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Abstract The processes of wind erosion of fertile
soil, dune movement in sand deserts, dust storms in
arid and semi-arid regions, as well as the emission and
dispersion of agricultural or industrial dusts create a
lot of problems and dangers for human life, environ-
ment, and infrastructure. Conventional ways to sup-
press dust emission to the atmosphere are agricultural
fixation in the case of fertile soil surface and applica-
tion of chemical agents to immobilize dust particulates
onto the surface of soil, desert sand, country roads, or
mining areas. However, these methods are often too
expensive to be applied for large-scale suppression of
sand dust. Chemical methods of dust suppression are
often environmentally unfriendly due to the release of
toxic reagents in water, air, and soil. This paper
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examines, for the first time, the microbially mediated
aggregation of fine sand particles to suppress the
emission of sand dust and its chemical and bacterio-
logical pollutants. The bioaggregation reagent was a
solution of calcium chloride and urea sprayed over the
sand surface, which was preliminarily treated with the
suspension of urease-producing bacteria. Quantity of
calcium used for sand dust suppression was 15.6 g of
Ca/m”. After the biotreatment of fine sand, the release
of sand dust and its artificial pollutants to the atmo-
sphere decreased in comparison with control by
99.8 % for dust, 92.7 % for phenantherene, 94.4 %
for led nitrate, and 99.8 % for bacterial cells of
Bacillus megaterium. This immobilization of dust
and dust pollutants was due to the bioaggregation of
fine sand particles. The sizes of 90 % of the sand dust
particles increased from 29 pum in control to 181 pum
after bioaggregation. Bioaggregation treatment of the
soil surface could be a useful method to prevent the
dispersion of dust and dust-associated chemical and
bacteriological pollutants in water, air, and soil.

Keywords Bioaggregation - Dust pollutants - Sand
dust - Wind Erosion

1 Introduction

Such processes as wind erosion of fertile soil, dune
movement in sand deserts, dust storms in arid and

semi-arid regions, as well as the emission and disper-
sion of agricultural, construction, transportation, or
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mining dusts create a lot of problems and dangers for
human life, environment, and infrastructure. Dust is
also a carrying agent for soil-associated pollutants
such as chemicals, viruses, and microorganisms. So,
the release of the polluted dust in the atmosphere can
cause the deposition of these pollutants to ecosystems
located downwind and negatively affect human health
and environment (Boreson et al. 2004; Falkovich et al.
2004; Griffin et al. 2007; Raisi et al. 2010). Dust
storms originating in desert areas effect many coun-
tries in Middle and East Asia and North Africa (Lee et
al. 2006; Ci and Yang 2010).

There are many known biological, chemical, and
mechanical technologies to prevent and control wind
erosion of soil, wind dispersion of dust, desertification
due to wind-blown sand movement, as well as the
release of dust from agriculture, construction, or trans-
portation on unpaved roads. One conventional way,
but limited by agricultural conditions, is the use of
vegetation as the land surface is covered to reduce
wind erosion of soil (Ci and Yang 2010). Wind erosion
of soil and dust formation could be prevented by the
compaction of the soil surface layer using treatments
with inorganic compounds such as sodium chloride,
calcium chloride, magnesium chloride, lime, and fly
ash (Petry and Little 2002; Santoni et al. 2005;
Goodrich and Jacobi 2012). Many patents have been
issued on the methods to control wind erosion of soil
and dust suppression. However, application of binding
reagents could negatively affect plants (Goodrich and
Jacobi 2012) and quality of surface and underground
waters due to the solubility of the reagents in water
and their dispersion in environment with runoff.

Another approach to suppress dust dispersion is the
use of organic compounds such as an asphalt emulsion
(Santoni et al. 2005), lignin and lignosuphonates
(Gargulak and Lebo 1999), surfactants (Copeland et
al. 2009), fly ash and polyacrylamide (Yang and Tang
2012), starch ethers, polyacrylonitrile, polyvinyl alco-
hol, urea-formaldehyde and their co-polymers, poly-
acrylamide co-polymers, carboxymethyl cellulose,
polyvinyl acetate, epoxyresins, and many others (Nij
et al. 2003; Santoni et al. 2005; US Army, US Air
Force 2005; Orts et al. 2007; Yang et al. 2007; Naemi
and Ghorbanalizadeh 2010; Zandieh and Yasrobi
2010). These dust suppressors change the physical
properties of the soil surface by wetting or binding
the fine particles and are used in construction industry,
mining, at the loading/unloading points, transportation
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on unpaved roads, and using of airfields. However,
organic fixing reagents are usually relatively expen-
sive for large scale application and could be environ-
mentally harmful due to their toxicity or ability to
cause eutrophication of water.

