XG), and fava
bean protein concentrate (FBPC)—as dust suppressants. The field trials started in August 2022 with
spraying of low doses of the selected biopolymers on trial areas of an overburden dump at the
Inden open-cast lignite mine, Germany. The field trials were conducted over 45 days. They included
repeated measurements of dust emissions from soil plots exposed to different airflows generated by
an electric blower, visual inspections, and penetrometer tests. The results showed that all biopolymer
treatments effectively suppressed dust emissions in the short term up to 8 days after application.
Total suspended particle emissions measured on the biopolymer-treated trial plots were significantly
reduced and ranged from 0.05 to 0.27 mg/m3 compared to the untreated control (4.5 to 39.2 mg/m3).
The visual inspections and penetrometer tests supported these results. After day 8, rainfall-induced
leaching of the biopolymers resulted in the rapid degradation of the treatments’ effectiveness. The
results suggest that the treatments would have lasted longer under dry conditions. Thus, the field
trials provide practical evidence that biopolymers can effectively mitigate dust emissions on exposed,
undisturbed mine soils in the short term, making them a bio-based alternative to traditional dust
suppressants, such as chloride salts or petroleum-based products.

Keywords: field trials; wind erosion; dust control; dust suppressant; mine soils; biopolymer;
polysaccharide; protein; dust concentration; corn starch; fava pean protein; xanthan gum

1. Introduction

Dust emissions from active and abandoned mine sites have environmental, social,
and economic impacts. They can affect local ecosystems [1,2], the health of workers and
local communities [3–9], may pose safety risks due to reduced visibility [10,11], and can
increase vehicle maintenance costs [11]. Furthermore, during strong wind events, dust can
be transported and deposited on surrounding communities, causing a nuisance to residents.
These mine dust emissions originate primarily from unpaved haul roads or large, exposed
surfaces, such as tailings storage facilities, stockpiles, and overburden and waste dumps.
They remain difficult to control due to their vast aerial extent and topographic exposition.
During the operational phase of mines, revegetation of such areas is often not feasible from
an operational perspective. The relevance of this issue will increase in the coming decades
as both the extraction of raw materials and the frequency of droughts and strong wind
events are predicted to increase [12–14].

The application of dust suppressants constitutes a proven method to mitigate emis-
sions from exposed surfaces. However, many conventional dust suppressants, such as
salt brines, petroleum-based products or synthetic polymers, are costly, can have adverse
environmental effects [15], and the toxicity of (often proprietary) formulations is often
insufficiently studied by independent third parties [16]. Furthermore, the ingredients of
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most synthetic polymers are still predominantly produced by the petrochemical industry
from fossil fuels (oil and natural gas) [17]. Therefore, in order to progress towards more
sustainable raw material extraction, there is a need for dust suppressants that are bio-based,
environmentally friendly, readily available, and cost-effective. To address this need, recent
research has focused on investigating the potential of biopolymers as dust suppressants
(e.g., [18–21]).

Biopolymers, such as starches and cellulose derivatives, are biodegradable and can
be sourced from naturally abundant sources [22] or produced by microbial fermentation
(e.g., xanthan gum) [23]. Dissolved in water, they can be sprayed on or mixed into the soil
and act by agglomerating the soil particles, thereby increasing the wind erosion resistance
of the soil. Recent laboratory studies have primarily analysed indicative parameters
such as the penetration resistance [18–21,24,25], crust thickness [19,20,26,27], and moisture
retention [21,27–31] of biopolymer-treated soil samples or measured the wind erosion
resistance in wind tunnel studies [18,19,21,28,30,32–34]. While these laboratory studies
have demonstrated the potential of biopolymers to act as dust suppressants, field trials are
needed to investigate the effectiveness, durability, and scalability of their applications under
actual field conditions. This need has recently also been articulated by Chang et al. [35]
and Wade et al. [36].

In this study, large-scale field trials were conducted at the Inden open-cast lignite
mine in Germany to evaluate the effectiveness of three selected biopolymers—corn starch
(CS), fava bean concentrate (FBPC), and xanthan gum (XG)—in reducing dust emissions
from exposed, undisturbed mine soils. The field trials build on two previous laboratory
studies by Sieger et al. [37,38], which investigated the particle agglomeration potential
and ability of selected biopolymers to enhance the soil wind erosion resistance. The field
trials started with the large-scale application of biopolymers using a conventional field
sprayer. Airflow-induced dust emissions were measured using a custom-built test setup
and complemented by visual inspections of the plots tested and penetrometer testing.
Acquired data were analysed in the context of meteorological data provided by a nearby
weather station. Results of the presented field trials provide evidence that biopolymers can
be used for effective short-term dust control on large, undisturbed mine soils.

2. Materials and Methods
2.1. Biopolymers

Previous studies by Sieger et al. [37] investigated the dust suppressant potential of 14
selected protein and polysaccharide biopolymers using penetrometer, moisture retention
and crust thickness measurements. In a subsequent study, Sieger et al. [38] performed wind
tunnel and penetrometer tests with 5 selected proteins and polysaccharides to investigate
the wind erosion and penetration resistance of the biopolymer-treated soil samples at
different application rates (L/m2) and concentrations (%). Based on the results of these
studies, suitable application parameters (see Section 2.3) and three biopolymers were
selected for this study:

Corn starch (CS). Pre-gelatinised CS (type: CGel-Instant 12018) was obtained from
Cargill B.V. (NL). According to the manufacturer’s certificate of analysis, it has a moisture
content of 5.8 wt%. The product primarily finds application as an instant thickener for
puddings, sauces, soups, cakes, and bakery products.

Xanthan gum (XG). Technical grade, readily dispersible XG (type: Xanthan TGRD) was
obtained from Jungbunzlauer Austria AG (AT). It is a white, free-flowing powder, and
according to the manufacturer’s certificate of analysis, has a moisture content of 5.1 wt%.

Fava bean protein concentrate (FBPC). Organic fava bean protein concentrate (60% protein
content) was obtained from Aljoa-Starkelsen (LV). It comes as a creamy light-yellowish
powder and has a moisture content of 8.8 wt%.
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2.2. Field Trial Location and Mine Soil

The field trials were performed on the upper bench of the overburden dump of the
Inden open-cast lignite mine in North Rhine-Westphalia, 40 km west of Cologne, Germany
(Figure 1a). Four trial areas were prepared, one for each biopolymer tested (CS, XG, and
FBPC) and an untreated control (C) (Figure 1b). Each trial area measured 15 × 100 m2 and
was marked with wooden stakes and flagging tape.

The particle size distribution was established for each trial area according to DIN EN
ISO 17892-4 [39] (Figure 2 and Table 1) at the Unit of Mineral Processing, RWTH Aachen
University. Each trial area was sampled at three locations, and samples were blended
into representative composites. Based on the unified soil classification system (USCS), the
material can be classified as medium- to fine-grained, poorly-graded sand (SP). All trial
areas display similar particle size distributions, with the XG-treated area having a slightly
coarser grain size distribution.

Mining 2023, 3,  3 
 

 

Fava bean protein concentrate (FBPC). Organic fava bean protein concentrate (60% pro-
tein content) was obtained from Aljoa-Starkelsen (LV). It comes as a creamy light-yellow-
ish powder and has a moisture content of 8.8 wt%. 

2.2. Field Trial Location and Mine Soil 
The field trials were performed on the upper bench of the overburden dump of the 

Inden open-cast lignite mine in North Rhine-Westphalia, 40 km west of Cologne, Germany 
(Figure 1a). Four trial areas were prepared, one for each biopolymer tested (CS, XG, and 
FBPC) and an untreated control (C) (Figure 1b). Each trial area measured 15 × 100 m2 and 
was marked with wooden stakes and flagging tape. 

The particle size distribution was established for each trial area according to DIN EN 
ISO 17892-4 [39] (Figure 2 and Table 1) at the Unit of Mineral Processing, RWTH Aachen 
University. Each trial area was sampled at three locations, and samples were blended into 
representative composites. Based on the unified soil classification system (USCS), the ma-
terial can be classified as medium- to fine-grained, poorly-graded sand (SP). All trial areas 
display similar particle size distributions, with the XG-treated area having a slightly 
coarser grain size distribution. 
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by a red-lined dashed box. Adapted from Google Maps [40]. (b) Drone footage of the field trial 
location, with prepared trial areas indicated by dashed boxes. Biopolymer-treated areas: FBPC, CS, 
and XG; untreated control: C. 

Substrate properties (i.e., geochemistry, mineralogy, specific gravity, pH, and soil 
colour, Tables 1 and 2) were established on a single composite sample generated by blend-
ing subsamples from all four trial areas. Geochemical composition of the composite sam-
ple was determined at ALS Geochemistry (Loughrea, Ireland), which performed whole-
rock analysis using X-ray fluorescence spectroscopy (XRF) and inductively coupled 
plasma mass spectrometry (ICP-MS) with four-acid digestion. Its mineralogy was estab-
lished by semi-quantitative X-ray diffraction (XRD) using an AERIS benchtop XRD (Mal-

Figure 1. (a) Satellite image of the Inden lignite open-cast mine with the field trial location indicated
by a red-lined dashed box. Adapted from Google Maps [40]. (b) Drone footage of the field trial
location, with prepared trial areas indicated by dashed boxes. Biopolymer-treated areas: FBPC, CS,
and XG; untreated control: C.

