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Abstract: Aqueous formulations based on anionic butadiene-styrene microspheres (BSMs) and
cationic poly(diallyldimethylammonium chloride) (PDADMAC) with the weight PDADMAC fraction
from 0 to 1 were studied as the stabilizers of loose sandy soils. In general, these systems were shown to
be represented as the mixtures of microspheres saturated with PDADMAC and unbound polycation.
Mechanical testing of BSMs–PDADMAC films evidenced that with increasing weight PDADMAC
fraction, a 20-fold growth in elastic modulus, 2-fold growth in strength and 2-fold decrease in ultimate
strain of the material were observed. Treatment of the sand with the above formulations resulted in
formation of a protective porous polymer-sand surface crust with the strength from 0.8 to 45.0 MPa.
“Elasticity–rigidity” balance and water resistance of the crusts were controlled by weight fraction of
polycation in the mixed formulation. Stable water-resistant polymer-sand crusts were shown to be
prepared using formulations with the weight PDADMAC fraction from 0 to 0.2. The results indicated
a great potential of the polymer-colloid formulations for the fabrication of structured sand coatings
with controlled properties.

Keywords: anionic polymer microspheres; linear polycation; saturated complex; sand; polymer-sand
coatings; elasticity; strength; water resistance

1. Introduction

At the present time, synthetic polymers are widely used as engineering materials
in the construction industry and agriculture [1–3]. These areas include the creation of
building elements [4,5], the modification of concrete and mortars [6,7], and the coating of
roads and highways [8,9]. Polymers were shown to prevent soil erosion [3,10–12], conserve
waste rocks on mining enterprises [13,14], localize contaminated disperse systems such
as silt and ash [15,16], reinforce highways and railways slopes, earthen dams and em-
bankments [17–19], and fix loose soils, primarily sands [20–23]. This range of applications
is based on the polymer ability to bind mineral and organo-mineral particles to larger
aggregates or a monolithic body. The growing contribution of polymers to solve the above
problems is associated with the fact that traditional binders and additives (Portland cement,
slaked lime, bitumen, microsilica, etc.) [24–26] seem to be not sufficiently friendly from
the ecological viewpoint. Their production is accompanied by significant emissions of
carbon dioxide and nitrogen oxides into the atmosphere [27]. In connection with this,
polymeric binders such as urea-formaldehyde resins, polyvinyl acetate, polyvinyl alcohol,
polyacrylamide, and polyurethanes are successfully introduced into practice [28–33].

As for the soil or ground treatment, two basic methods are recognized: mixing of
aqueous polymer formulation with the substrate [34] and deposition of the formulations
over the substrate surface [35]. In the first case, the polymers were mixed with the soil
and distributed to a depth of up to 30 cm. The stabilizing effect is achieved at a polymer

Appl. Sci. 2023, 13, 4311. https://doi.org/10.3390/app13074311 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13074311
https://doi.org/10.3390/app13074311
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app13074311
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13074311?type=check_update&version=2


Appl. Sci. 2023, 13, 4311 2 of 12

consumption of several tons per hectare; natural polymers, i.e., polysaccharides, quickly
decomposed when introduced into the soil and ceased to work as stabilizers. The replace-
ment of natural polymers with synthetic ones allowed to eliminate the problem of polymer
degradation, but did not lead to a decrease in the consumption of polymers. In the second
case, deposition of an aqueous polymer formulation resulted in a sharp reduction in the
consumption of polymers, which now formed a rather thin protective polymer-soil surface
layer, typically ca. 5 mm deep, which prevented mechanical destruction of soil and its
erosion with water and wind [36,37]. The stabilization was due to inter-particle binding
or “physical crosslinking” of particles with polymers and the formation of continuous
protective coatings [38,39].