An alternative way for the dust suppression with
chemical reagents can be an application of biomediated
cementation/aggregation of the soil particles (Ivanov and
Chu 2008; Bang et al. 2011; Chu et al. 2012a, b; DeJong
et al. 2010, 2011, 2013). Biocementation is based on the
precipitation or crystallization of insoluble compounds in
porous soil using enzymatic activity of microorganisms
(Ivanov and Chu 2008; Ivanov 2010). The most popular
technology of biocementation is crystallization of calcite
(CaCO0s) from the solution of calcium chloride and urea
mediated by enzyme urease or biomass of urease-
producing bacteria (Ivanov 2010). Enzymatic hydrolysis
of urea by urease increases the pH and releases a carbon-
ate following calcium carbonate crystallization on the soil
surface particles, and their binding according to the fol-
lowing biochemical reaction:

(NH3),CO + 2 Hy0 + CaCl,—CaCO3| +2NH; +2Cl". (1)

However, it is important to know that chemical pre-
cipitation of calcium carbonate in sand did not produce
effect of sand cementation (Chu et al. 2012b).

Calcite crystals produced as the result of bio-
cementation, are the naturally abundant, environmen-
tally neutral substance and, depending on the content
of precipitated calcium in soil, can significantly en-
hance soil strength and reduce its water permeability.
Therefore, biocementation of sandy soil can be used in
geotechnical engineering to enhance stability of the
slopes and dams (van Paassen et al. 2010), for road
construction and prevention of soil erosion (Mitchell
and Santamarina 2005; Ivanov and Chu 2008; Ivanov
2010), for the construction of the channels, aquacul-
ture ponds, or reservoirs in sandy soil (Chu et al.
2012b; Stabnikov et al. 2011).

The major hypothesis of this study was that even
very small levels of sand dust biocementation can
prevent its dispersion.There is known experimental
attempt to study the effects of biocementation on sand
immobilization (Bang et al. 2011), but the published
results are not applicable for sand dust suppression
because of the following reasons: (1) the object of
study was not fine sand or sand dust but big sand
particles with the sizes from 0.075 mm to 4.76 mm;
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(2) the effect of biocementation on the sand dust
formation in the wind tunnel was studied only by the
mass losses of sand; (3) the content of precipitated
calcium in sand was not measured; (4) the effects of
some biotreatments were measured after simultaneous
application of urease-producing bacteria, calcium
chloride, and urea to sand, which can cause chemical
precipitation of calcium carbonate due to the high pH
of medium after cultivation of urease-producing bac-
teria. Meanwhile, only crystallization of calcite on the
sand surface mediated by urease activity is important
for the sand grain binding (Chu et al. 2012b).

The research described in this paper examines the
effects of small dosage, calcium-based biomediated
aggregation of fine sand on the airborne movement
of sand dust and dust-associated chemical and bacte-
riological pollutants.

2 Materials and Methods
2.1 Materials for Biomediated Aggregation of Sand Dust

Urease-producing alkalophilic bacteria Bacillus sp.
VS1, isolated from tropical sand beach in Singapore
(Chu et al. 2012b), were used as the bioagent for dust
particle aggregation. The bacterial biomass was grown
for 2 days in a non-sterile liquid medium of the fol-
lowing composition: Tryptic Soy Broth Bacto™
(DIFCO, Lawrence, USA), 30 g/L; urea, 20 g/L;
MnSO,4-H,0, 12 mg/L; NiCl,6H,0, 24 mg/L, phenol
red, 10 mg/L. Final concentration of bacterial biomass
was 8.3 g of dry biomass/L. Bacterial biomass was
separated by centrifugation at 4 °C and 10,000 rpm for
15 min using a Micro Cooling Centrifuge 5922
(Kubota, Japan), suspended to concentration about
8 mg of dry biomass per 1 mL of water, and stored
at 4 °C before experiments. Two components of liquid
biocement, applied sequentially, were this suspension
and solution of calcium chloride, 0.375 M (41.2 g/L)
and urea, 0.75 M (45 g/L).