Substrate properties (i.e., geochemistry, mineralogy, specific gravity, pH, and soil
colour, Tables 1 and 2) were established on a single composite sample generated by blending
subsamples from all four trial areas. Geochemical composition of the composite sample
was determined at ALS Geochemistry (Loughrea, Ireland), which performed whole-rock
analysis using X-ray fluorescence spectroscopy (XRF) and inductively coupled plasma
mass spectrometry (ICP-MS) with four-acid digestion. Its mineralogy was established
by semi-quantitative X-ray diffraction (XRD) using an AERIS benchtop XRD (Malvern
Panalytical) instrument with a Co LFF tube (Institute of Mineral Resources Engineering,
RWTH Aachen University, Aachen, Germany). Results demonstrate that the composite
material consists primarily of quartz and orthoclase.
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Figure 2. Particle size distribution of mine soils from different trial areas. C = control, CS = corn
starch, FBPC = fava bean protein concentrate, XG = xanthan gum.

Table 1. Soil properties of biopolymer-treated (FBPC, CS, and XG) and untreated control (C) trial
areas.

Parameter Unit
Test Fields

Method
C FBPC CS XG M SD

D60 mm 0.52 0.54 0.56 0.64 0.57 0.05 DIN EN ISO 17892-4 [39]
D50 mm 0.41 0.44 0.44 0.55 0.46 0.05 DIN EN ISO 17892-4 [39]
D30 mm 0.25 0.29 0.28 0.33 0.29 0.03 DIN EN ISO 17892-4 [39]
D10 mm 0.13 0.14 0.13 0.18 0.14 0.02 DIN EN ISO 17892-4 [39]
Cu - 4.16 3.86 4.31 3.56 3.97 0.29 DIN EN ISO 17892-4 [39]
Cc - 0.96 1.11 1.08 0.95 1.02 0.07 DIN EN ISO 17892-4 [39]

USCS - SP ASTM D-2487 [41]
Specific gravity g/cm3 2.66 DIN EN ISO 11508:2018-04 [42]

pH value 4.60 DIN EN 15933:2012-11 [43]
Soil colour Munsell 1.3Y 6.5/1.7

Cu = coefficient of uniformity, Cc = coefficient of curvature, USCS = Unified Soil Classification System, M = mean,
and SD = standard deviation.

Table 2. Geochemistry of soil composite of all trial areas.

Oxides Content (wt%)

SiO2 95.44
Al2O3 2.17
K2O 1.16

Fe2O3 0.18
TiO2 0.10
Na2O 0.07
SO3 0.05
CaO 0.04
BaO 0.03
MgO 0.03
P2O5 0.02
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2.3. Biopolymer Preparation and Application

The biopolymer concentrations for the treatments were based on a previous laboratory
wind tunnel study conducted by Sieger et al. [38]. In that study, the authors determined the
‘plateau concentrations’ of selected biopolymers. These concentrations represent the point
above which further increases have an insignificant impact on the treatments’ effectiveness
to reduce dust emissions. For the present study, the following plateau concentrations were
selected: XG = 0.1 wt%, CS = 0.25 wt%, and FBPC = 0.75 wt%. For these concentrations, the
results of the previous wind tunnel study suggest that all treatments will achieve a similar
dust suppression performance [38]. In addition, the calculation of the required biopolymer
mass accounted for the biopolymer’s respective moisture content (Section 2.1), and each
biopolymer solution was applied to the trial areas at an application rate of 0.5 L/m2. This
resulted in treatment dosages of 0.7 g/m2 for XG, 1.3 g/m2 for CS, and 4.1 g/m2 for FBPC.

A tractor-mounted field sprayer was used to prepare and apply the biopolymer
solutions (Table 3 and Figure 3). The solutions were prepared by filling the tank of the field
sprayer with the required volume of fresh water, adding the biopolymers via the external
filling sluice, and mixing it with the field sprayer’s built-in agitation system for 10 min until
completely dissolved. Biopolymer solution of 750 L was required per test area. Constant
pumping and spraying rates (L/min) throughout the spraying process were ensured by
accounting for an additional 100 L solution in the tank, resulting in a total of 850 L solution
prepared and 750 L applied.

Table 3. Field sprayer type and relevant application parameters.

Parameter Value Unit

Field sprayer model Holder IS 1000 -
Tank volume 1000 L

Spraying width 15 m
Driving speed 1.1 km/h

Pump rate 69 L/min
Pump pressure 3.5 bar

Application rate per pass 0.25 L/m2

Nozzle size (ISO 10625) [44] 05 -
Nozzle count 18 -
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Figure 3. (a) Aerial picture of biopolymer application on trial areas. (b) Close-up shot of the field 
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Figure 3. (a) Aerial picture of biopolymer application on trial areas. (b) Close-up shot of the field
sprayer applying the biopolymer solution.

The biopolymer solutions were applied to the trial areas with the tractor travelling
longitudinally across the centre of the test area (Figure 3a). The total required application
rate of 0.5 L/m2 was achieved in two passes (0.25 L/m2 per pass), with the tractor making a
U-turn at the end of the first pass. After initial application on D0, no further re-applications
were performed. With a constant pump rate of 69 L/min and a spray width of 15 m, a
constant driving speed of 1.1 km/h was required to achieve the 0.25 L/m2 rate, which was
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maintained by the field sprayer’s onboard control system. The spraying nozzles produced
a fine mist, and no clogging, failure or other malfunction was observed throughout the
spraying of any of the biopolymers (Figure 3b). The tank was emptied and rinsed between
preparation of the different biopolymer solutions.

2.4. Test Methodology

The field trials started with biopolymer application on day 0 (D0, 8 August 2022) and
continued until day 45 (D45, 22 September 2022). During this period, tests were performed
on D2, D8, D15, D25, D32, D38, and D45. On each test day, the test programme consisted of:

1. measurements of dust emissions generated by exposing trial plots to a fan-generated
airflow (Section 2.5);

2. visual inspection of the trial plots tested in (1.); and
3. penetrometer tests (Section 2.6).

Uniform testing across the trial areas was ensured by dividing the trial areas into
separate sections for each test day (Figure 4). The right and left boundaries (each 15 m wide)
were not measured and included in the test design in case adjustments to the field sprayer’s
travel speed and pumping rate were required at the start and end of the spraying process.
A weather station located 3 km west of the field trial site provided meteorological data,
including precipitation (L/m2), temperature (◦C), relative humidity (%), and maximum
wind speed (m/s) for the field trial period.
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Note: v1, v2, and v3 denote indicative locations for the trial plots where dust emission measurements
were performed (see Section 2.5).

2.5. Dust Emission Measurements

On each test day, the effectiveness of the different biopolymer treatments was investi-
gated by exposing representative 70 × 40 cm2 plots within the trial areas to different air
speeds generated by an electric air blower and measuring the emitted dust emissions with
an aerosol spectrometer (Figure 5). Each measurement lasted for 60 s, and a DustTrak 8533
aerosol spectrometer was used to measure particulate matter (PM) emissions of the PM2.5
and PM10 fractions and total suspended particles (TSPs) in mg/m3. According to WHO
guidelines, PM is a “mixture of solid and liquid particles in the air that are small enough not
to settle out on the earth’s surface under the influence of gravity, classified by aerodynamic
diameter” [45]. The PM10 and PM2.5 fractions represent the mass of soil particles contained
in the TSPs, with an aerodynamic diameter ≤10 and 2.5 µm, respectively.
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Figure 5. Test setup for dust emission measurements.

The DustTrak 8533 has a lower and upper detection limit of 0.001 and 150 mg/m3,
respectively, and was set to a sampling rate of 1 Hz and a pump rate of 3 L/min. Prior to the
field trials, the instrument was calibrated by the manufacturer to standard ISO 12103-1 [46],
A1 test dust. Unbiased sampling was ensured using an isokinetic metal pitot tube with a
90◦ bend and a 2 mm inlet diameter. The pitot tube was mounted on a tripod 5 cm above
the surface and 70 cm away from the electric air blower, facing the opposite direction of
the air blow. The wind erosion resistance was investigated by performing tests at three
different air velocities, namely, v1 = 13.3 m/s (48 km/h), v2 = 15.5 m/s (56 km/h), and
v3 = 17.4 m/s (63 km/h). These velocities represent different preset speed levels of the
electric air blower. All tests were performed in triplicate (n = 3), and each was conducted
on a new trial plot. Background emissions were determined on each test day. After
measurements with substantial dust emissions, the aerosol spectrometer was recalibrated
and the plastic hose and pitot tube were flushed with pressurised air from the inside. As
previously pointed out by Freer et al. [47], such electric air blowers generate turbulent flow
and are not directly comparable with portable wind tunnels that simulate the atmospheric
flow causing natural wind erosion [48].

A custom-built wooden plate and a U-shaped frame provided reproducible test con-
ditions (Figure 5). The DustTrak and the tripod were mounted to the wooden plate, and
the sampling tube was connected to the DustTrak by a plastic hose. The wooden U-frame
aligned the pitot tube, trial plot, and fan for each measurement. The U-frame had inner
dimensions of 40 × 100 cm2 and was mounted with a yellow 1 m tapeline. The electric air
blower was deliberately positioned at 70 cm to the pitot tube, resulting in a 40 × 70 cm2

trial plot. In addition, the U-frame provided a reference for taking comparable pre- and
post-test photographs. The electric air blower was stabilised and fixed by mounting it to a
stainless-steel plate. A top-view picture of each trial plot was taken before and after each
wind erosion test to visually compare the effect of the air velocities (v1, v2, and v3) and the
different trial areas among each other.
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2.6. Penetrometer Tests

On each test day, a hand-held pocket penetrometer (H-4205) was used to measure the
penetration resistance of the surface layers of the trial areas. Tests were performed with a
6.4 mm-diameter flat-ended penetrometer tip. The penetrometer has a load scale from 0
to 108 N and a resolution and lower reading limit of 0.5 N. Tests were performed up to a
penetration depth of approximately 1 cm, with 20 replicates at an angle of 90◦.