Recently, interpolyelectrolyte complexes (IPEC) were proposed as promising soil ame-
liorants [11,40]. IPEC are the products of electrostatic interaction between two oppositely
charged ionic polymers (polyelectrolytes, PEs) [41]. Variation of the IPEC composition al-
lows one to adjust the structure and control the mechanical properties and erosion resistance
of the soil-IPEC protective coatings [11]. The IPECs based on linear ionic polymers ensure
an acceptable mechanical stability of the coatings [11,42,43], their moisture and air perme-
ability [11], and a stimulating effect on the germination and development of plants [11,44].
However, these coatings are characterized by rather high rigidity that restricts their appli-
cation, for example, when fixing the area with the complicated relief configuration. The
elasticity of the coating can be improved using latexes—aqueous suspensions of the rubbery
polymeric microspheres [45,46].

To summarize, polymer-soil protective coatings require desired mechanical properties
associated with the controlled rigidity–elasticity balance and high water and wind resis-
tance. To advance in this problem, the polymer-colloid mixtures of rubbery latexes and
rigid IPECs seem to be the most promising formulations.

In this article, the complexation of anionic butadiene-styrene microspheres and cationic
linear poly(diallyldimethylammonium chloride) (PDADMAC) and mechanical behavior
of the resulting microsphere/PDADMAC binary films are described. This information
is used for setting experiments on the deposition of the polymer formulation over sand,
interpretation of the composition–properties relationship for the protective polymer-sand
coatings and discussion of prospects for the use of polymer-colloid binary formulations as
a non-structured sand binder.

It should be noted that in our research non-biodegradable butadiene-styrene micro-
spheres and PDADMAC were used. At the same time, synthetic ionic polymers were
shown to demonstrate a negligible toxicity towards soil microorganisms and higher plants
after these polymers bind to organic and mineral particles [44]. It other words, the synthetic
polymers are compatible with the soil environment. From this point of view, ionic polymers
are as safe for the soil as conventional soil conditioners, e.g., polyacrylamide.

2. Experimental
2.1. Materials

Butadiene-styrene latex (BSL) (OJSC, Voronezhsintezkauchuk, Voronezh, Russia) with
50 wt.% of carboxylated butadiene-styrene microspheres (BSMs) with diameter of 100 nm,
PDADMAC with Mw = 200–350 kDa (Sigma-Aldrich, St. Louis, MO, USA) and fine-grained
quartz sand with a grain size of 0.5–1 mm (ORT6, Russia) were used.

The concentration of BSM carboxyl groups estimated by conductometric titration
of latex using a CDM 83 conductivity meter (Radiometer, Copenhagen, Denmark) was
0.06 mol per 1 g of BSMs. Before testing the quartz sand, it was repeatedly rinsed with
bi-distilled water and dried.

Mixed BSM/PDADMAC compositions with different polymer-to-polymer ratios were
prepared via addition of a polycation solution to the latex suspension followed by vigorous
stirring. The pH of PDADMAC solution and BSM suspension was pre-adjusted to pH 7.
The concentration of polymers was expressed in moles of ionic groups of polymers per
liter: cationic for PDADMAC and anionic for BSM.



Appl. Sci. 2023, 13, 4311 3 of 12

2.2. Methods

For aqueous solutions and suspensions, the values of pH were measured using a
Corning 340 pH meter (Corning, NY, USA) equipped with a combined glass pH electrode.

The electrophoretic mobility (EPM) of dispersed particles was studied using a Brookhaven
Zeta Plus (Holtsville, NY, USA) at 22 ◦C. Their average hydrodynamic diameter was measured
by dynamic light scattering at a fixed scattering angle (90◦) in a thermostatic cell. The diameter
of particles was calculated using the DynaLS software (version 2.7.1. (Alango Ltd., Newlands
West, South Africa)).

