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tants and hyperbranched PVAc
copolymer emulsion enabling ecological sand
fixation in high salt-affected sandy land

Wei Gong, ab Haonan Ji,a Siying Liu,a Shitong Xie,a Meilan Li*ab

and Liangliang Changa

To mitigate the impact of salt crystallization damage in highly saline sandy lands, this study first evaluated

the salt tolerance of three surfactants (SDS, L23 and CTAB), their effects on NaCl crystallization behavior,

and their influence on microbial growth in sandy soil. Surfactant L23 was subsequently selected for

further investigation. Given the importance of its interactions, the adsorption characteristics of L23 on

sand particle surfaces under varying salinity conditions were systematically examined. Additionally,

changes in the properties and morphology of the emulsion after the addition of different amounts of L23

and 3% NaCl were analyzed. Finally, the sand-fixing performance of the L23-emulsion composite

material, including compressive strength, wind erosion resistance, thermal aging stability, freeze–thaw

stability, and water retention, was comprehensively evaluated. Field experiments were also conducted to

assess its promoting effects on plant and microbial growth in saline deserts, so as to elucidate its

ecological impact. The experimental results demonstrated that L23 effectively modulated the

crystallization morphology of salt in sandy soil. When incorporated into the saline-tolerant P(VAc-DBM-

AA-AM-IA-HBP) hyperbranched emulsion, L23 significantly enhanced its mechanical properties. Further

studies confirmed that the L23-emulsion composite material markedly reduced the agglomeration

damage caused by NaCl crystallization to sand-fixing materials, thereby improving sand fixation

effectiveness. The composite also exhibited outstanding thermal aging resistance, freeze–thaw stability,

and water retention capacity, enabling it to withstand temperature fluctuations in desert environments.

The positive growth of plants and microorganisms observed in field experiments verified its reliable

ecological benefits. This study provides a novel strategy for developing ecological sand-fixing materials

aimed at combating desertification in saline desert areas.
1 Introduction

The combined effects of marginal water irrigation and
conventional agricultural practices are key drivers behind the
acceleration of global soil degradation, which is manifested
through widespread salinization, nutrient depletion, and
desertication.1–5 These interconnected processes pose a grave
threat to global agricultural sustainability and socioeconomic
stability.6 Currently, more than 100 countries are affected by
desertication on salt-affected soils, with nearly one billion
hectares of degraded land concentrated mainly in the arid and
semi-arid regions of Asia, Africa, Australia, and South America.
In China, salt-affected soils cover an area of 99.13 million
hectares that are undergoing desertication.7 Saline deserti-
cation usually leads to a range of detrimental environmental
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impacts, including the triggering of dust storms, impairment of
crop health, dispersion of contaminated sediments, leaching of
fertilizers, and the accumulation of silt in irrigation
channels.8–10 Accordingly, the desertication process driven by
soil salinization presents a signicant threat to the viability of
sustainable agriculture in moisture-decient regions. Hence,
widespread soil salinization, driven by intensive land use and
wind erosion, has created a pressing need for systematic
ecological restoration and sustainable management.11

To solve this problem, nations worldwide have been neces-
sitated to devise viable measures for desertication reduction
and prevention. Currently, the prevailing technologies for sand
xation broadly encompass mechanical, biological, chemical,
and integrated comprehensive measures.12–17 Conventionally,
the reclamation of saline soils has primarily relied on the
utilization of halophytic plants, such as Sesuvium
portulacastrum L., Clerodendron inerme Gaertn., Suaeda maritima
Dum., Ipomoea pescaprae Sweet, Heliotropium curassavicum L.,
and one tree species Excoecaria agallocha L.18–24 Nevertheless,
severe wind erosion in highly saline sandy soils adversely
RSC Adv., 2025, 15, 48363–48380 | 48363
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impacts restoration efforts; consequently, using vegetation
alone proved insufficient for achieving adequate seed germi-
nation. This study's ndings underscore that stabilizing the
sandy substrate is of paramount importance and must be
addressed to successfully rehabilitate salt-degraded desert
ecosystems.

Contemporary sand xation strategies utilize a range of raw
materials, including polymers, silicate minerals, and bio-based
composites.25–30 Of these, polymer materials have attracted
particular prominence due to their efficacy as novel agents for
mitigating sand-wind erosion. This category encompasses
polyacrylamide, polyvinyl alcohol, vinyl acetate–ethylene
copolymer emulsion, and polyurethane.31–39 Field testing has
been conducted for polyurethane (PU), a material developed by
Japan's TORAY, in the saline sandy environments of Qinghai,
China. Early data exhibited pronounced sand-xing effects
upon implementation. Nevertheless, progressive degradation of
the material over time led to a rapid decline in its stabilization
performance.40 Additionally, the economic viability of PU is
compromised by its substantial expense, limiting its potential
for extensive utilization. Hence, the paramount considerations
for materials used in the stabilization of high-salinity sandy
lands are their efficacy and economic feasibility.