3. Results
3.1. Meteorological Data

Figure 6 displays the precipitation (L/m2) measured by the local weather station
throughout the field trial period, with the day of application and the different test days
(T#1–T#7) indicated by black squares. Further meteorological data, including temperature,
humidity, and maximum wind velocity, are appended in Table A1. The first small precipita-
tion event of 0.4 L/m2 occurred on the seventh day (D7) after biopolymer application, one
day before T#2. Further rainfall of 4.3 L/m2 was recorded between T#2 and T#3. Two days
before D25 (T#4), the first large precipitation event, 6.8 L/m2, took place. The following
week, significant rainfall of 31.4 L/m2 occurred from D29 to D31 before T#5 (D32). Ahead
of T#6, again, considerable rainfall of 11.5 L/m2 fell between D36 and D38. The subsequent
days were also characterised by further rainfall, followed by only slight precipitation of
0.2 L/m2 on D42 and D43 and no rainfall on D44 and D45 (T#7).
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Figure 6. Precipitation during the field trials, starting two days before biopolymer application (D −2,
6 August 2022) and lasting until day 45 (D 45, 22 September 2022). Note: the numerical values are
appended in Table A1. Appl. = date of applying biopolymers.

3.2. Dust Emission Measurements
3.2.1. Time Series of Individual Measurements

Figure 7 shows the time series of the TSP concentrations measured during the dust
emission tests performed on D2 at air speeds of v1, v2, and v3. Irrespective of the velocities
tested, the control group (C) showed significant mean TSP emissions (at v1 = 49.1 mg/m3,
v2 = 36.08 mg/m3, and v3 = 28.04 mg/m3), while all biopolymer-treated plots exhibited
considerably lower emissions ranging between 0.05 and 0.43 mg/m3. The measured
emissions typically peaked in the first 3 to 10 s, whereafter they gradually decreased, a
trend that generally applied to all tests throughout the field trials. On D2 and a few other
test days, emissions from the untreated control reached the DustTrak’s upper detection
limit of 150 mg/m3 for several seconds when exposed to air velocities v2 and v3. It is
assumed that the actual emissions during these events were above the detection limit. As
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shown in Figure 7, emissions tended to reduce more rapidly at higher air velocities (e.g., v2
and v3 on the untreated control).
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Figure 7. Time series of TSP emissions measured on the first test day (T#1) two days after the
biopolymer solution was applied (D2). Tested wind velocities: (a) v1 = 13.3 m/s, (b) v2 = 15.5 m/s,
and (c) v3 = 17.4 m/s.

3.2.2. Temporal Development throughout the Field Trials

Figure 8 shows the results of the (a) TSPs, (b) PM10, and (c) PM2.5 emissions measured
on trial plots exposed to v1 = 13.3 m/s. The corresponding results for dust emission
measurements performed at v2 = 15.5 m/s and v3 = 17.4 m/s are displayed in Figures 9
and 10. The dust emissions measured on the untreated and biopolymer-treated trial plots
varied significantly throughout the field trials. In contrast, the recorded background load
remained consistently low, with TSPs ranging from 0.02 to 0.05 mg/m3. The results from
the trial plots exposed to air speeds of v1, v2 and v3 show similar overall trends. The
following paragraphs describe the temporal development of the dust emissions measured
throughout the field trials for plots exposed to air flows at v1.
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Figure 8. Mean dust emissions measured on untreated control (C) and biopolymer-treated trial plots
exposed to air speed of v1 = 13.3 m/s. (a) TSPs, (b) PM10, (c) PM2.5. Biopolymer treatments were
applied at 0.5 L/m2 and concentrations for FBPC = 0.75 wt%, CS = 0.25 wt%, and XG = 0.13 wt%.
Tests were performed in triplicate (n = 3), and numerical data of the test results, including mean (M)
and standard deviation (SD), are appended in Table A2.
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and bottomed out on D38, irrespective of the velocity tested. Lastly, on D45, the CS- 
and XG-treated plots exposed to v2 displayed similar emissions as v1, whereas emis-
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Figure 9. Mean dust emissions measured on untreated control (C) and biopolymer-treated trial plots 
exposed to air speed of v2 = 15.5 m/s. (a) TSPs, (b) PM10, (c) PM2.5. Tests were performed in triplicate 

Figure 9. Mean dust emissions measured on untreated control (C) and biopolymer-treated trial plots
exposed to air speed of v2 = 15.5 m/s. (a) TSPs, (b) PM10, (c) PM2.5. Tests were performed in triplicate
(n = 3), and numerical data of the test results, including mean (M) and standard deviation (SD), are
appended in Table A3.
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Figure 10. Mean dust emissions measured on untreated control (C) and biopolymer-treated trial
plots exposed to air speed of v3 = 17.4 m/s. (a) TSPs, (b) PM10, (c) PM2.5. Tests were performed in
triplicate (n = 3), and numerical data of the test results, including mean (M) and standard deviation
(SD), are appended in Table A4.
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Temporal Development of Dust Emissions of Trial Plots Exposed to v1 (see Figure 8):

• D2 and D8. Here, the biopolymer-treated trial plots (CS, FBPC, and XG) exhibited low
dust emissions, while significant emissions were measured on the untreated plots.
Mean TSP emissions of the biopolymer-treated plots ranged from 0.05 to 0.21 mg/m3,
while emissions from the control section (C) ranged from 4.5 to 31.2 mg/m3. Among
the biopolymer treatments, the FBPC-amended test sections exhibited slightly higher
emissions than the XG- and CS-amended ones.

• D15 and D25. Compared to the first two test days, the results of D15 and D25 showed
different behaviour, as dust emissions gradually increased across all trial plots. On
D15, the observed TSP emissions from the biopolymer-treated plots increased notably
(CS: 4.9 mg/m3, FBPC: 15.1 mg/m3, and XG: 2.93 mg/m3), with the FBPC-amended
plots displaying similar emissions to the control (C: 14.3 mg/m3). The peak emissions
of the study were recorded on D25, whereby the FBPC-treated plots exhibited lower
TSP emissions (18.8 mg/m3) than the other plots (CS: 52.4 mg/m3, XG: 52.5 mg/m3,
C: 44.5 mg/m3).

• D32 and D38. On D32 and D38, the measured emissions decreased, reaching the
field trial’s low point on D38. Compared to D25, all trial plots exhibited relatively
low TSP emissions on D32 (CS: 0.3 mg/m3, XG: 0.2 mg/m3, FBPC: 2.2 mg/m3, and
C: 0.1 mg/m3). On D38, emissions decreased even further, with only marginal TSP
emissions measurable on all plots (CS: 0.05 mg/m3, FBPC: 0.02 mg/m3, XG: 0.02 mg/m3,
and C: 0.03 mg/m3).

• D45. On the last test day, the measured emissions had increased considerably com-
pared to D38 (CS: 0.75 mg/m3, FBPC: 9.18 mg/m3, XG: 0.79 mg/m3, and C: 31.0 mg/m3).
Therefore, the control exhibited the highest emissions.

Comparison of TSP Emissions between the Trial Plots Exposed to v1, v2, and v3:

• Overall behaviour: Dust emissions of tests performed at v2 and v3 display a similar
temporal development to that previously described for v1. Again, tests on D2 and
D8 showed low emissions on the biopolymer-treated plots and high emissions on the
untreated plots, followed by dust emissions increasing on D15 and peaking on D25.
After that, emissions decreased on D32, bottomed out on D38, and increased again on
D45.

• Comparison of v1 with v2 and v3: On D2 and D8, the average emissions induced by air
speed of v2 mostly increased slightly compared to v1, while increasing the velocity to
v3 mostly resulted in a decrease compared to v2. By contrast, on D15 and D25, the TSP
emissions at v2 on the biopolymer-treated plots were mostly lower than at v1. Notably,
on D15, the XG-treated plots subjected to v3 showed considerably higher emissions
than the other tested fields. On D32, emissions decreased on all the plots tested and
bottomed out on D38, irrespective of the velocity tested. Lastly, on D45, the CS- and
XG-treated plots exposed to v2 displayed similar emissions as v1, whereas emissions
measured for FBPC-treated plots were increased.

Conclusion: A comparison of the results for the different velocities did not reveal a
clear trend regarding the effect of air speed on the measured dust emissions.

3.2.3. Share of PM10 and PM2.5 Fractions

Throughout the field trials, PM10 and PM2.5 emissions followed a similar temporal
development to that described for TSPs. PM10 emissions accounted for 89 % (SD = 9) of the
TSP emissions measured on plots exposed to v1. In addition, 76% (SD = 24) of the recorded
TSP emissions were associated with the PM2.5 fraction. The percentage allocation of the
TSP emissions to the PM10 and PM2.5 emissions was similar for the tests carried out at v2
and v3. This implies that most of the measured emissions belong to the PM2.5 fraction.
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3.2.4. Conclusions

Irrespective of the velocity tested, all biopolymer-treated trial plots showed signifi-
cantly reduced dust emissions on D2 and D8, while the untreated plots exhibited significant
emissions. On the subsequent test days, all trial plots showed a similar overall development.
The control (C) showed the highest emissions on almost all test days and was only matched
by the FBPC-treated plots on D15 and D32 and the CS- and XG-amended plots on D25. A
direct comparison of the biopolymer amendments revealed that the XG-and CS-treated
plots showed similar emission behaviour, mainly exhibiting lower emissions than the
FBPC-treated plots (i.e., on D2, D8, D15, D32, and D45). Most of the TSP emissions were
attributed to the PM2.5 fraction. Finally, although the measured dust emissions differed for
the velocities tested, no clear trend could be identified regarding the effect of the velocity
on the measured dust emissions.