For mechanical testing, BSL-PDADMAC films with a thickness of 0.2 ± 0.02 mm were
prepared via deposition of the 4 wt.% polymer formulation on a cellophane substrate. The
films were dried at room temperature at the humidity of 30% for 5 days and removed
from the substrate. Dog-bone testing samples with the working part of 6 × 20 mm2 were
uniaxially drawn at room temperature with a strain rate of 1.4 × 10−2 s−1 using Instron-
4301 (Norwood, MA, USA). Young’s modulus E0 was estimated as the slope of the initial
linear portion of σ-ε diagrams with an accuracy of ±7%. An accuracy of estimation of the
strength σf and ultimate strain εf was ±7% and ±10%, respectively.

For mechanical testing, protective polymer-sand coatings (polymer-sand crusts) were
prepared as follows. In a plastic dish, the sand layer with the thickness of 5 cm and the
surface area of 20 cm2 was formed using 160 g of the sand. After that, a 1 wt.% aqueous
polymer formulation was deposited over the sand layer with a consumption rate of 2 L/m2.
As-prepared samples were dried for a week at room temperature at 30% humidity. The
strength of the coatings was measured by a plastic deformation method using a Rebinder
conical plastometer (Soil Science Department, Lomonosov Moscow State University) [47].
The samples were loaded with a metal cone until the cracking of the coating surface. The
force causing the fracture of the crust was recalculated to pressure, that is, the strength of
material Pf.

To study the erosion stability of the sand layers, 100 g of sand were placed on a Petri
dish to form the layer with a thickness of 1 cm and surface area of 80 cm2. The sand was
coated with a 1 wt.% polymer aqueous formulation with a rate of consumption of 2 L/m2.
As-prepared samples were dried to a constant weight at 22 ◦C and a humidity of 30%. Petri
dishes were placed at the angle of 45◦ and treated with 200 mL of water from a spray gun
in a pulsed mode for 10 min. After drying, the weight loss was calculated.

The morphology of polymer-sand coatings was studied with a JEOL JSM-6380LA scan-
ning electron microscope (Akishima, Japan). The initial coatings as well as coatings prepared
via brittle fracturing in liquid nitrogen were used. The images were obtained in the electron
microscopy laboratory of Lomonosov Moscow State University Biology Department.

All experiments were performed with 3–5 repetitions. Statistical data processing was
carried out with the Excel program; the confidence interval was 95%.

3. Results and Discussion
3.1. Formation of BSM–PDADCAC Binary Formulations

In aqueous medium, carboxylated BSMs are negatively charged. An electrostatic inter-
action of these microspheres with positively charged PDADMAC results in the formation
of the polymer-colloid PDADMAC–BSM complexes. The regularities of complexation were
revealed via the study of EPM of resulting PDADMAC–BSM particles.

Figure 1 shows the dependence of EPM on the ratio between a mole concentration
of quaternized PDADMAC groups and a mole concentration of carboxylic BSMs groups,
Z = [N+]/[COO−]. Injection of a PDADMAC aqueous solution into a BSL resulted in the
adsorption of PDADMAC macromolecules on the microsphere surface, decreasing the
negative charge of the particles followed by their complete neutralization at EPM = 0.
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0.01 M phosphate buffer with pH 7.

The composition of the electro-neutral PDADMAC–BSM complex was determined using
an earlier described approach [48,49] based on the two main points. At first, positively charged
groups of cationic PDADMAC interact completely with negatively charged carboxyl groups
at anionic BSMs. As a result, all polycation chains are bound by latex particles, and their
surface is completely covered by the polymer. Second, at the EPM = 0, a concentration of
the positive PDADMAC groups, involved in the complexation ([N+]EPM = 0), is equal to the
concentration of the negative (ionized) BSM groups ([COO−]EPM = 0). These ideas allowed the
composition of an electro-neutral complex Z0 = [N+]EPM = 0/[COOH]EPM = 0 = 0.82. A degree of
dissociation of the surface carboxylic groups at pH 7 is of α ≈ 0.7 [50]. Extra ionized COO−