Usually, emulsion polymers, especially vinyl acetate-based
varieties, typically provide substantial cost benets without
compromising adhesive performance.41–44 Due to their distinc-
tive properties, these emulsion-based materials have become
a principal approach for addressing desertication.45 However,
the performance of polymeric sand-binding agents in saline
environments depends not only on material properties, but also
on sand surface topography and ambient environmental
conditions. The presence of salt plays a particularly critical role
throughout the sand stabilization process, thereby ultimately
affecting the overall performance of the materials.46 Initially,
when applied to sand surfaces, the sand-xing emulsion
partially penetrates the substrate, with the majority of droplets
remaining on the surface. At this stage, the aqueous phase of
the emulsion dissolves NaCl deposits present in the sand
matrix. Under natural conditions, the relatively low NaCl
content in the sand-well below saturation concentration-causes
the dissolved salt to migrate toward the surface via capillary
action as water from the emulsion evaporates.47 Once the
saturation point is exceeded, continued evaporation induces
NaCl crystallization and dispersion within the polymer lm.
Owing to the strong hygroscopic nature of NaCl, the embedded
salt crystals undergo repeated cycles of moisture absorption,
surface dissolution, and recrystallization during drying events.
This cyclic process facilitates the formation of hardened NaCl
aggregates. The development of these crystalline structures
progressively disrupts the continuity of the polymer lm,
impairing its mechanical properties and ultimately reducing its
effectiveness in sand xation.

Surfactants, as amphiphilic compounds, have been exten-
sively utilized in various environmental and engineering
applications due to their ability to markedly alter interfacial
tensions.48,49 They are broadly categorized into anionic, cationic,
nonionic, and amphoteric types, each possessing distinct
48364 | RSC Adv., 2025, 15, 48363–48380
characteristics and applicability. In the context of soil stabili-
zation and dust control, previous studies have explored their
potential. For instance, anionic surfactants like sodium dodecyl
sulfate (SDS) have been investigated for soil wettability
enhancement and crust formation for wind erosion control.50,51

Similarly, nonionic surfactants, such as certain alkyl poly-
glucosides, are oen favored in environmental applications for
their generally lower toxicity and better compatibility with
microorganisms.52 Cationic surfactants have also been studied,
albeit less frequently for this purpose, sometimes due to
concerns regarding their biocidal effects.53

However, most prior research has focused on conventional
soils or short-term performance. The application of surfactants
for sand xation under high-salinity conditions remains
underexplored. The interplay between surfactant type, salt
tolerance, microbial activity, and salt crystallization
morphology is critical yet rarely addressed systematically.
Therefore, in order to improve the sand-xing capability of
emulsion used in practical application for humidity areas, in
the present work, we employed a salting-out crystallization
strategy to systematically evaluate the effects of different
surfactant types (anionic (SDS), cationic (CTAB), and nonionic
(L23)) on NaCl crystal size distribution.54 This screening meth-
odology identied optimal surfactants for effectively controlling
NaCl crystal morphology. This study aimed to investigate the
efficacy of surfactants for sand xation under high-salinity
conditions, a domain that remains underexplored. We
hypothesized that a nonionic surfactant (L23) would demon-
strate superior performance due to its anticipated better salt
tolerance and environmental compatibility compared to ionic
surfactants (SDS, CTAB). Based on these ndings, we further
investigated the inuence of surfactant concentration on key
emulsion properties, particularly droplet size and zeta poten-
tial. Subsequently, emulsion, NaCl, and surfactant solutions
were mixed at varying concentrations and solidied into lms,
enabling detailed analysis of their surface morphology and
mechanical properties. Finally, by incorporating surfactants, we
further assessed the sand-xing performance of the emulsion
applied to high-salinity sandy soil, with a focus on sand
consolidation strength and water retention capacity. This study
claries how the addition of surfactants affects the sand-xing
performance of the emulsion.

2 Experimental
2.1 Materials

P(VAc-DBM-AA-AM-IA-HBP) hyperbranched copolymerized
emulsion was synthesized in our laboratory.55 Nonionic
surfactant, Pluronic L23 was supplied by Haian Petrochemical
Corp. (Jiangsu, China), and was used as received. Anionic
surfactant, sodium dodecyl sulfate (SDS) was purchased from
Kelong Chemical Reagent Corporation (Chengdu, China) and
was used without further purication. Analytical pure cetyltri-
methylammonium bromide (CTAB) procured from Sinopharm
Chemical Reagent co., Ltd (Beijing, China), and was used as
received. Sodium Chloride (NaCl) procured from Guangdong
Guanghua Sci-Tech Co., Ltd (Guangdong, China), was used for
© 2025 The Author(s). Published by the Royal Society of Chemistry
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preparation of brine. Deionized water was used in all
preparations.
2.2 Experimental procedures

2.2.1 Analysis of surfactants-induced salt tolerance. The
surfactant's salt tolerance is a critical indicator for assessing the
efficacy of sand-xation treatments in high-salinity environ-
ments. We quantied the transmittance of middle-layer
aqueous surfactant solutions across varying salinity levels
using spectrophotometric measurements. A spectrophotometer
(721, Shanghai XIPU instrument co., Ltd) was used to measure
the transmittance of surfactants middle layer aqueous solution
with different salinities at 318 K and 600 nm wavelength. The
maximum salt tolerance of each surfactant was determined by
a turbidity point measurement. Specically, NaCl was gradually
added to a surfactant solution, and the transmittance at 600 nm
was monitored. The concentration at which a sharp decrease in
transmittance occurred, indicating the onset of surfactant
precipitation and a clear-to-turbid transition, was recorded as
the maximum salt tolerance.56 Additionally, the phase volume
fraction diagram also offers an alternative approach for
assessing surfactant salt tolerance. The pseudo-ternary phase
diagram for the oil/water/surfactant system57 was experimen-
tally established at 318 K.