3.3. Visual Inspection of Trial Plots

While closer inspection of the biopolymer-treated trial areas revealed that the sand
particles agglomerated to a surficial crust, it was impossible to take intact crust samples or
perform crust thickness measurements, as the formed crusts were too fragile and brittle.
Figures 11 and 12 show representative photographs of the trial plots taken after the dust
emission measurements at v1 = 13.3 m/s. Corresponding photographs of the trial plots
subjected to v2 and v3 are appended in Figures A1–A4. The following paragraphs describe
the visual characteristics that can be discerned from the photographs. In general, most
of the visually detectable wind erosion occurred during the first few seconds of each test.
Saltation appears to be the dominant erosion mechanism, with particles close to the electric
fan being eroded by air and their saltation causing further erosion down the line of airflow.
The higher the velocity tested, the faster the erosion process.

• Untreated trial plots (C). The fan-generated air flow caused significant erosion on the
untreated trial plots, resulting in distinct cone-shaped wind erosion traces on each
testing day. The widths and lengths of the erosion traces slightly varied throughout
the test days, with less erosion being perceived on D8 and D38 (for v1). On D32, the
erosion traces resulting from tests at v2 and v3 were slightly bent due to cross-winds.
The dimensions of the erosion traces increased significantly with the higher velocities
tested (Figures A1 and A3).

• FBPC-treated trial plots. On D2, only a few sand particles were eroded by the induced
airflow, regardless of the velocity tested, whereas tests on D8 produced visually
perceivable erosion marks. From D15 onwards, the typical cone-shaped erosion
traces became visible, becoming larger and more distinct with each measurement day.
However, throughout the field trials, the erosion traces on the FBPC-treated soil (v1)
were smaller than the corresponding traces on the untreated plots. In contrast, the v2
and v3 trials resulted in more similar erosion traces.

• CS-treated trial plots. Similarly to the FBPC-treated plots, almost no erosion traces were
observed after the tests on D2 and D8, regardless of the velocity tested. On D15, the
induced airflow produced clearly visible erosion traces, but not as distinct or large
as the corresponding untreated plots (for v1, v2, and v3). From D25 onwards, the
CS-treated plots exhibited erosion traces of similar shape and size to the untreated
plots at all velocities tested.

• XG-treated trial plots. Similarly to the CS- and FBPC-treated trial plots, the XG-treated
plots showed almost no wind erosion throughout the tests on D2 and D8 at all veloc-
ities. However, on D8, the XG-treated plots displayed slightly larger erosion traces
than the CS- and FBPC-treated plots. From D15 onwards, the conical erosion traces
could be observed at all velocities tested, and their size increased with each test day.
However, the traces were not as distinct or large as the corresponding untreated trial
plots.
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Conclusion. Regardless of the velocity tested, all biopolymer-treated trial plots showed
only marginal erosion on D2 and D8, whereas the control showed substantial erosion. From
D15 onwards, the biopolymer-treated trial plots also began exhibiting cone-shaped erosion
traces similar to those of untreated plots. However, until the end of the field trials, these
traces were mainly smaller and less distinct. The lengths and widths of the cone-shaped
erosion traces increased with higher air velocities tested.
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Figure 11. Exemplary photographs of plots on the untreated and FBPC-treated trial areas after sub-
jecting them to air speed of v1 (13.3 m/s) for 60 s. The trial plots had dimensions of 40 × 70 cm2. Figure 11. Exemplary photographs of plots on the untreated and FBPC-treated trial areas after
subjecting them to air speed of v1 (13.3 m/s) for 60 s. The trial plots had dimensions of 40 × 70 cm2.
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Figure 12. Exemplary photographs of CS- and XG-treated trial plots after subjecting them to air 
speed of v1 (13.3 m/s) for 60 s. The trial plots had dimensions of 40 × 70 cm2. Figure 12. Exemplary photographs of CS- and XG-treated trial plots after subjecting them to air speed
of v1 (13.3 m/s) for 60 s. The trial plots had dimensions of 40 × 70 cm2.

3.4. Penetration Resistance

Figure 13 shows the results of the pocket penetrometer tests performed on the trial
areas. The top ~1 mm of the sand was typically relatively loose on most test days and
trial areas, with the penetration resistance increasing below this point. Throughout the
field trials, the untreated trial areas exhibited relatively low penetration resistance ranging
from 3.2 to 3.6 N on D2, D8, and D15, and increased slightly from D25 onwards. By
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contrast, the biopolymer-treated trial areas displayed increased penetration resistance on
D2 and D8, ranging from 6.7 to 20.3 N, which decreased significantly from D15 onwards.
The CS-treated trial areas displayed the highest penetration resistance until D8. After
that, it dropped to a level similar to the untreated area. The FBPC-treated area showed
high resistance until D8 (18.8 N) and halved to 9.8 N on D15. However, it still exhibited
the highest resistance until D38 (8.2 N), reaching a similar level as the other trial areas
(D38: XG = 5.4, CS = 7.3, and C = 6.7 N). The XG-treated trial areas showed elevated
resistance that gradually decreased until D15. From there on, it exhibited a similar trend as
the untreated area. In general, the penetration resistance on all areas exhibited relatively
high variability, as reflected in the standard deviations of the test results (Table A5).
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4. Discussion 
4.1. Findings from Previous Field Trials 

Several previous field trials have examined the application of dust suppressants. 
Some have investigated their application on unpaved roads, where traffic-related mechan-
ical disturbance is the primary source of dust emissions (e.g., [11,32,49–53]). Others have 
tested their application on barren, undisturbed areas where wind erosion is the main 
source of dust emissions (e.g., [54–57]). As the present field trials investigated the dust 
emissions from undisturbed, biopolymer-treated areas exposed to airflow, this discussion 
focuses on the latter. In the following, the main results of previous field trials are summa-
rised, and their key parameters and findings have additionally been compiled in Table A6. 

Previous field trials by Park et al. [54], Freer et al. [47], and Shen et al. [57] tested 
diverse substances and application parameters on different soil types and areas. They 

Figure 13. Mean penetration resistance of untreated control (C) and biopolymer-treated trial ar-
eas. Biopolymer treatments were applied at 0.5 L/m2 and concentrations for FBPC = 0.75 wt%,
CS = 0.25 wt%, and XG = 0.13 wt%. Tests were performed with replicates (n = 20), and numerical
data of the test results, including mean (M) and standard deviation (SD), are appended in Table A5.

4. Discussion
4.1. Findings from Previous Field Trials

Several previous field trials have examined the application of dust suppressants. Some
have investigated their application on unpaved roads, where traffic-related mechanical
disturbance is the primary source of dust emissions (e.g., [11,32,49–53]). Others have tested
their application on barren, undisturbed areas where wind erosion is the main source of
dust emissions (e.g., [54–57]). As the present field trials investigated the dust emissions
from undisturbed, biopolymer-treated areas exposed to airflow, this discussion focuses on
the latter. In the following, the main results of previous field trials are summarised, and
their key parameters and findings have additionally been compiled in Table A6.

Previous field trials by Park et al. [54], Freer et al. [47], and Shen et al. [57] tested
diverse substances and application parameters on different soil types and areas. They
found that the treatments allowed effective short-term suppression of dust emissions
(Table A6). Park et al. [54] applied poloxamer (amphiphilic copolymer) on tailings storage
facility slopes and beaches, reporting significantly reduced PM10 emissions one week after
application, but almost no residual effect in the second week. Freer et al. [47] tested different
food-processing by-products and reported considerable short-term emission reductions
up to 14 days after application. Shen et al. [57] reported an efficacy of over one month
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when testing a starch-polyacrylamide mixture on loess soil. All these studies attributed the
degradation of the treatments’ effectiveness to rainfall, leaching the substances from the
soil surface.

In contrast to these treatments with relatively short-term effectiveness, the highest
durability of a treatment was reported by Kavouras et al. [56], who tested tall oil pitch on
sandy loam and reported significantly reduced PM10 emissions over 3 to 6 months. The high
durability of the treatment was probably due to the high dosage tested (concentration: 14 to
17% and application rate: 2 L/m2) and the fact that tall oil has a higher water resistance than
other organic treatments [58]. Contrary to the results reported in these previous studies,
only Preston et al. [55] observed no clear effect in their field trials with different dust
suppressants on tailings soils and attributed this mainly to the field conditions (especially
precipitation).

Further in-depth analysis of the field trials in terms of how the effectiveness and
durability of a treatment are affected by parameters, such as the suppressant type, appli-
cation rate, and concentration, is limited due to differences in the trials’ test conditions
and methods (e.g., soil properties, weather, and test method). The fact that the field trial
results are not simply comparable underlines the value and need for repeated field trials
to determine suitable suppressant types and application parameters for a given soil type
and location. As a direct comparison of data from the documented field trials and those of
other studies is impossible, the following discussion focuses primarily on interpreting the
results of the present field trials.

4.2. Interpretation of Field Trial Results
4.2.1. Dust Emissions

The results of the field trials were analysed by cross-referencing the measured airflow-
induced dust emissions (Section 3.2) with the precipitation data (Section 3.1), the visual
inspection observations (Section 3.3), and the penetrometer test data (Section 3.4), and are
presented in the following paragraphs. The interpretation focuses primarily on the main
trends observed, as a more detailed comparison of the absolute test results is limited by the
naturally inherent heterogeneity (e.g., moisture, particle size, and compaction) of the trial
areas, spanning 6000 m2.