groups (≈0.1) were involved in complexation due to a cooperative displacement of protons
from carboxylic BSM groups by the interacting PDADMAC [41]. Non-dissociated carboxylic
BSM groups, whose fraction was 0.18, did not form ionic bridges with the cationic PDAD-
MAC. The composition of the PDADMAC–BSM complex can be re-calculated in terms of the
weight fraction of PDADMAC as W = WPDDAMAC/(WBSM + WPDADMAC), where WPDDAMAC
and WBSM are current weights of PDADMAC and BSM, respectively. For the electro-neutral
complex, we get W0 = WPDAMAC(EPM = 0)/(WBSM(EPM = 0) + WPDADMAC(EPM = o)) = 0.02, where
WPDAMAC(EPM = 0) and WBSM(EPM = 0) are weights of both components at EPM = 0. The increase
in Z was accompanied by the additional binding of PDADMAC and an appearance of the
positive charge on the BSM surface. The ultimate positive EPM value was +2 (µm/s)/(V/cm)
and did not change with the further growth in Z. This EPM value corresponded to the maximum
adsorption of PDADMAC onto the surface of negative BSMs and the formation of the saturated
PDADMAC–BSM complex [49,51,52]. The positive charge stabilized the saturated complex
particles against aggregation; their size was close to 170 nm as compared with 100 nm for the
virgin BSM. Note, the saturation takes place at Zsat = 1.5 (see Figure 1) or Wsat = 0.036. At
W > Wsat, an accumulation of unbound PDADMAC is observed, and the PDADMAC–BSM
binary mixture contains the saturated PDADMAC–BSM complex and unbound PDADMAC.
From this standpoint, the weight fraction of PDADMAC W can be considered as the key
parameter which describes the composition of the PDADMAC–BSM formulations.

3.2. Mechanical Properties of BSMs–PDADMAC Films

The results discussed in the previous section provide evidence that the weight fraction
of PDADMAC W has the marked influence on the composition and structural features
of resulting PDADMAC–BSM systems. The formulation with W = 0 is represented as a
stable aqueous suspension of negatively charged BSMs. The formulation with W = 0.036
corresponds to a stable aqueous suspension of saturated positively charged PDADMAC–
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BSM complex particles. At 0.036 < W < 1, the formulation is considered as the mixture of
the saturated complex particles and unbound PDADMAC. At W = 1, the formulation is
an aqueous solution of the virgin PDADMAC. To study the influence of the composition
of PDADMAC–BSM samples on their mechanical properties, the films prepared from the
binary PDADMAC–BSM mixtures were tested. Note that BSMs are characterized by a
well-pronounced ability for film formation, whereas PDADMAC is not prone to do it.
For this reason, a PDADMAC content in the binary mixtures W was varied from 0 to 0.5.
Figure 2 shows stress–strain diagrams for several typical films prepared from BSMs with
W = 0 (curve 1) and PDADMAC–BSM mixtures with different W (curves 4–8). For all
samples studied (nine in total), mechanical characteristics are listed in Table 1 (columns
3–5). The numbers at the curves in Figure 2 correspond to the sample numbers in Table 1.
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Figure 2. Stress–strain diagrams for the films prepared from BSL (W = 0) (1) and BSMs–PDADMAC
mixtures with W = 0.077 (4), 0.111 (5), 0.2 (6), 0.333 (7) and 0.5 (8). Numbers at the curves correspond
to the sample numbers in Table 1.

Table 1. Mechanical properties of BSMs–PDADMAC films and polymer-sand crusts with different
PDADMAC content W.