2.2.2 Effect of surfactants on microbial growth. Microor-
ganisms signicantly contribute to improving sand fertility and
facilitating plant nutrition, simultaneously accelerating the
conversion of sandy substrates into productive soil. Therefore,
the proliferation of soil microorganisms represents a critical
indicator for evaluating the efficacy of sand xation measures.
This study employed microbes isolated from sand samples
obtained from the Golmud sandy region in Qinghai Province to
assess the ecological impacts of surfactants SDS, CTAB, and
L23. Sandy soil containing 3% NaCl was initially amended with
SDS, CTAB and L23 at concentrations ranging from 1.0% to
5.0% (inclusive). Aer one month of storage at room tempera-
ture, the samples were immersed in distilled water to extract
sand-associated microorganisms for subsequent analysis. The
soil microbial population was quantied using adapted proto-
cols based on the methods established by Mathur et al.58 and
Lima et al.59 The data were examined by one-way analysis of
variance (ANOVA) followed by Tukey-HSD tests using the SPSS
statistical package. The level of signicance was set at p < 0.01 or
p < 0.001.

2.2.3 Effect of surfactants on NaCl crystallization. Owing to
its remarkable salt tolerance and favorable ecological charac-
teristics, L23 was chosen in this study to suppress and modify
NaCl crystallization behavior, thus reducing its detrimental
impacts. Specically, NaCl was diluted to a concentration of
3.0 wt% using L23 aqueous solutions at different concentra-
tions. Equal-volume specimens were subsequently prepared
and dried at room temperature to promote crystallization.

The particle size distribution was measured by laser
diffraction. Key parameters reported include: D50 (the median
particle diameter), D90 (the diameter at the 90th percentile of
the cumulative distribution), D(4,3) (the volume-weighted mean
© 2025 The Author(s). Published by the Royal Society of Chemistry
diameter, sensitive to the presence of larger particles), and D(3,2)

(the surface-area weighted mean diameter, inuenced by ner
particles). The ratio of D(4,3) to D(3,2) serves as an indicator of the
distribution breadth, with a higher value signifying a wider size
distribution.

2.2.4 Adsorption behavior between L23 and salt-laden sand
particles. A sequence of batch experiments was conducted to
evaluate the inuence of NaCl concentration on the adsorption
capacity of sand particles for L23.60 A total of 8.0 g of dried sand
particles with varying salt contents (weighed to an accuracy of
0.001 g) was added to 250 mL conical asks containing varying
volumes of L23 solution, the initial concentration of L23 used in
the adsorption studies was 2500 mg L−1. The mixture was
continuously agitated for 24 h at 303 K in a temperature-
controlled horizontal shaker operating at 120 rpm to ensure
complete adsorption. Then the L23 solutions were isolated with
the treated sand particles by centrifugation. The equilibrium
concentration (Ce) of L23 solutions were determined by the
potassium ferrocyanide titration methods. The amount of L23
adsorbed on the adsorbent, G(mg g−1), was calculated by a mass
balance relation:

G = (C0 − Ce)V/m

where, C0 and Ce are the initial and equilibrium concentrations
of L23 (mg g−1) respectively, V is the volume of L23 solution (L),
and m is the weight of the salt-laden sand particles (g) used.

2.2.5 Mechanical properties of lms formed by L23 in salt-
containing emulsion. A uniform mixture of P(VAc-DBM-AA-AM-
IA-HBP) emulsion containing 3.0% NaCl and L23 solutions at
different concentrations was poured into a poly-
tetrauoroethylene (PTFE) mold and dried under ambient
conditions to form a lm. The tensile strength and elongation at
break of the lms were measured using an LDW-20 electronic
universal testing machine. The mechanical properties were
determined by averaging measurements obtained from 5
samples in each replication.

2.3 Sand-xing properties of L23 mixed with P(VAc-DBM-AA-
AM-IA-HBP) emulsion

2.3.1 Preparation of xed sand specimen. Based on the
comprehensive evaluation of surfactant salt tolerance, effects
on microbial growth, and NaCl crystallization behavior, only
L23 was found to be suitable for practical application in sand
xation under high-salinity conditions. Therefore, in the sand
xation experiments, only L23 was used. Standardized speci-
mens were prepared by homogeneously mixing 9.7 g of sand,
0.3 g of salt, and 1 g of 3.0% (w/w) emulsion with L23 at varying
concentrations. The mixture was subsequently transferred into
cylindrical molds (2.0 cm diameter × 2.2 cm height) to form
consolidated sand columns for compressive strength testing.
The specimens were rst cured at ambient temperature for 4 h,
followed by 15 days drying under identical conditions.