2.2 Characteristics of the Fine Sand

Particles size distribution of initial sand and fine sand,
which was used to produce sand dust, was measured
using the Mastersizer 2000 particle size analyzer
(Malvern Instruments Ltd, UK). The particle size distri-
butions, volume-weighted mean sizes of the particles,

and the maximum size of 90 % of the particles (dy)
have been used to characterize the changes of the dust
particles sizes during biocementation. Graded Ottawa
sand with specific gravity 2.65 and silica content 98.9 %
was used in this study. Size of these sand particles varied
from 150 um to 1,180 um. For the fine sand prepara-
tion, 200 g of sand was placed in the Pulverisette 5/2
type laboratory planetary ball mill (FRITSCH GmbH,
Germany) and was ground at a rotation rate of 200 rpm
for 3.5 hours. Mean (volume weighted) size of the fine
sand, which was used to form sand dust, was 12 um and
the sizes of 90 % of these particles (dgo) were lower than
29 um.

2.3 Artificial Pollution of the Fine Sand

Sand dust is often polluted with microbiological ma-
terials (Ichinose et al. 2008; Lee et al. 2009), heavy
metals like Fe, Mn, Zn, and Pb, especially at the heavy
traffic flow sites (Funasaka et al. 2003; Gat et al. 2011)
and organic substances, for example, polyaromatic
hydrocarbons (Zhang et al. 2010). The artificial chem-
ical and microbial pollutants of fine sand have been
used in our experiments in the contents, which are
significantly higher than the contents of the real pol-
lutants of sand dust, just to simplify analytical pro-
cedures to study two research tasks: (1) evaluate
movement of sand dust with adsorbed pollutants in
controls and experiments; (2) to demonstrate the fate
of typical soil pollutants after soil biocementation
treatment. The following biological and chemical
agents were used for artificial sand dust pollutions:
(1) vegetative cells and spores of typical soil bacteria
Bacillus megaterium that were used as a surrogate
modeling pollution of soil with pathogens; (2) phen-
anthrene (Sigma-Aldrich, St. Louis, MO, USA) solu-
tion, 6 g/L, in glacial acetic acid, modeling pollution
of soil with hydrophobic petrochemicals; (3) lead ni-
trate solution in water with concentration 9.6 g/L,
modeling pollution of soil with heavy metals.

Bacterial strain Bacillus megaterium de Bary 1884,
DSM No. 90, is from Risk Group 1, i.e., “unlikely to
cause human disease” according to the classification of
the German Technical Rules for Biological Agents. The
vegetative cells and spores of this strain were used as a
surrogate of the bacteriological pollutant. The strain was
cultivated aseptically and aerobically in Tryptic Soy
Broth Bacto™ (DIFCO, Lawrence, USA) at 30 °C on
the rotary shaker at 150 rpm for 48 hours.
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For artificial pollution of sand, 20 mL of phenantrene
solution in glacial acetic acid was added to 50 g of fine
sand and the sample was dried at 30 °C for 1 day. After
that, this sample of fine sand was mixed with 20 mL of
lead nitrate solution and dried at 30 °C for 1 day. At the
next day, this sample was mixed with 20 mL of bacterial
suspension of Bacillus megaterium DSM 90 with about
3.5 g/L concentration of dry biomass and dried at 30 °C
for 1 day. Finally, the sample was shaken at 100 rpm
with 500 mL of distilled water for 1 hour to remove not
adsorbed pollutants from fine sand, the solution was
decanted after precipitation of fine sand, and the pollut-
ed fine sand was dried at 30 °C for 1 day.

2.4 Experimental Set Up

The laboratory facility to study the effects of bio-
cementation on sand dust suppression consisted of
the air pump, the air flow velocity controller, the dust
releasing chamber, and the cyclone collecting the dust
(Fig. 1). The dust chamber was the 13-mm diameter
holder of cellulose membrane with the 50-um diame-
ter of pores and the layer of 1-mm depth of 200 mg of
fine sand on this membrane. There were two controls
and two experimental dust chambers. Nothing except
the fine sand was added in control 1. Water, 100 uL,
was added to the fine sand in control 2. An aliquote of
bacterial suspension of Bacillus sp. VS1 in water,
50 uL, was added to the fine sand, and after 1 hour,
an aliquote of the solution of calcium chloride and
urea, 50 pL, was added to the fine sand. The test of
dust formation was started at the next day. In experi-
ment 1, concentrations of calcium chloride and urea
were reduced by five times, i.e., to 0.075 M and
0.15 M, respectively. Dosage of added calcium in
experiment 2 was 0.31 mg of Ca/em® (3.12 g of

6 air

-

B

dust
Fig. 1 Scheme of the laboratory facility: 1, the air compressor;

2, the flow meter; 3, the dust chamber; 4; the cellulose mem-
brane; 5, the sand dust; 6, the cyclone
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Ca/m?). Calculated addition of calcium to the fine
sand in experiment 2 with concentrations of calcium
chloride and urea 0.375 M (41.2 g/L) and 0.75 M
(45 g/L), respectively, was 1.56 mg of Ca/cm’
(15.6 g of Ca/m?).