No. W

PDADMAC-BSM Films
Strength of

Polymer-Sand Crust Pf, MPaElastic Modulus
(E0), mPa

Strength (σf),
mPa

Ultimate
Strain (εf), %

1 2 3 4 5 6

1 0 4.5 ± 0.4 3.5 ± 0.3 580 ± 60 0.8
2 0.036 5.0 ± 0.4 3.8 ± 0.3 570 ± 55 1.1
3 0.059 5.5 ± 0.45 4.0 ± 0.3 560 ± 55 1.9
4 0.077 9.0 ± 0.65 5.05 ± 0.25 550 ± 55 2.7
5 0.111 11.0 ± 0.8 5.5 ± 0.15 480 ± 50 3.5
6 0.2 15.0 ± 1.0 5.7 ± 0.2 330 ± 45 8.0
7 0.33 17.0 ± 2.0 6.6 ± 0.25 300 ± 40 13.0
8 0.5 90.0 ± 8.0 7.2 ± 0.4 270 ± 20 18.0
9 1 - - - 45.0

As follows from the data in Table 1, the growth in W or increasing PDADMAC content
in the mixture results in noticeable changes in the mechanical characteristics of BSMs–
PDADMAC films—a 20-fold increase in elastic modulus, 2-fold increase in the strength,
and 2-fold decrease in the ultimate strain of the samples. Thus, the addition of the inelastic
hydrophilic PDADMAC to the elastic BSMs is accompanied by the growth in rigidity of the
films and decrease in their elasticity. In other words, the variation of PDADMAC content in
a BSMs–PDADMAC formulation allows one to control the rigidity–elasticity balance of the
final material. For a more detailed analysis of this effect, let us consider the dependences of
the mechanical properties of the films on PDADMAC content W.

Figure 3 shows the dependences of elastic modulus E0 and ultimate strain on W. Note
that both curves are characterized by well-pronounced inflection at PDADMAC content
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Win in the range from 0.04 to 0.06. Within the interval 0 < W < Win, increasing PDADMAC
content has no noticeable influence on the elastic modulus and ultimate strain of BSMs–
PDADMAC films. With the further increase in W, marked growth in E0 takes place whereas
εf falls down. For σf = f (W) plot, the behavior similar to that for E0 = f (W) was observed
(data are not shown). The Win value (0.04–0.06) is in a good agreement with the value of
Wsat = 0.036, at which the saturation of the BSMs–PDADMAC complex takes place. Thus,
a transition from the negative charge in the BSMs system to the positive charge in the
saturated BSMs–PDADMAC complex has a negligible effect on the mechanical properties
of the films. In both cases, the properties are determined by the BSM component, whose
weight content remains practically constant and close to the maximum (0.96–1). A sharp
growth in the rigidity of BSMs–PDADMAC films (increasing elastic modulus and strength
and decreasing ultimate strain) is controlled by accumulation of unbound polycation in the
formulation when PDADMAC content exceeds the Wsat value.
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3.3. Structure and Properties of Polymer-Sand Protective Coatings

The treatment of quartz sand with the above formulations was carried out according
to a procedure discussed in [43] to form a protective soil coating. The preparation of
polymer-sand coatings involved deposition of the polymer formulations as 1 wt.% aqueous
solutions (or dispersions) over the sand layer in Petri dishes.

To visualize the stability of a protective coating, Petri dishes with dried polymer-sand
samples were placed vertically, and a splitting of sand from the dishes was controlled.
Note that, for samples studied, no loss of dried sand was detected (Figure 4a). This result
evidences that, in this case, the stable protective coatings or crusts are formed at the sand
surface. In all cases, polymer-sand crusts were easily separated from the sand surface as
shown in Figure 4b. For comparison, the virgin sand, treated with water and dried, moved
to the opposite edge of the dish when the Petri dish was lifted by one edge at an angle of
25 degrees (Figure 4c).
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Figure 4. A Petri dish with sand treated by the W = 0.2 formulation and dried (a), the polymer-sand
crust took out of the dish (b), and a Petri dish with sand treated by water and dried (c), reference sample.