2.3.2 Compressive strength of xed sand specimen. The
compressive strength was measured using a universal testing
machine (WDW-5; Jinan Chuanbai Instrument Co., Ltd China).
The fully cured sand columns were tested under uniaxial
RSC Adv., 2025, 15, 48363–48380 | 48365
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compression at a constant displacement rate of 100 mm min−1

until structural failure occurred. The maximum stress observed
during testing was recorded as the compressive strength (MPa),
with triplicate measurements conducted for each sample group
to ensure statistical reliability.

2.3.3 Water retention experiment. In the laboratory, a sand
column model with a height of 35–45 mm and a diameter of
90 mm was prepared to evaluate the water retention perfor-
mance of sand-xing materials. The column was lled with
amixture of 97 g of sand and 3 g of salt. Aer a crust had formed
on the surface following the application of various sand-xing
materials, water was sprayed onto the surface at a rate of 1 L
m−2. The moist specimens were then transferred to an oven and
maintained at a constant temperature of 298 K. The water
content of each salt-affected sand specimen was determined
within 48 hours based on weight loss, with the reported value
representing the average of three independent measurements:

Water content = [(wet sand weight − dry sand weight)/

water weight] × 100%

2.3.4 Anti-wind erosion experiment. A laboratory-
assembled anti-wind erosion device was used to assess the
wind erosion resistance of the sand columns. In preparation for
the experiment, a mixture consisting of 97 g of sand, 3 g of salt,
and 10 g of various sand-xing materials was homogenized and
then dried at ambient temperature for 21 days to simulate wind
conditions of 16 m s−1 during the anti-wind erosion test. The
weight of the sand-xing system was recorded within 40
minutes, and the experiment was repeated three times.

2.3.5 Thermal aging ability of xed sand specimen. To
assess the durability under simulated desert conditions, which
experience high diurnal temperature uctuations, thermal
aging was performed at 333 K for 24 days. These temperatures
exceed the peak temperatures encountered in typical desert
environments, thereby providing an accelerated assessment of
the polymer's sand-xing performance. The 24 days duration
was chosen based on previous studies,61 which demonstrated
that it is sufficient to initiate and observe measurable changes
in the mechanical properties of similar polymer-based sand-
xing agents. So, the specimen columns underwent heat
aging in an air-circulation oven at 333 K for a total duration of
24 days, following a cyclic protocol. The compressive strength of
each sample was measured aer every cycle to assess the
thermal aging stability of the sand-xing material, and every
cycle experiment was repeated three times.

2.3.6 Freezing–thawing resistance tests. Based on the
climatic conditions typical of desert environments, freezing–
thawing cycle tests were conducted over a temperature range of
253 K to 333 K. Freeze–thaw cycling was performed using an
automated freeze–thaw testing apparatus (TL-010, Suzhou
Zhihe Environmental Instrument Co., Ltd, Jiangsu, China). One
complete freeze–thaw cycle consisted of 22 hours of freezing at
253 K followed by 2 hours of thawing at 333 K. The specimen
column underwent 24 such cycles and was subsequently tested
for compressive strength to evaluate the freeze–thaw stability of
48366 | RSC Adv., 2025, 15, 48363–48380
the sand-xing material. The reported values represent the
average of three replicate measurements.
2.4 Ecological effect of L23 mixed with P(VAc-DBM-AA-AM-
IA-HBP) emulsion

2.4.1 Plants growth. To investigate the effect of sand-xing
composite materials on plant growth in sandy soil with a salt
content of 3%, an outdoor cultivation experiment was con-
ducted. Three treatment groups were established: CK (no
material added), emulsion + 1% L23, and emulsion + 3% L23.
Aer spraying ample water and allowing it to fully inltrate the
soil, a specic quantity of L23 treated the composite emulsion
was applied at a rate of 1 L m−2. A control group sprayed with an
equivalent amount of water was set up for comparison. Plant
growth was observed on the 60th day aer transplanting two
tomato seedlings into each pot. And then, a simulation
ecological sand-xing experiment was designed in saline sandy
areas of Qinghai, that is, Tall Fescue, a kind of halophyte, was
sowed in the salt-affected sand soil, and the emulsion + 3% L23
composite material was sprayed on the surface of the sand soil
for sand xation; hereaer, the growth of halophytes was
observed.

2.4.2 Microorganism analysis. Six months later, triplicate
soil samples were collected from a depth of 0–20 cm at each site
using the salt-affected sandy soil to analyze microbial commu-
nity changes. The microbial population in salt-affected sandy
soils is typically quantied using the plate counting method.62

2.4.3 Effects of sand-xing materials on sandy soil physi-
cochemical properties. An outdoor experiment was carried out
between March and September 2024 to evaluate the physico-
chemical properties of treated salt-affected sandy soils using the
following methodologies: sand humidity was measured with
a JXBS-3001-WRB-1 multi-parameter soil sensor (Weihai Jing-
xun Changtong Electronic Technology Co., Ltd, Shandong,
China). Subsequently, at the same time each month, organic
matter content was quantied by the potassium dichromate
volumetric method, while total nitrogen content was deter-
mined using the standard Kjeldahl method63 with an HN-01
Kjeldahl nitrogen analyzer (Shanghai Yonggui Analytical
Instruments Co., Ltd, China). The analytical procedure
comprised three principal steps: digestion in concentrated
sulfuric acid with a catalytic mixture (K2SO4 and CuSO4) at
elevated temperature to convert organic nitrogen into ammo-
nium sulfate; alkaline treatment of the digested sample fol-
lowed by quantitative distillation of the liberated ammonia into
boric acid absorption solution; and nal titration of the
captured ammonia with standardized hydrochloric acid. The
total nitrogen content was calculated based on the titration
data. Available phosphorus and potassium were measured
using atomic emission spectrometry.
3 Results and discussion
3.1 Salt tolerance of surfactants