D2 and D8. At the start of the field trials, the biopolymer treatments were applied
in dry field conditions (D0), with no rainfall recorded until the first test day (D2) and
only marginal rainfall one day before the second test day (D8). During the dust emis-
sion measurements on D2 and D8, the biopolymer-treated trial plots (FBPC, XG, and CS)
exhibited only marginal dust emissions, regardless of the air velocity tested (v1, v2, and
v3). In contrast, the untreated plots (C) showed significant emissions. These results are
consistent with the visual observations, which showed marginal erosion traces on the
biopolymer-treated plots, while untreated plots displayed substantial cone-shaped traces
(Figures 11, 12 and A1–A4). Thus, all the biopolymer treatments tested significantly in-
creased the wind erosion resistance of the trial plots, resulting in marginal dust emissions.
In addition, the penetrometer test results showed enhanced penetration resistance of the
biopolymer-treated trial areas (Figure 13), demonstrating the biopolymer treatments’ under-
lying effect. The biopolymers acted by coating the sand particles with a thin film, forming a
linked network between soil particles and the biopolymers [59]. During the curing period,
the biopolymer solutions dehydrate, and the interparticle cohesion of the biopolymer–soil
matrix increases, improving the wind erosion resistance of the soil [35,59,60].

D15 and D25. The first significant rainfall, 4.3 L/m2, occurred between the second and
third test days (D8 to D15), followed by a further 8.1 L/m2 between the third and fourth
test days (D15 to D25). On the actual test days, the soil conditions in the trial areas were dry,
indicating that the precipitation had either evaporated or percolated below the soil surface.
The dust emissions measured on the biopolymer-treated plots had increased significantly
compared to D8 and reached similar or partially even higher levels than the untreated plots
(Figures 8–10). It can be concluded that the significant increase in dust emissions is related
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to the degradation of the treatments’ effectiveness due to rainfall-induced leaching of the
water-soluble biopolymers. The visual inspections also revealed cone-shaped erosion traces
on the biopolymer-treated plots, with the footprint of these traces increasing from D15 to
D25 (Figures 11 and 12). However, on both days, the extent and depth of the traces were
not as pronounced as on the untreated plots (Figures 11, 12 and A1–A4). The penetration
resistance measured on the XG-, CS- and FBPC-amended plots also decreased to levels
similar to the control, with only the FBPC-amended area still showing elevated resistance.

Although the dust emissions increased significantly on D15 and D25, a closer analysis
of the emissions measured for the biopolymer-treated plots indicates that residual effects
of the treatments were still present on D15 (for the XG and CS amendments) and probably
on D25 (FBPC treatment). On D15, the XG and CS amendments showed lower emissions
than the control at all velocities tested, with the XG-treated plot tested at v3 being the only
exception. On D25, the residual effects of the XG and CS treatments appeared to have
mostly vanished. By contrast, on D25, the FBPC-amended plots showed notably lower
emissions than the control. This is likely due to the moisture retention capacity of FBPC
and its higher dosage (4.1 g/m2) compared to XG (0.7 g/m2) and CS (1.3 g/m2). Due
to the higher dosage, it had likely not been entirely washed off the surface by rainfall.
In addition, Sieger et al. [37] previously found that FBPC displayed increased moisture
retention capacity. Thus, it is assumed that the remaining FBPC on the trial area allowed it
to retain some moisture from the 6.8 L/m2 of rainfall that fell on D23, resulting in slightly
reduced dust emissions compared to the control.

D32. Between D29 and D31, significant rainfall of 31.4 L/m2 occurred, resulting in
wet soil on the fifth test day (D32). This increase in soil moisture content resulted in higher
penetration resistance across all trial areas (Figure 13). The wet soil conditions also resulted
in considerably lower dust emissions measured on D32 (Figures 8–10), as the moisture
agglomerated the sand particles. However, natural cross-winds and occasional wind gusts
strongly influenced the fan’s airflow direction, distorting the results and preventing a more
detailed comparison. The Inden mine weather station recorded a relatively high maximum
wind velocity of 10.3 m/s on D32. The effect of the cross-winds is evident in some of the
photographs of plots subjected to v2 (i.e., XG, CS, and C, Figures A1 and A2) and v3 (i.e., CS
and C, Figures A3 and A4). While the interpretability of the dust emission measurements
from D32 is thus limited, the comparison of visual characteristics revealed considerable
erosion traces on the biopolymer-treated soil plots, which were still not as pronounced as
on the untreated test plot. Hence, the biopolymer treatments probably still had a marginal
residual effect on D32.

D38. Between test days five and six (D32 to D38), further rainfall of 11.5 L/m2 occurred,
resulting in even wetter soil conditions, as reflected by the increased penetration resistance
compared to D32 (Figure 13). As a result of these wet conditions, only marginal dust
emissions were recorded across all trial plots, with mean TSP emissions ranging from 0.05
to 0.12 mg/m3, only slightly above the background level (0.03 mg/m3). The saturated soil
conditions also resulted in only marginal wind erosion traces at v1, which became more
pronounced at v2 and v3. It is therefore concluded that the very low dust emissions are
solely related to the saturated soil, which prevented the generation of dust emissions.

D45. Before the last test day, 17.3 L/m2 rain fell between D39 and D41, followed by
0.4 L/m2 three days before D45. On D45, the surface layer of the trial areas appeared to
be relatively dry, while the elevated penetration resistance (Figure 13) indicated that the
underlying soil was still moist. The measured dust emissions were relatively high again,
whereby the biopolymer-treated plots still showed slightly lower emissions than the control.
Visual inspection of the photographs revealed the typical cone-shaped erosion traces, with
the biopolymer-treated plots still showing slightly smaller traces than the untreated plots.
It is thus concluded that the biopolymer treatments still had a marginal residual effect on
the wind erosion resistance, which was insufficient to notably reduce the dust emissions
induced by airflow.
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Conclusions. Interpretation of the field trial results revealed that all biopolymer treat-
ments significantly suppressed the dust emissions for the airflows tested for the short term
(up to D8). After D8, rainfall leached the water-soluble biopolymers off the soil surface,
degrading the effectiveness of the treatments. The conclusion that rainfall leaching appears
to be the main factor impairing the treatments’ durability is consistent with previous studies
(see Section 4.1 and Table A6). As the dust emission measurements, visual inspections, and
penetrometer results still indicated a significant effect of the biopolymer treatments on D8,
the effectiveness of the treatments would likely have lasted longer had no rainfall occurred
in the following days. From D15 to D45, the biopolymer-treated plots still mostly showed
slightly lower dust emissions and smaller erosion traces than the control, indicating a
marginal residual effect that was insufficient for effective dust control.

4.2.2. Effect of Air Velocity on Dust Emissions and Soil Erosion

A comparison of the measured dust emissions revealed the same overall behaviour
throughout the field trials for all velocities tested. Thus, regardless of the velocity tested, it
can be concluded that the biopolymer treatments significantly reduced the dust emissions
up to D8 of the field trials. However, a closer analysis of the dust emissions measured for
the different velocities did not reveal a clear trend regarding the effect of wind velocity
on the measured dust emissions. This does not align with the expected outcome of dust
emissions increasing at higher velocities. For instance, on D2 and D8, emissions increased
as the velocity increased from v1 to v2, but mostly decreased again at v3. On D15 and
D25, induced air flows at v2 and v3 on the treated plots even tended to result in lower
emissions than at v1. In contrast, the untreated plots showed higher emissions as the
velocity increased from v1 to v2 and either decreased (D15) or stagnated (D25) as the
velocity was further increased to v3.

A possible explanation for the unexpected results described in the previous paragraph
was derived from a close analysis of the time series of the individual dust emission test
results (Section 3.2.1) and the visual observations (Section 3.3). Figure 7 shows that the
measured dust emissions tend to decrease more rapidly with increasing velocity after
peaking in the first few seconds of each test. This is likely because most soil erosion,
and therefore dust generation, occurs in the first few seconds of each test, eroding most
of the wind-susceptible sand particles. Therefore, on the one hand, higher velocities
resulted in the wind erosion to increase, as evident by the scale of the erosion traces
(Section 3.3), indicating a greater dust generation potential. On the other hand, increasing
the velocity also accelerated the wind erosion process and the dissipation of the generated
dust, resulting in a rapid decrease in the measured dust emissions. It is assumed that these
two counteracting effects, in some cases, resulted in the mean measured dust emissions
only changing marginally or even decreasing upon increasing the velocity, despite the
increased dust generation. Here, a more enclosed test setup would have prevented the
rapid dissipation of the dust generated.

4.2.3. Variability in Dust Emission Data

The results of the field trials partially exhibited a high variability between the replicate
measurements (Tables A2–A4). Comparison with previous studies showed this to be
common for field trials measuring dust emissions (e.g., [55,56,61,62]). Furthermore, on D15,
D25, and D38, where the effectiveness of the biopolymer treatments was already degraded,
the emissions measured on the biopolymer-treated plots partially exceeded those of the
untreated plots (Figures 8–10). Although this contradicts the expectations, results from field
trials by Park et al. [54] and Preston et al. [55] show similar trends. Thus, these unexpected
trends appear to be common for field trials measuring dust emissions in field settings, and
are likely related to the naturally inherent heterogeneity of each soil plot.
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4.3. Penetration Resistance

Several laboratory studies have used penetrometer tests to investigate the penetration
resistance of biopolymer-treated soils [19–21,24,25,27,30,38,63], and some have additionally
found that the penetration resistance correlates with the wind erosion resistance of the
soil [19,21,24,38]. Thus, in the context of laboratory studies, penetrometer tests provide a
valuable qualitative indicator for evaluating the potential of a substance to enhance soil
wind erosion resistance. However, to date, few field trials have employed penetrometer
testing, primarily examining the strength of (biological) soil crusts (e.g., [64–68]). Hence,
the value of using the penetrometer in field trials investigating dust suppressants or soil
stabilisers has not yet been explored.