The strength of polymer-sand crusts (Pf), quantified by the penetration method, is
shown in Table 1 (column 6). The crust composed of sand and virgin BSMs (sample 1,
Table 1) is characterized by a low strength Pf = 0.8 MPa. Note that this crust is rather flexible
and could be bent to an angle of about 15◦ without cracking. The saturation of the BSMs
surface with PDADMAC chains at Wsat = 0.036 results in the growth in strength of the
crust to 1.1 MPa (sample 2, Table 1), with the increment Q = dPf/dW = 8 MPa. Further
addition of the cationic PDADMAC to BSMs suspension is accompanied by the noticeable
growth in the strength up to 18 Mpa for the crust with a W = 0.5 formulation (sample 8,
Table 1). Note that in the 0.059 < W < 0.50 range, polymer-sand crusts demonstrate slight
elasticity with the bending angle of 5–7◦ (samples 3–8, Table 1). The crust based on pure
cationic PDADMAC is characterized by the highest strength of 45 MPa (sample 9, Table 1)
and well-pronounced brittle fracture under bending.

For a detailed discussion of the influence of composition on the crust strength, let us
consider the strength–composition dependence Pf = f (W) (Figure 5a). This dependence
demonstrates inflection at the initial portion of the curve. The treatment of this plot in
semi-logarithmic coordinates: Pf = f (lnW) (Figure 5b) showed that this inflection takes place
at lnWin = 2.05, which corresponds to Win = 0.077. An analysis of the results presented in
Figure 5 and in Table 1 (column 6) evidences that in the Wsat (0.036) < W < Win (0.077) region,
the appearance of unbound PDADMAC in the saturated PDADMAC–BSMs complex
provided the marked increase of the crust strength with the increment Q = 32 MPa. At
W > Win, the efficacy of unbound PDADMAC still grows up to a Q value of 48.
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Before discussing a possible mechanism of the fixing action of the PDADMAC–BSM
mixtures, let us recall an important detail that the sand was always treated with the same
amount of the mixtures. In other words, an increase in the PDADMAC content in the
mixture was accompanied by a decrease of an equal amount of BSM. Taking into account
the above results, the mechanism of the influence of BSMs–PDADMAC formulations on
the mechanical properties of polymer-sand crusts can be presented as follows. At W = 0
and W = 0.036, rubbery virgin negatively charged BSMs and positively charged saturated
BSMs–PDADMAC systems glue sand particles together. These microscopic events provide
the elasticity of the polymer-sand crusts with no marked influence on their strength. At
W not higher than 0.077, unbound and free polycation act like an additional glue, thus
reinforcing the polymer-sand crust and contributing to strength growth. With an increase
in the PDADMAC content within 0.077 < W < 1.0, the interval unbound PDADMAC chains
prevail in the composition. Within this region, the sharp growth in the rigidity of polymer-
sand crusts can be attributed to an ability of multi-charged PDADMAC macromolecules to
penetrate deeper into the sand sample and to glue more particles in the sand aggregates.

One of the most important operational characteristics of polymer-sand crusts is associated
with their water resistance. To estimate this parameter, the crusts were sprayed with water.
The removed sand was collected, dried and weighted. The loss of the weight was measured
as S = WSr/WS0 × 100%, where WSr and WS0 are the weights removed and initial sand,
respectively (Table 2). The results obtained are evidence that water-resistant crusts are formed
when compositions with 0 < W < 0.2 are used. An increase in PDADMAC content in the
formulation is accompanied by the growth in the loss of sand under water spraying.

Table 2. Loss of sand from the polymer-sand crusts prepared with PDADMAC–BSM formulations.

Deposited
Formulation

Water
(Control)

PDADMAC–BSM Formulation, W

0 0.036–0.2 0.333 0.5 1

1 2 3 4 5 6 7

Loss of sand, S, % 30 ± 3 0 0 11 ± 2 19 ± 3 39 ± 5

Hence, the use of BSMs for sand treatment resulted in the formation of low-strength,
elastic and water-resistance crust; whereas, the PDADMAC-based crust is characterized
by the opposite properties—high strength, brittle and poor water resistance. Obviously,
in order to realize the desired combination of operational characteristics of polymer-sand
crusts, PDADMAC–BSMs mixtures should be used.