The salt tolerance of surfactants can be evaluated based on their
water solubilization capacity at varying salinity levels.64 As
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Transmittance of themiddle-phase surfactant aqueous solution
as a function of electrolyte concentration at 318 K.
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shown in Fig. 1, the transmittance of the middle aqueous phase
in SDS, CTAB, and L23 solutions was measured across varying
salt concentrations. The results demonstrate that as NaCl
concentration gradually increases, a critical point is reached
where the transmittance undergoes a sharp decrease, indicating
the onset of phase separation within the system. The salt
concentration corresponding to this sharp drop in trans-
mittance is dened as the maximum salt tolerance for each
surfactant.65 Accordingly, the maximum salt tolerances were
determined to be 27.6 g L−1 for CTAB, 65 g L−1 for SDS, and
385 g L−1 for L23. This critical transition signies the collapse of
micellar stability and the formation of surfactant aggregates,
conrming that the surfactants maintain excellent salt toler-
ance below their respective threshold concentrations.

The distinct differences in salt tolerance can be attributed to
the molecular structures of the surfactants. Both CTAB
(cationic) and SDS (anionic) are ionic surfactants whose
Fig. 2 Phase volume fractions of the oil, microemulsion, and aqueous p

© 2025 The Author(s). Published by the Royal Society of Chemistry
solubility heavily relies on electrostatic repulsion between
charged headgroups. The addition of NaCl compresses the
electrical double layer and screens these charges, effectively
reducing intermolecular repulsion and leading to aggregation
and precipitation at relatively low salt concentrations. In
contrast, L23 is a non-ionic surfactant whose solubility derives
from the hydration of its polyoxyethylene chain. This steric
stabilization mechanism is signicantly less affected by the
presence of salt ions, thereby conferring its superior salt toler-
ance. Generally, the salt content in saline sandy soils is below
3%. These results indicate that both SDS and L23 are suitable
for sand xation in highly saline sandy land environments.

The salinity at which surfactant water solubilization reaches
its maximum is generally dened as the “optimal salinity” for
microemulsion systems.66 Typically, this optimal salinity occurs
within the Winsor III region, where the solubilization parame-
ters of oil and water (so and sw) in the microemulsion phase are
equal, corresponding to the minimum interfacial tension.67

Based on the experimental results shown in Fig. 2, the optimal
salinities of SDS and L23, as determined through phase
behavior analysis, were identied as 60 g L−1 and 100 g L−1,
respectively (Table 1). Furthermore, it was observed that at the
optimal salinity, the middle-phase microemulsion exhibited the
capability to solubilize equal volumes of oil and brine. There-
fore, it can be stated with high condence that the composite
sand-xing material prepared with SDS and L23 remains stable
at the optimal salinity, even under conditions far exceeding the
actual salt content typically found in sandy lands.

Besides, the salt tolerance of surfactants can be evaluated
based on the salinity range (denoted as DS = S2 − S1, where S1
represents the initial salinity and S2 corresponds to the nal
salinity at which the middle-phase microemulsion forms).
Because the salt content in the saline sandy land was generally
below 3%, which is signicantly lower than the DS values of
both SDS and L23, it can be concluded that SDS and L23 are
suitable for use in sand-xingmaterials applied to highly saline-
affected sandy lands (Table 1).
hases as a function of NaCl concentration at 318 K: (a) SDS, (b) L23.
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Table 1 Optimal salinity (S*), initial salinity (S1), end salinity (S2), and
salinity range (DS = S2 − S1) for obtaining middle phase emulsion with
SDS or L35 at 318 Ka

S* (g L−1) S1 (g L−1) S2 (g L−1) DS (g L−1)

SDS 60 30 90 60
L23 100 70 >160 >90

a The volume fractions of the three macroscopic phases are normalized
to 100%. The co-surfactant (sec-butyl alcohol) is solubilized within the
microemulsion phase and is not represented as an independent
component.
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3.2 Ecological effect of the surfactant on high salt-affected
sandy land

Microorganisms contribute substantially to sandy soil fertility
and plant nutrition, while also promoting the conversion of
sand into soil. Moreover, they are recognized as the most bio-
logically dynamic constituents in terrestrial ecosystems. As
a result, microbial growth and activity represent a key indicator
for assessing the efficacy of sandy land restoration efforts. Due
to CTAB exhibits signicant inhibitory effects on soil microbial
growth. Since a sustainable sand-xation strategy should
promote or at least not harm the soil ecosystem, the bactericidal
properties of cationic surfactants like CTAB make them an
undesirable choice. Therefore, Table 2 showed the bacterial
counts in sand treated with 3.0% salt along with varying
concentrations of SDS and L23. As observed, increasing the
Table 2 The change in soil bacterial quantity of sand specimens treated