Penetrometer analyses in this study revealed that the biopolymer-treated trial areas on
D2 and D8 showed notably increased penetration resistance (Figure 13), which correlated
with low dust emissions measured on the corresponding plots (Figures 8–10). Vice versa,
as dust emissions on the treated plots on D15 and D25 increased due to rainfall-induced
degradation of the treatments, the penetration resistance decreased significantly. This
indicates that the measured dust emissions tend to be negatively correlated with the
penetration resistance, similar to previous laboratory studies that reported a correlation
between wind erosion and penetration resistance (i.e., [19,21,24,38]). However, analysis of
the subsequent test days showed that this relationship must be examined in the context
of the soil conditions. On D32 and D38, the soil surface was wet, resulting in significantly
reduced dust emissions and increased penetration resistance, although the effectiveness of
the biopolymer treatments had already diminished.

A closer comparison of the penetration resistance showed that it only serves as a
relative qualitative indicator of the effectiveness of the treatment, as the differences in
penetration resistance between the biopolymer-treated areas are not directly reflected in
the dust emissions. For example, on D15 and D25, the FBPC-amended area still showed
increased penetration resistance compared to the other areas, while all trial plots displayed
similarly high dust emissions. Likewise, on D2 and D8, the XG-treated area had significantly
lower penetration resistance than the FBPC- and CS-treated areas, while the respective dust
emissions were similarly low on all treated plots. Penetrometer readings are, therefore,
rather a supporting indicator for estimating whether a treatment still affects the stability
of a treated soil. However, in the context of these field trials, it does not allow inferring
differences in the soil erosion resistance between different areas. Thus, it cannot replace the
need to conduct airflow-induced dust emission measurements to assess the effectiveness of
a treatment.

In this study, the penetrometer analyses provided only limited additional value for
interpreting the results of the field trials because they only tested relatively low treatment
dosages and a spray-on application, resulting in relatively low resistance and rapid degra-
dation. The method is likely more suitable for field trials testing higher dosages or a mix-in
application, where higher resistance can be expected. Regardless, the use of penetrometers
is a rapid, low-cost method that provides valuable information on surface soil strength.

4.4. Suitability of Test Method

Previous field trials used different experimental setups to measure airflow-induced
dust emissions from naturally crusted or amended soils. Some studies employed portable
boundary-layer wind tunnels, which facilitate test conditions that reflect natural wind flow
and also shield the trial plot from cross-winds (e.g., [32,48,69]). While they constitute a
sophisticated field trial test setup, they are costly, inflexible, and must be custom-built. The
patented portable in situ wind erosion lab (PI-SWERL) constitutes an alternative apparatus
that has been used successfully in several previous field trials (e.g., [55,56,61,62,70]).

Unlike the portable wind tunnels or the PI-SWERL, the experimental setup used for these
field trials was similar to the setups previously used by Park et al. [54] and Freer et al. [47]
and followed a rather simplistic approach, as tests were performed in open, unenclosed
conditions (Figure 5). However, while this setup allowed visual observation of the wind
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erosion process, it also resulted in a more rapid dissipation of dust emissions, limiting
the ability to investigate the effect of air velocity on the dust emissions (Section 4.2.2). In
addition, the lack of shielding likely distorted measurements performed during heavy
cross-winds (Section 4.2.1), so the setup could probably be improved by equipping it with
an enclosure. Nevertheless, the experience gained during the field trials and the analysis
of the results showed that this setup constitutes a simple, mobile, and flexible method for
measuring the wind erosion resistance and dust emissions of amended soils.

4.5. Comparison of Field Trials with Previous Laboratory Studies

These field trials build on previous laboratory studies by Sieger et al., who first
assessed the particle agglomeration potential of 14 selected biopolymers by moisture
retention, penetrometer, and crust thickness tests [37]. A subsequent wind tunnel study
analysed the ability of five previously tested biopolymers to enhance the soil wind erosion
resistance [38]. The studies showed that all biopolymers agglomerated the sand particles
and enhanced the penetration and wind erosion resistance of the samples, with most of the
polysaccharides tested (e.g., XG and CS) proving more effective at lower concentrations
than proteins (e.g., FBPC) [37,38].

The present study completes this series of studies by conducting field trials with three
of the previously tested biopolymers. Thus, it is important to examine how the results
of the laboratory studies compare with those of the field trials. It must be noted that the
comparability between the laboratory studies and the field trials is limited because the field
trials were conducted in an uncontrolled environment, and unlike the laboratory studies,
tested only one dosage for each of the different biopolymers (0.7 g/m2 for XG, 1.3 g/m2 for
CS, and 4.1 g/m2 for FBPC). This limits the comparison of the effect of biopolymer type
and dosage on the effectiveness of a treatment.

Regardless, it can be concluded that the field trial results confirm the laboratory
studies’ findings. Up to D8, all biopolymer treatments significantly reduced the dust
emissions and showed increased penetration resistance compared to the untreated area.
On most test days, the polysaccharide-treated plots (XG and CS) displayed comparable or
even lower emissions than the FBPC-treated plots, which were applied at a much higher
dosage, indicating that the polysaccharides are more effective at lower concentrations
than the protein. The XG tested also tended to be more potent than the CS tested, as
it displayed similarly low emissions up to D8, despite being applied at a lower dosage.
This shows that the findings of the laboratory studies are coherent with the results of the
field trials. However, this conclusion does not render the field trials obsolete. Instead, the
significant effect of rainfall (and other field conditions) on the degradation of a treatment’s
effectiveness underlines the need for field trials to determine suitable biopolymer types
and application parameters.

4.6. Application Potential of Tested Biopolymers as Dust Suppressants on Mine Sites

Airflow-induced dust emission measurements are an established method for evaluat-
ing the effectiveness of a dust suppressant treatment (e.g., [47,54–57]). The dust emissions
tests and visual inspections of these field trials showed that all biopolymer treatments
effectively suppressed dust emissions in the short term on undisturbed, barren mine soil.
Results on D8 indicated that the treatments would have lasted longer under dry conditions.
Further aspects, such as durability, cost-effectiveness, availability, ease of use, and environ-
mental friendliness, must be considered to evaluate the potential of biopolymers as novel
dust suppressants. While a comprehensive analysis is beyond the scope of this work, these
factors are briefly addressed below.

• Durability. Rainfall-induced leaching appears to be the main factor impairing the
durability of a treatment. Aside from rainfall, biopolymers’ environmental degrad-
ability also limits the durability of their applications. By contrast, traditional dust
suppressants such as chloride salts [58] or synthetic polymer emulsions (e.g., [50,58])
have shown notably higher durability. This implies that biopolymers require more
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frequent rejuvenation intervals than conventional dust suppressants to maintain their
effectiveness. However, it should be noted that the dosages tested in this study were
relatively low compared to previous field trials (Table A6), and it is assumed that
higher dosages would enhance the durability of a treatment.

• Cost-effectiveness. A cost-effectiveness analysis must account for costs for the biopoly-
mer, water, equipment, fuel, personnel, and rejuvenation intervals required to maintain
the effectiveness of the treatments. This study tested relatively low application dosages
(see Section 2.3). Considering indicative bulk prices for the respective biopolymers
(XG = 2.0–3.0 USD/kg [71], CS < 1.0 USD/kg [22], and FBPC = 1.4–2.5 USD/kg [72]),
the estimated biopolymer costs for the doses tested in this study are XG = 14–21 USD/ha,
CS < 13 USD/ha, and FBPC = 57–103 USD/ha. These indicative biopolymer costs per
hectare suggest that equipment, fuel, and labour costs and their durability primarily
affect the cost-effectiveness of a biopolymer treatment. The test results and product
costs also suggest that the polysaccharides tested (CS and XG) are more cost-effective
than the protein FBPC. Further field trials are required to determine the long-term
application costs of biopolymers. It is important to note that the optimal dosage, dura-
bility, and thus application costs are highly dependent on site-specific characteristics,
such as climate, precipitation, and the forces acting on the treated areas.

• Availability, ease of use, and scalability. The biopolymers tested in this study are readily
available in most regions of the world, as they are derived from widely abundant
crops such as corn (CS) and fava beans (FBPC) or are commonly used in the oil and
gas and food and beverage industries (XG) [22,23,72]. Experience from these field
trials has shown that biopolymer solutions can be easily prepared and applied on a
large scale using readily available spraying equipment.

• Environmental friendliness. The safety data sheets (SDSs) of the corn starch (CS) and
fava bean protein concentrate (FBPC) tested classify the substances as food ingredients
that do not require classification under European Union Regulation (EC) 1907/2006
(REACH regulation). Similarly, the SDS for technical grade xanthan gum (XG) clas-
sifies it as readily biodegradable and not dangerous, so it does not require specific
labelling under Regulation (EC) 1272/2008 (CLP Regulation). Based on this informa-
tion, the biopolymers tested in this study are assumed to be environmentally benign.
Conversely, traditional dust suppressants, such as salt brines or petroleum-based
products, are not as degradable and may have adverse effects on the surrounding
flora and fauna [16,58]. Steevens et al. [73] highlighted that overexposure to some
synthetic polymers during the handling and application may be carcinogenic to work-
ers. McTigue et al. [16] concluded that there is a lack of comprehensive, independent
environmental and toxicity data for many commercial dust suppressants, whose in-
gredients often remain proprietary. Finally, synthetic polymer ingredients are still
predominantly derived from fossil fuels and—unlike the biopolymers tested—are not
bio-based.