Thus, water-resistant samples with no loss of sand can be prepared at 0 ≤ W ≤ 0.2.
A further increase in W initiates a removal of sand with water. The correlation of water
resistance and PDADMAC content is associated with the fact that an excess of unbound
water-soluble PDADMAC is prone to be easily washed out from the inter-particle space
of polymer-sand crust. Moreover, PDADMAC results in the hydrophilization of the sur-
face of sand particles enhancing their slippage relative to each other. For these reasons,
the accumulation of unbound PDADMAC at W > 0.2 decreases the water resistance of
the polymer-sand crust and provides a “flow” of moistened polymer-sand composition
(Figure 6a); whereas, polymer-sand samples treated by PDADMAC–BSM formulations
with W ≤ 0.2 are stable (Figure 6b). Thus, the variation of PDADMAC content in the
formulations allows the control of operational characteristics of a polymer-sand crust.



Appl. Sci. 2023, 13, 4311 9 of 12

Appl. Sci. 2023, 13, 4311 9 of 13 
 

Hence, the use of BSMs for sand treatment resulted in the formation of low-strength, 
elastic and water-resistance crust; whereas, the PDADMAC-based crust is characterized 
by the opposite properties—high strength, brittle and poor water resistance. Obviously, 
in order to realize the desired combination of operational characteristics of polymer-sand 
crusts, PDADMAC–BSMs mixtures should be used.  

Thus, water-resistant samples with no loss of sand can be prepared at 0 ≤ W ≤ 0.2. A 
further increase in W initiates a removal of sand with water. The correlation of water re-
sistance and PDADMAC content is associated with the fact that an excess of unbound 
water-soluble PDADMAC is prone to be easily washed out from the inter-particle space 
of polymer-sand crust. Moreover, PDADMAC results in the hydrophilization of the sur-
face of sand particles enhancing their slippage relative to each other. For these reasons, 
the accumulation of unbound PDADMAC at W > 0.2 decreases the water resistance of the 
polymer-sand crust and provides a “flow” of moistened polymer-sand composition (Fig-
ure 6a); whereas, polymer-sand samples treated by PDADMAC–BSM formulations with 
W ≤ 0.2 are stable (Figure 6b). Thus, the variation of PDADMAC content in the formula-
tions allows the control of operational characteristics of a polymer-sand crust. 

 
 

(a) (b) 

Figure 6. A Petri dish with moistened sand treated by PDADMAC (a) and BSM–PDADMAC for-
mulation with W = 0.2 (b). 

In order to reveal the “structure–property” correlation for the polymer-sand crusts, 
electron microscopic studies were carried out. Figure 7 shows electron micrographs of the 
outside surface (a), the edge (b) and transverse fault (c) of the polymer-sand crust. The 
treatment of sand with the polymer formulations had no significant influence on a sand 
porous structure (Figure 7a,b). The role of PDADMAC–BSM mixtures is associated with 
the formation of a polymer film on the sand particle surface, binding them with each other 
at the points of inter-particle contacts (Figure 7c). The thickness of film was estimated as 
0.25–1 µm. 

 

 

 

(a) (b) (c) 

Figure 7. Micrographs outside the surface (a), edge of crust (b) and transverse fault (c) of the poly-
mer-sand crust prepared with a PDADMAC–BSM formulation (W = 0.2). 

Figure 6. A Petri dish with moistened sand treated by PDADMAC (a) and BSM–PDADMAC
formulation with W = 0.2 (b).