The surfactant concentration (%) Bacteria (/g)

0 (2.017 � 0.04
1 (2.035 � 0.07
2 (1.919 � 0.05
3 (1.874 � 0.04
4 (1.736 � 0.09
5 (1.419 � 0.07

a Level of signicance: p < 0.001 between sand specimens treated with diffe
signicance: p < 0.01 between sand specimens treated with different conce
presented due to its severe biocidal effect, which resulted in complete i
comparison. This property is a key factor in its unsuitability for ecologica

Fig. 3 Effects of different surfactants on the crystallization behavior of N

48368 | RSC Adv., 2025, 15, 48363–48380
concentration of L23 did not signicantly affect the bacterial
population in the sand. Although SDS was able to inhibit
bacterial growth to some extent, a substantial number of sand
bacteria remained present in the culture. These results indi-
cated that, at the tested concentrations, both SDS and L23 were
harmless to the growth of sandy soil microorganisms. More-
over, the composite sand-xing material prepared with SDS and
L23 not only exhibited excellent salt tolerance, but also
demonstrated positive ecological effects when applied in highly
saline sandy land.

3.3 Effects of surfactants on the crystallization behavior of
NaCl

To reduce the inuence of NaCl crystal size on sand xation
efficiency, multiple types of surfactants were incorporated
during the crystallization of NaCl to investigate their effects on
its crystallization behavior. As shown in Fig. 3, in the absence of
surfactants, the strong hygroscopicity of NaCl induced disso-
lution and recrystallization on the crystal surfaces. This process
promoted the formation of crystalline bridges at interparticle
contact points, which caused particle adhesion and ultimately
led to the development of large aggregates (Fig. 3(a)). Upon
addition of SDS or CTAB to the NaCl solution, precipitation of
the surfactants occurred during crystallization as the NaCl
concentration exceeded their respective salt tolerance limits.
This loss of surfactant activity due to precipitation consequently
eliminated their ability to modify the surfaces of NaCl crystals
(Fig. 3(b) and (c)), which demonstrate that SDS and CTAB lacked
adequate salt tolerance and failed to prevent the formation of
with different concentrations of surfactant after 30 daysa

of spraying SDS Bacteria (/g) of spraying L23

16) × 105a (2.084 � 0.0279) × 105a

61) × 105a (2.053 � 0.0162) × 105a

49) × 105a (2.048 � 0.0613) × 105a

31)×105a (2.091 � 0.0157) × 105a

04) × 105b (2.027 � 0.0285) × 105b

46) × 105a (2.044 � 0.0386) × 105a

rent concentrations of surfactant according to Student's t-test. b Level of
ntrations of surfactant according to student's t-test. Data for CTAB is not
nhibition of microbial activity and precluded meaningful quantitative
l applications.

aCl: (a) CK; (b) 3% CATB; (c) 3% SDS; (d) 3% L23.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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large, destructive salt crystals within the sand matrix. In
contrast, owing to its exceptional salt tolerance, the introduc-
tion of L23 into the NaCl solution markedly suppressed mois-
ture absorption and prevented the caking of NaCl crystals.
Consequently, L23 facilitated the formation of smaller NaCl
crystals (Fig. 3(d)). The underlying mechanism originated from
the active participation of L23 in the crystal growth process
without integration into the crystal lattice. Instead, it accumu-
lated near or adsorbed directly onto crystal surfaces. Shortly
aer nucleation, L23 rapidly adsorbed at the solid–liquid
interface, forming a molecular lm that functions as an effec-
tive anti-caking barrier. This lm not only reduced moisture
uptake by NaCl, thereby decreasing crystal water content, but
also promoted dehydration. Moreover, L23 molecules adopt
a zigzag conformation in aqueous solution, with hydrocarbon
chains constituting a hydrophobic domain on one side and
polyether oxygen groups forming a hydrophilic domain on the
opposite side. Upon adsorption, L23 oriented its polar groups
toward the crystal interior while positioning nonpolar groups
outward, creating a thin hydrophobic encapsulation layer
around the crystal. This layer effectively obstructed atmospheric
moisture absorption by NaCl, thus inhibiting water adsorption
and suppressing dissolution and recrystallization on the crystal
surface.68 As a result, it signicantly reduced or entirely elimi-
nated the caking tendency of NaCl. Furthermore, the hydro-
phobic lm served as a mechanical barrier between adjacent
crystals, further preventing intergranular agglomeration and
leading to a decrease in NaCl crystal size, which is crucial for
maintaining the structural integrity of the sand-xing layer.
3.4 XRD analysis

X-ray diffraction (XRD) analysis was conducted on NaCl parti-
cles aer L23 surface modication and subsequent heat treat-
ment at 673 K to remove the modier. Phase identication was
carried out by comparing the obtained diffraction patterns with
standard powder diffraction data from the International Centre
for Diffraction Data (ICDD) database, specically referencing
Fig. 4 The XRD of NaCl particles with different dosages of L23.