Thus, it is concluded that the biopolymers tested have the potential to be applied
as dust suppressants for short-term dust control on undisturbed and exposed mine soils.
While their effective application will likely require more frequent rejuvenation intervals
than commercially available products, they are bio-based, can be considered environmen-
tally friendly, have no proprietary formulations, and are readily available.

5. Conclusions

This study evaluated the potential of the biopolymers corn starch (CS), fava bean
concentrate (FBPC), and xanthan gum (XG) as dust suppressants on large, undisturbed,
exposed mine soils by conducting field trials on an overburden dump of the Inden open-
cast lignite mine, Germany. The field trials included measurements of dust emissions
generated by exposing trial plots to air blowing from an electric fan, visual inspection of
tested plots, and penetrometer tests. Based on the results, the following conclusions are
drawn.
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1. The results of this study demonstrate that the spray-on application of low biopolymer
dosages with a tractor-mounted field sprayer allows the effective application of dust
suppressants on a large scale.

2. For dust emission measurements, trial plots were exposed to air velocities of up
to 17.4 m/s, and the biopolymer treatments tested effectively suppressed the mea-
sured dust emissions in the short term up to 8 days (D8) after application. On D2
and D8, mean total suspended particle (TSP) emissions measured on treated plots
ranged from 0.05 to 0.27 mg/m3, while emissions on untreated plots ranged from
4.5 to 39.2 mg/m3. The findings of the visual inspections and the penetrometer tests
support the results of the dust emission measurements. After D8, the effectiveness of
the treatments degraded rapidly due to rainfall-induced leaching of the water-soluble
biopolymers from the soil surface.

3. The custom-built test setup used to measure the dust emissions from biopolymer-
treated soil plots by exposing them to airflow generated by an electric air blower
proved to be a simple and flexible method for investigating the wind erosion resistance
and dust emissions from soils exposed to variable air speeds.

The results of the field trials provide practical evidence that the spray-on application
of biopolymers can effectively mitigate dust emissions on large, exposed, undisturbed mine
soils in the short term. The biopolymers tested therefore constitute a promising bio-based
and environmentally benign alternative to established traditional dust suppressants.
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Appendix A

Table A1. Meteorological data measured by the weather station of the Inden open-cast lignite mine
during the field trials (2 August 2022–21 September 2022).

Day before/after
Application Date

Precipitation (L/m2) Temperature (◦C) Humidity (%) Wind (m/s)

Total Mean Min Max Mean Max

−6 02 August 2022 0.0 22.6 18.5 25.6 60.4 8.7
−5 03 August 2022 0.0 21.3 15.6 29.0 51.2 9.1
−4 04 August 2022 0.4 29.4 19.1 33.3 41.9 7.1
−3 05 August 2022 3.9 26.9 20.4 32.7 49.9 10.7
−2 06 August 2022 0.0 18.4 14.6 21.9 61.8 10.9
−1 07 August 2022 0.0 18.2 10.4 22.2 50.1 5.8

0—BP Application 08 August 2022 0.0 21.4 10.6 25.4 41.3 6.0
1 09 August 2022 0.0 21.2 11.8 26.0 48.3 7.2

2—Test Day 1 10 August 2022 0.0 22.3 15.1 28.9 46.2 6.6
3 11 August 2022 0.0 25.5 16.9 31.2 38.4 6.5
4 12 August 2022 0.0 27.6 17.6 31.6 32.7 7.1
5 13 August 2022 0.0 25.3 17.4 31.4 32.6 9.5
6 14 August 2022 0.0 27.1 18.3 31.7 33.6 7.6
7 15 August 2022 0.4 27.7 17.8 32.6 36.8 7.4

8—Test Day 2 16 August 2022 0.0 22.1 20.0 25.7 60.7 8.1
9 17 August 2022 1.1 27.4 19.0 31.0 47.9 6.6
10 18 August 2022 0.0 21.7 18.2 24.7 68.0 6.3
11 19 August 2022 0.2 21.5 15.6 26.0 62.0 4.7
12 20 August 2022 3.0 22.0 16.7 25.3 62.6 7.8
13 21 August 2022 0.0 21.6 16.7 24.6 55.7 7.8
14 22 August 2022 0.0 20.6 13.7 24.6 52.5 7.2

15—Test Day 3 23 August 2022 0.0 23.6 15.5 28.1 49.8 4.3
16 24 August 2022 0.0 26.5 16.9 29.9 47.5 6.7
17 25 August 2022 0.0 28.6 18.0 32.9 41.1 4.4
18 26 August 2022 0.0 28.6 18.4 32.8 37.1 5.6
19 27 August 2022 0.4 19.6 18.4 23.6 75.0 6.9
20 28 August 2022 0.0 16.9 14.8 19.3 75.5 4.1
21 29 August 2022 0.0 19.6 15.0 23.6 51.7 7.0
22 30 August 2022 0.9 19.6 11.8 23.4 51.9 5.9
23 31 August 2022 6.8 22.4 16.0 27.8 47.5 7.7
24 01 September 2022 0.0 18.5 15.0 23.8 61.6 6.6

25—Test Day 4 02 September 2022 0.0 21.5 13.6 25.5 48.7 5.8
26 03 September 2022 1.0 20.3 16.2 25.7 42.1 8.4
27 04 September 2022 0.0 21.6 14.5 25.6 54.4 5.9
28 05 September 2022 0.0 23.6 16.1 28.1 48.9 5.1
29 06 September 2022 5.4 25.2 16.4 30.5 38.6 4.6
30 07 September 2022 17.0 24.8 16.0 30.0 44.7 14.5
31 08 September 2022 9.0 20.3 15.5 25.1 58.7 11.7

32—Test Day 5 09 September 2022 0.9 18.3 15.1 21.1 65.1 10.3
33 10 September 2022 1.7 17.2 14.8 19.8 68.5 11.8
34 11 September 2022 0.0 16.8 14.9 19.0 77.3 11.4
35 12 September 2022 0.0 19.9 14.7 22.2 65.1 5.1
36 13 September 2022 2.8 21.3 12.5 27.1 52.1 4.3
37 14 September 2022 6.0 21.9 17.3 25.7 57.4 5.1

38—Test Day 6 15 September 2022 2.7 15.1 13.2 18.1 79.9 4.9
39 16 September 2022 1.6 15.2 12.5 17.6 70.3 5.6
40 17 September 2022 4.8 12.4 9.3 14.6 74.7 10.8
41 18 September 2022 10.5 12.4 9.3 14.7 69.9 9.9
42 19 September 2022 0.2 10.0 8.4 12.5 79.3 12.8
43 20 September 2022 0.2 14.2 8.9 16.7 67.5 8.3
44 21 September 2022 0.0 13.5 9.7 15.5 68.4 6.4

45—Test Day 7 22 September 2022 0.0 14.2 6.8 17.7 59.6 4.6
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Table A2. Results of dust emission measurements performed at velocity v1 = 13.3 m/s, including the
results of the background load tests.

Day

Biopolymer
ControlC Background

LoadCS FBPC XG

M SD M SD M SD M SD M SD

TSPs (mg/m3)

2 0.08 0.03 0.21 0.17 0.09 0.03 31.23 12.71 0.03 0.00
8 0.05 0.00 0.08 0.02 0.07 0.01 4.50 1.35 0.03 0.01
15 4.91 6.36 15.12 4.82 2.93 3.18 14.34 7.32 0.02 0.01
25 52.43 30.07 18.80 2.11 52.47 22.46 44.47 10.73 0.04 0.03
32 0.28 0.20 2.22 0.20 0.20 0.13 3.12 0.80 0.02 0.00
38 0.05 0.02 0.02 0.01 0.02 0.01 0.04 0.03 0.03 0.01
45 0.75 0.22 9.18 2.94 0.79 0.53 31.03 4.11 0.05 0.00

PM10 (mg/m3)

2 0.06 0.01 0.14 0.09 0.07 0.03 30.33 12.29 0.02 0.00
8 0.04 0.00 0.07 0.02 0.05 0.00 3.49 1.15 0.03 0.01
15 4.61 5.93 14.50 4.78 2.79 3.04 14.04 7.12 0.02 0.01
25 50.80 29.19 17.87 2.30 50.93 22.22 43.47 10.38 0.04 0.02
32 0.24 0.18 2.08 0.20 0.16 0.12 2.93 0.71 0.02 0.00
38 0.04 0.01 0.01 0.01 0.02 0.01 0.04 0.02 0.03 0.00
45 0.70 0.20 8.94 2.86 0.75 0.50 30.50 4.08 0.04 0.00

PM2.5 (mg/m3)

2 0.02 0.00 0.04 0.02 0.03 0.02 29.37 11.91 0.02 0.00
8 0.03 0.00 0.04 0.01 0.03 0.00 1.85 0.69 0.02 0.00
15 4.41 5.65 14.01 4.80 2.67 2.97 13.81 6.95 0.01 0.00
25 49.90 28.69 17.13 2.46 49.97 22.06 42.73 10.18 0.02 0.01
32 0.21 0.16 2.02 0.20 0.13 0.12 2.82 0.64 0.01 0.00
38 0.03 0.01 0.01 0.01 0.02 0.01 0.03 0.02 0.03 0.00
45 0.66 0.19 8.84 2.84 0.72 0.47 30.10 4.01 0.03 0.00

Table A3. Results of dust emission measurements performed at velocity v2 = 15.5 m/s.