Air was supplied into the dust chambers with the flow
rates 1, 2, and 3 L/min ensuring linear velocities in the
dust chamber 0.13, 0.26, and 0.39 m/s, respectively, for
10 min. These velocities were sufficient to move the
particles of the fine sand in our experiments and are within
the range of real air velocities in deserts (Bagnold 2005)

Dust suppression was assessed using change of air
flow rate through the laboratory facilities. Every air
flow rate was used in triplicates. The sand dust was
collected in the cyclones and was washed out from
there with 10 mL of deionized water.

2.5 Measurements

Relative reduction of air conductivity through the filter
with the fine sand in experiments was calculated as a
drop of air flow in control 2 or experiment to air flow
in control 1 at the same pressure before the dust
chamber (Fig. 2). Air flow for control 1 was installed
by the air flow meter at 1, 2, or 3 L/min, then dust
chamber from control 1 was replaced for the dust
chamber from control 2 or experiment, and air flow
was measured.

Concentrations of phenanthrene, Pb, and bacterial
cells were determined for all controls and experiment
1. The enumeration of colony-forming units (c.fu.)
was done after spread-plate inoculation of Petri plates
by 0.1 mL of the serial tenfold dilutions of the bacte-
rial suspension produced by the vortexing of 0.1 g of
the fine sand or the sand dust in 10 mL of phosphate-
buffered saline solution with pH 7.2. Before inocula-
tion, the Petri plates were aseptically filled with
Tryptic Soy Broth Bacto™ (DIFCO, Lawrence,
USA). The enumeration of c.f.u. was made after incu-
bation of inoculated Petri plates at 30 °C for 2 days.

An aliquote of 5 mL of glacial acetic acid was used
for extraction of phenanthrene from 50 mg of the sand
dust. UV light absorption measurements of phenan-
threne in extracts were performed at fixed wavelength
252 nmusing a quartz cell with the length of optical way
1 cm. Concentration of phenanthrene in solution was
determined by the reference to the calibration curve.

To determine content of Pb in the sand dust 20 mg
of sample was dried in a 15 mL quartz vessel at 103 °C
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Fig. 2 Drop of the air flow rates (AF) in the dust chambers with
fine sand treated by different methods

for 24 hours, then mixed with 3 mL of 69.9 % (w/v)
solution of nitric acid. The mixture was digested under
300 °C and 90 bars in a high pressure asher (Model

HPA-S, Anton Paar, Graz, Austria) for 160 min. The
solution was diluted 50 times with water and then
filtered using a 45-pum pore size Whatman membrane
filter. The filtrate was analyzed for Pb using the in-
ductively coupled plasma (ICP OES) emission spec-
trometer Optima 2000 DV (Perkin-Elmer, Inc.,
Shelton, USA). Two replicates were analyzed for each
sample and the average value was reported.

2.6 Microscopic Observations

The structure of sand and the sand dust was observed
using the scanning electron microscope (SEM) V050
(Carl Zeiss Microscopy, LLC, Germany). The sand
sample was fixed in 2 % glutaraldehyde for 2 hours,
washed three times with 0.1 M sodium cacodylate
buffer for 20 min, dehydrated step-wise in 50, 70,
85, and 95 % (v/v) solutions of ethanol for 10 min,
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Table 1 Parameters of the sand dust and the content of dust-associated pollutants

Controls and experiment

of initial fine sand

Quantity of the sand dust Quantity of pollutant removed with the sand dust
removed with air flow, %

Phenanthrene, % Pb, % of the  C.f.u. of bacterial
of the initial initial quantity cells, % of the initial
quantity in fine sand in fine sand quantity in fine sand

Control 1 100
Control 2 (treatment of fine sand with water) 3.8

Experiment (bioaggregation of fine sand) 0.2

100 100 100
44.1 35.1 66.7
7.3 5.6 0.2

kept in 100 % ethanol, dried in Polavon E3100 critical
point dryer (Quorum Technologies Ltd, UK), and then
sputter coated with Au-Pd using Emitech SC7620
(Quorum Technologies Ltd, UK).