In order to reveal the “structure–property” correlation for the polymer-sand crusts,
electron microscopic studies were carried out. Figure 7 shows electron micrographs of the
outside surface (a), the edge (b) and transverse fault (c) of the polymer-sand crust. The
treatment of sand with the polymer formulations had no significant influence on a sand
porous structure (Figure 7a,b). The role of PDADMAC–BSM mixtures is associated with
the formation of a polymer film on the sand particle surface, binding them with each other
at the points of inter-particle contacts (Figure 7c). The thickness of film was estimated as
0.25–1 µm.
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4. Conclusions

The mixing of anionic BSMs and aqueous solutions of cationic PDADMAC was ac-
companied by complexation between these oppositely charged components. At the weight
fraction of PDADMAC W = 0.036, the saturated positively charged BSMs–PDADMAC
complex was formed. An increase in W up to 0.5 resulted in the accumulation of unbound
PDADMAC in aggregately stable BSMs–PDADMAC aqueous formulations.

For the films prepared from the binary BSMs–PDADMAC formulations, with in-
creasing W, the growth in the rigidity of the material (20-fold growth in elastic modulus,
2-fold growth in strength and 2-fold decrease in ultimate strain) was attributed to the
accumulation of unbound PDADMAC.

Treatment of the sand with BSMs–PDADMAC formulations is accompanied by poly-
mer binding to sand particles and the formation of ternary BSMs–PDADMAC-sand surface
coating (crust) on the soil with porosity comparable to that for the virgin sand. With an
increasing weight fraction of PDADMAC from 0 to 1, the growth in the crust strength from
0.8 to 45.0 MPa was observed when crust elasticity was estimated as the bending angle fell
down. In parallel to this evolution of the mechanical characteristics, the water-resistance of
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the crust decreases. The protective coatings with high strength and water-resistance were
shown to be formed at 0.05 < W < 0.2.

Comparative studies in the mechanical behavior of the binary BSMs–PDADMAC films
and ternary BSMs–PDADMAC-sand crusts revealed the following roles of the polymer
components: rubbery BSMs contribute to the elasticity of the materials, while unbound
PDADMAC controls their rigidity. From this standpoint, the change in weight fraction of
PDADMAC allowed one to control “rigidity–elasticity” balance of both polymer-colloid
films and sand surface coatings.

Electron microscopic studies of polymer-sand crusts evidenced the following “structure–
property” correlation for them. The treatment of sand with the BSMs–PDADMAC formulations
does not influence a sand porous structure, and the role of the polymeric binder is associated
with the appearance of the polymer film on the surface of the sand particle with the thickness
of 0.25–1 µm. The latter factor is responsible for the binding of sand particles with each other
at the points of inter-particle contacts. In other words, the formation of a strong polymer-sand
crust is associated with the binding of sand particles by polymeric “bridges” with no influence
on the porous sand structure.

These observations can be supplemented by the literature data on the stability of ionic
polymers which are the initial components of the stabilizing IPEC formulations. The shelf
life of polymers and the relevant IPECs have been actively tested previously. Particularly,
the long-term stability for the initial polymers was shown under different weather condi-
tions (frost, hot weather, rain and etc.) [53,54]. Polymer-soil coatings withstood multiple
repeated freezing–thawing and wetting–drying cycles. However, these works were mainly
carried out with linear polymers, which, being bonded to soil and sand, form rather rigid
coatings. This approach has proved to be excellent when treating vast flat areas, such as
fields, slopes of wide ravines, etc. Problems appear when these conventional formulations
are used for stabilizing sites with a more complicated relief, e.g., decorative zones and
open-air museums. In this case, different formulations are required which are capable of
forming elastic coatings and which maintain integrity for a long time. As follows, from
the above, the elasticity of the polymer-soil coating can be increased via using latex, an
aqueous suspension of rubbery polymeric microspheres. Additionally, synthetic ionic
polymers were shown to demonstrate a negligible toxicity towards soil microorganisms
and higher plants after these polymers bind to soil and sand [44]. From here, the aqueous
latex–PDADMAC polycomplexes can be recommened as promising binders for soil and
sand which form elastic and biocompatible surface coatings. The latex-based IECs together
with earlier described conventional IPECs, composed of linear ionic polymers, represent a
family of universal binders whose properties can be easily adapted to specific conditions of
areas to be treated.
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