Day

Biopolymer
ControlC

CS FBPC XG

M SD M SD M SD M SD

TSPs (mg/m3)

2 0.22 0.20 0.27 0.12 0.07 0.04 39.20 16.19
8 0.09 0.02 0.09 0.01 0.11 0.02 5.45 1.72

15 1.25 0.58 13.50 2.33 2.77 1.04 24.83 3.62
25 31.07 2.89 14.47 1.58 19.83 3.73 39.07 23.39
32 0.55 0.23 2.46 1.25 0.19 0.12 8.27 5.11
38 0.12 0.06 0.02 0.01 0.01 0.00 0.00 0.00
45 0.59 0.17 13.67 5.54 1.10 0.55 21.13 4.83

PM10 (mg/m3)

2 0.15 0.14 0.18 0.08 0.05 0.03 38.40 16.01
8 0.08 0.02 0.07 0.01 0.09 0.02 4.09 1.29

15 1.25 0.58 13.00 2.33 2.61 0.92 24.37 3.58
25 30.20 2.73 13.73 1.65 19.10 3.68 38.23 23.15
32 0.49 0.22 2.35 1.20 0.18 0.11 7.99 5.11
38 0.10 0.05 0.02 0.01 0.01 0.00 0.00 0.00
45 0.54 0.15 13.38 5.46 1.04 0.53 20.80 4.81

PM2.5 (mg/m3)

2 0.05 0.04 0.09 0.05 0.03 0.01 37.43 15.80
8 0.06 0.02 0.05 0.00 0.06 0.02 2.23 0.71

15 1.25 0.58 12.59 2.29 2.47 0.83 24.07 3.50
25 29.57 2.58 13.00 1.85 18.77 3.63 37.58 22.96
32 0.46 0.22 2.28 1.19 0.16 0.11 7.79 5.13
38 0.09 0.04 0.02 0.01 0.01 0.00 0.00 0.00
45 0.51 0.15 13.19 5.39 0.98 0.51 20.53 4.76
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Table A4. Results of dust emission measurements performed at velocity v3 = 17.4 m/s.

Day

Biopolymer
ControlC

CS FBPC XG

M SD M SD M SD M SD

TSPs (mg/m3)

2 0.06 0.01 0.22 0.05 0.05 0.02 22.83 10.04
8 0.08 0.01 0.12 0.03 0.12 0.04 7.16 1.43

15 1.10 0.52 7.42 1.74 64.00 11.87 12.20 10.48
25 25.33 7.67 14.43 1.54 37.73 5.28 39.20 2.36
32 0.55 0.33 2.46 0.91 0.20 0.16 4.48 5.14
38 0.08 0.00 0.01 0.00 0.02 0.00 0.04 0.02
45 0.86 0.40 8.93 2.80 5.50 1.79 28.23 3.51

PM10 (mg/m3)

2 0.05 0.01 0.16 0.04 0.04 0.01 22.13 9.97
8 0.07 0.00 0.10 0.02 0.10 0.03 5.74 1.20

15 1.10 0.52 6.75 2.11 62.83 11.65 11.97 10.22
25 24.90 7.43 13.87 1.44 36.80 5.27 37.83 2.27
32 0.50 0.31 2.31 0.84 0.17 0.13 4.34 4.95
38 0.06 0.00 0.01 0.00 0.02 0.00 0.04 0.02
45 0.81 0.38 8.81 2.79 5.30 1.74 27.83 3.59

PM2.5 (mg/m3)

2 0.02 0.01 0.08 0.03 0.02 0.00 21.37 9.86
8 0.04 0.00 0.07 0.01 0.07 0.02 3.69 0.81

15 1.10 0.52 5.90 2.82 61.93 11.56 11.77 10.01
25 24.57 7.27 13.50 1.39 36.17 5.15 36.57 2.18
32 0.48 0.30 2.20 0.78 0.15 0.12 4.30 4.91
38 0.05 0.01 0.01 0.00 0.02 0.00 0.04 0.02
45 0.77 0.39 8.71 2.78 5.15 1.69 27.43 3.66

Table A5. Results of the penetrometer tests conducted on the trial areas treated with CS, FBPC, XG
and the untreated control area. Tests were performed with twenty replicates (n = 20).

Day

Biopolymer Control

CS FBPC XG C

M SD M SD M SD M SD

Penetration Resistance (N)

2 20.26 13.59 17.56 11.93 8.63 5.05 3.63 8.87
8 19.23 5.62 18.88 5.82 6.67 6.37 3.58 4.31

15 2.11 1.36 9.81 5.90 4.71 2.97 3.24 3.84
25 2.84 0.98 8.98 4.35 3.04 1.45 5.20 1.78
32 4.76 1.40 8.73 2.48 5.05 1.25 4.46 1.33
38 7.31 2.60 8.24 3.60 5.35 2.43 6.72 2.91
45 8.49 3.71 6.62 3.02 6.18 4.00 5.20 6.04

Note. M = Mean, SD = Standard deviation.
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Figure A1. Exemplary photographs of untreated control (C) and FBPC-treated trial plots after sub-
jecting them to air speed of v2 (15.5 m/s) for 60 s. The trial plots had dimensions of 40 × 70 cm2. 
Figure A1. Exemplary photographs of untreated control (C) and FBPC-treated trial plots after
subjecting them to air speed of v2 (15.5 m/s) for 60 s. The trial plots had dimensions of 40 × 70 cm2.
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Figure A2. Exemplary photographs of CS- and XG-treated trial plots after subjecting them to air 
speed of v2 (15.5 m/s) for 60 s. The trial plots had dimensions of 40 × 70 cm2. 
Figure A2. Exemplary photographs of CS- and XG-treated trial plots after subjecting them to air
speed of v2 (15.5 m/s) for 60 s. The trial plots had dimensions of 40 × 70 cm2.
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Figure A3. Exemplary photographs of untreated control (C) and FBPC-treated trial plots after sub-
jecting them to air speed of v3 (17.4 m/s) for 60 s. The trial plots had dimensions of 40 × 70 cm2. 
Figure A3. Exemplary photographs of untreated control (C) and FBPC-treated trial plots after
subjecting them to air speed of v3 (17.4 m/s) for 60 s. The trial plots had dimensions of 40 × 70 cm2.
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Figure A4. Exemplary photographs of CS- and XG-treated trial plots after subjecting them to air 
speed of v3 (17.4 m/s) for 60 s. The trial plots had dimensions of 40 × 70 cm2. 
Figure A4. Exemplary photographs of CS- and XG-treated trial plots after subjecting them to air
speed of v3 (17.4 m/s) for 60 s. The trial plots had dimensions of 40 × 70 cm2.
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Table A6. Compilation of previous field trials testing the application of dust suppressants on exposed,
undisturbed soils.

Substances C (%) AR
(L/m2) Test Field Dur. Conclusion Note Ref

Dust Fygther (pulp
proc. by-product) 25.0 0.8

Soil: Tailings
Site: TSF
Size: 2.5 × 16 m2

4 m

• Averaged over study, the mean emission
rates of all test plots (incl. suppressants
and control) were similar high and
showed high variability.

• No clear effect of the dust suppressants
• Field site conditions, particularly rainfall,

significantly influenced study results

a, b, c, e [55]

Entac (pulp proc.
by-product) 20.0 1.4 a, b, d [55]

EcoAnchor
(acrylic polymer) 11.0 10.0 a, b, c [55]

Soil Sement
(acrylic polymer) 10.0 1.0 a, b, c [55]

Tall oil pitch
20.0 2.0

Soil: Sandy loam
Size: 16 × 16 m2 14 m

• Significant reduction in PM10 emissions
for first 3–6 months

• After 6 months protective crust started
to decompose

c [56]

17.0 2.0 c [56]
14.0 2.0 c [56]

Chicory vinasses 10.0 1.5
Soil: SP
Size: 0.4 × 0.7 m2 1 m

• Considerable short-term reduction in
dust emissions until D14

• Rainfall as main impairing factor

c, e [47]
Corn steep liquor 5.0 0.8 c, e [47]
Decantation syrup 6.0 1.0 c, e [47]
Palatinose molasses 6.0 1.0 c, e [47]

Poloxamer 5.6 N/A
Soil: Tailings
Site: TSF beach
Size: N/A 2 w

• TSF beach: Reduction in PM10 by 50% in
week 1, and almost no effect in week 2

• TSF slope: Reduction in PM10 by 73% in
week 1, and almost no effect in week 2

• Rainfall likely main impairing factor
• Moisture retention main mechanism

c, e [54]

Poloxamer 5.6 18.5
Soil: Tailings
Site: TSF slope
Size: 36 × 6 m2

c, e [54]

Starch +
polyacrylamide (10:1)

0.7, 1.0,
1.3

5 × 0.67
kg/m2

Soil: Loess
Size: N/A 1 m

• One-month effective dust suppression
• Aggregation and crust formation as

main mechanisms
c, d, e [57]

Note. AR = application rate, C = concentration, Dur = duration, m = month, N/A = not available, Ref = reference,
TSF = tailings storage facility, w = week, a = product dosage (dry matter of substance unknown), b = deliberately
induced physical disturbance by skid steer track after third test day, c = substance applied by a single application,
d = substance applied in 3 coats, each 20 min apart, d = application regime not clearly explained in the source. It
is assumed that the suppressant was applied over five days, each day at 0.67 kg/m2, e = tests performed with
portable in situ soil wind erosion laboratory (PI-SWERL).
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