© 2025 The Author(s). Published by the Royal Society of Chemistry
the JCPDS card No. 01-077-2064 for NaCl. As shown in Fig. 4, all
diffraction peaks of the modied powder precisely matched the
standard peak positions of pure NaCl, conrming that the
crystal structure, particularly its cubic characteristics, remained
intact throughout the entire process of L23 modication and
subsequent removal. In other words, the L23-modied powder
retained the crystalline phase of sodium chloride, demon-
strating that the modication process did not alter the NaCl
crystal structure. These results further veried that surfactants
played an essential role in regulating the morphology and size
of NaCl particles during crystal growth. Specically, surfactant
adsorption on crystal surfaces lowered the interfacial energy
required for nucleation, thereby enhancing the nucleation rate.
On the other hand, surfactants also inhibited secondary
nucleation by blocking key sites on crystal facets, reducing NaCl
collision probability, and occupying active nucleation centers.
Additionally, the encapsulation layer formed by surfactants
around the crystal nuclei disrupted hydrogen-bond bridging
between water molecules and NaCl crystals, effectively pre-
venting particle agglomeration.69 Our results strongly support
the initial hypothesis, demonstrating that L23 was the only
surfactant suitable for high-salinity sand xation. This conrms
the critical importance of selecting nonionic surfactants for
saline environment restoration, a nuance that was previously
suggested but not conclusively demonstrated.

The benecial effects of L23 on NaCl particle size and
dispersion were conrmed by the particle size analysis results in
Table 3. This study employed the volume-weighted mean
diameter D(4,3) (De Brouckere mean, sensitive to the presence of
larger particles) and the surface-area weighted mean diameter
D(3,2) (Sauter mean diameter, more inuenced by ner particles)
as characterization metrics. Data analysis demonstrated a clear
inverse correlation between L23 concentration and the width of
particle size distribution.

This regularity indicates that L23 effectively regulates the
NaCl crystallization process by suppressing excessive crystal
growth and aggregation, thereby signicantly reducing the
hygroscopicity, deliquescence, and caking tendency of the
resulting product. Consequently, the damaging effects of NaCl
aggregates on sand-xing materials are effectively suppressed,
leading to signicantly enhanced stability of sand xation
effectiveness.
3.5 Effect of salt concentration on adsorption isotherm of
L23

The investigation into how NaCl concentration affects L23
adsorption on sand particles is essential, given that the sand-
xing material is designed for highly saline environments.
Table 3 Size distribution of NaCl particles with different L23 content

L23 dosage/% D50/mm D90/mm D(4,3)/mm D(3,2)/mm D(4,3)/D(3,2)

0 29.14 54.71 22.27 4.06 5.49
1 19.05 33.75 17.25 3.81 4.53
3 7.49 11.79 8.05 3.61 2.23

RSC Adv., 2025, 15, 48363–48380 | 48369
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Fig. 5 Adsorption isotherms of L23 on sand surface at varied salinities
of brine at 303 K.
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Adsorption isotherms for L23 solution at varied salinities were
shown in Fig. 5, the adsorption capacity of L23 on sand particles
exhibited a progressive increase with higher NaCl concentra-
tions before eventually plateauing. This phenomenon can be
primarily attributed to the following mechanisms, rstly, Na+

and Cl− ions compressed the diffuse double layers of both the
sand surface and L23 molecules, effectively reducing electro-
static repulsion and strengthening the van der Waals forces and
hydrophobic interactions between the hydrophobic chains of
L23 and the sand particles; secondly, the “salting-out effect”
induced by salt ions decreased the solubility of L23 in the
solution, driving its migration from the liquid phase to the
solid–liquid interface. Meanwhile, Na+ ions reduced the nega-
tive surface potential of the sand through charge neutralization,
lowering the adsorption energy barrier for the polar head
groups of L23. These synergistic effects collectively optimized
the thermodynamic and kinetic processes of L23 adsorption at
Fig. 6 Fitting curves of the adsorption of L23 on sand surface at varied

48370 | RSC Adv., 2025, 15, 48363–48380
the sand interface,70,71 thereby improving its adsorption effi-
ciency. The nding told that the adsorption of L23 on sand
particle was favored at high salinity and therefore, the adsorp-
tion process was found to be a chemical process with increasing
salinity.

To gain a comprehensive understanding of the adsorption
mechanism, the adsorption data were analyzed using both
Langmuir and Freundlich isothermmodels. These models were
employed complementarily to evaluate the nature of the
adsorption process and the heterogeneity of the sand surface.
The Langmuir model, which presupposes monolayer adsorp-
tion onto a homogeneous surface with sites of uniform energy,
was primarily used to estimate the maximum adsorption
capacity (Qm), thereby enabling a quantitative comparison of
surfactant performance.72 In contrast, to account for potential
adsorption on heterogeneous surfaces, the Freundlich model
was also applied. The Freundlich model, an empirical equation
adept at describing adsorption on heterogeneous surfaces, was
applied as a comparative benchmark. The parameters obtained
from the two adsorption models are summarized in Fig. 6 and
Table 4. Despite the complex nature of soil–surfactant interac-
tions potentially deviating from the model's ideal assumptions,
the regression coefficients (R2) for the Langmuir model were
consistently higher than those for the Freundlich model, the
Langmuir equation still yielded a satisfactory empirical t to the
equilibrium data (R2 > 0.979), indicating that the Langmuir
isotherm described the adsorption behavior of L23 onto sand
particles more accurately.
3.6 Effects of L23 on the properties of salt-containing
emulsions