3 Results and Discussion

Drops of air flow for the treated fine sand in comparison
with control 1 was 1443, 42+3, and 90+7 % after addition
of water (control 2) or bioaggregation with the dosages of
added calcium 0.31 and 1.56 mg of Ca/cm?, respectively
(Fig. 2). All other experiments on the dust formation were
done with bioaggregation at the dosage of added calcium
1.56 mg of Ca/ecm? (15.6 g of Ca/m?) because it produced
sufficient bioaggregation of the fine sand. Treatment with
water or bioaggregation of the fine sand in the dosage
1.56 mg of Ca/em” increased mean (volume weighted)
size of the superfine sand particles from 12 to 33 or
47 um (Fig. 3). The sizes of 90 % of the particles (dog)
in superfine sand increased from 29 to 92 or to 181 um
after treatment with water or after bioaggregation (Fig. 3).
Under SEM, the fine sand after water treatment became
aggregated and cracked, while the fine sand after

biocementation looks as not-cracked surface with inclu-
sions of calcite (Fig. 4). It was shown previously that the
mechanism of biocementation includes adsorption of
bacterial cells on the surface of sand, calcilte crystal
formation around bacterial cells which occurs preferen-
tially at particle contacts (DeJong et al. 2013). Probably,
sand bioaggregation with low quantity of added reagents
in our experiments was due to the formation of the
mechanical bonds at sand particle contacts.

Either addition of water or bioaggregation of the fine
sand reduced the release of sand dust by 96.2 % or
99.8 %, respectively. Average concentrations of dust in
air at the flow rate 3 L/min were 6.13, 0.87, and
0.01 mg/L for non-treated fine sand, fine sand treated
with water, and fine sand after bioaggregation, respec-
tively. Addition of water reduced the release of the dust-
associated pollutants but not so effectively as
bioaggregation of the fine sand (Table 1). Most effective
was the reduction of the release of bacteriological pol-
lutant in the atmosphere, 99.8 %, due to bioaggregation
of the fine sand.

The dosage of applied dust suppressant was 44 g of
CaCl,/m?, 48 g of urea/m?, and 9 g of bacterial
biomass/m®, total of 101 g/m” This value is

Table 2 Approximate cost

comparisons of the dust Dust suppressant Consumption, Average Cost of the
suppressants ton/ha of the current reagent,
sand surface price, $/ton $/m? of soil
Calcium-based biocement including
Calcium chloride 0.44 250 110
Urea 0.48 360 173
Dry biomass of urease bacteria 0.09 500 45
Total cost 328
Conventional cement 7.5 100 750
Lignosulfonates 3.6 250 1260
Bituminous materials 12 500 6000
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significantly smaller than dosages of any other dust
suppressants published in literature. For example, about
360 g/m® of sulfolignin, 750 g/m” of cement or
1200 g/m® of bituminous materials have to be used for
the dust control on the roads and airfields, as it was
calculated from the related manual (US Army, US Air
Force 2005). The cost of biocement as the dust suppres-
sor is the lowest among other materials (Table 2).
However, the initial cost of the dust palliative is not
the governing factor in the making the selection of the
method, because other economic factors such as equip-
ment and labor, maintenance, shipping, and area prepa-
ration costs are also essential (Thompson and Visser
2007; US Army, US Air Force 2005).

Therefore, our study showed that bioaggregation of
fine sand with low dosage of biocement, about 100 g/m*
of soil surface, could be used for dust suppression, for
example: (1) during seasonal soil dust dispersion in arid
and semi-arid areas; (2) during industrial or transportation
activities accompanying dust formation, and (3) in chem-
ical, biological, radiological, and nuclear (CBRN) de-
fense (Cordesman 2002; Parra et al. 2009) after release
of CBRN agents in soil and air. The treatment in actual
field conditions should be performed by spraying dust
suppressant solution at a not-sunny and not-hot day
under the highest possible humidity of air so that
there will be no fast drying of added solution and the
bioreaction in the upper layer of sand will be performed
effectively overnight.

4 Conclusion

Bioaggregation of the surface of fine sand in the
dosage of 0.016 kg of Ca/m? and total dosage of the
reagents of 0.1 kg/m? could diminish dispersion of
sand dust and dust-associated chemicals or microor-
ganisms to atmosphere by 99.8, 93, and 99 %,
respectively.
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