3.6.1 Particle size and zeta potential. The performance of
sand-xing emulsions on sandy surfaces is largely determined
by their particle size and zeta potential, owing to the micropores
and negative surface charges of sand particles. This study
examined how the dosage of L23 inuenced these two key
salinities: (a) Langmuir; (b) Freundlich.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Adsorption isotherm parameters of L23 at varied salinities

Salinities (wt% NaCl)

Langmuir parameters Freundlich parameters

Gmax(mg g−1) KL × 102(L mg−1) R2 KF(mg g−1) 1/n R2

0 0.937 0.328 0.979 0.268 0.176 0.791
1 1.072 0.538 0.984 0.342 0.162 0.793
2 1.189 0.777 0.988 0.411 0.151 0.793
3 1.267 1.385 0.990 0.462 0.143 0.808

Fig. 7 The influence of L23 content on the particle size and zeta
potential of the P(VAc-DBM-AA-AM-IA-HBP) emulsion containing
3.0% NaCl.
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parameters. As illustrated in Fig. 7, increasing the L23
concentration effectively controlled the particle size of the
saline emulsion through reinforcement of the surfactant
adsorption layer, improved resistance to salt ion interference,
and optimization of the micelle structure. The mechanism
could be interpreted as follows: in NaCl-containing emulsion
systems, inorganic salts could displace emulsiers originally
adsorbed on polymer chains. The interaction between emulsi-
ers and salt ions caused desorption and marked compression
of the electric double layer, leading to a signicant increase in
apparent emulsion particle size. In contrast, when L23 was
introduced, salt ions preferentially interact with L23, which
strengthened the oil–water interfacial lm and consequently
reduced emulsion particle size.
Fig. 8 Effect of L23 addition on the microscopic morphology of films fo

© 2025 The Author(s). Published by the Royal Society of Chemistry
As for the zeta potential, since L23 was a non-ionic surfac-
tant, increasing its concentration lowered the negative charge
density of the emulsion. This reduction in zeta potential elec-
tronegativity produced dual effects: on one hand, it diminished
the coulombic repulsion between emulsion droplets and sand
particles, and the improved electrostatic compatibility
enhanced the adsorption of the saline emulsion onto the sand
surface; on the other hand, the relatively low zeta potential
values of particles in the system indicated limited colloidal
stability, predisposing the system to demulsication and
particle aggregation. While this represents a disadvantage for
applications requiring long-term dispersion stability, it proves
to be a crucial advantage for sand xation. The tendency for
rapid aggregation upon contact with the sand layer, coupled
with water evaporation, constitutes the fundamental mecha-
nism facilitating the formation of a dense, consolidated crust.
This crust effectively binds sand particles together, thereby
fullling the core functional requirement of wind erosion
control. Consequently, the zeta potential characteristics
observed in this study do not indicate performance aws but are
inherently linked to the system's designed functionality for
rapid crust formation and efficient sand xation.

3.6.2 SEM analysis. To understand how L23 enhanced the
lm-forming properties of saline emulsions, we examined the
morphology of lms derived from L23-modied emulsions
(Fig. 8). In the absence of L23, the lm contained large aggre-
gates of NaCl particles embedded in the polymer matrix, along
with numerous voids and signicant interfacial debonding
(Fig. 8(a)). A clear boundary with multiple interfacial cavities
was observed between the NaCl particles and the polymer,
indicating a thin transition layer and poor adhesion, which
resulted in low interfacial bonding strength. As the L23 content
increased, the NaCl crystal size decreased effectively, elimi-
nating large visible particles on the lm surface. Particle
rmed from salt-containing emulsions: (a) CK; (b) 1% L23; (c) 3% L23.
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Fig. 10 Variation of compressive strength with L23 content in the
emulsion.
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dispersion improved signicantly, yielding a ner and more
compact lm structure. At 3% L23, the NaCl particles were
completely incorporated into the composite matrix, leading to
a highly blurred interface (Fig. 8(c)). The enhanced mechanical
and functional properties of the lm were attributed to the L23-
induced renement of NaCl particles and the formation of
a high-strength interfacial transition zone. This particle-
polymer synergy improved sand particle encapsulation and
adhesion, leading to superior performance of the emulsion in
high-salinity sand stabilization applications.

3.6.3 Mechanical properties. Similarly, the inuence of L23
dosage on the mechanical properties of lms derived from salt-
containing emulsions was examined. As shown in Fig. 9, the
tensile strength of the composite lms rst increased and then
decreased with higher L23 content, peaking at 3.57 MPa for the
lm with 3% L23. This trend was attributed to the dual role of
L23: it reduced NaCl particle size while plasticizing the
surrounding polymer chains, thereby strengthening the inter-
face. This enhanced interfacial interaction promoted shear-
induced deformation under tension, initially improving
tensile strength. Beyond an optimal dosage, however, the
dominant external plasticizing effect led to a gradual strength
reduction. In contrast, the elongation at break increased
steadily with L23 content, due to the combined effected of ner
particles, increased chain mobility, and external
plasticization.73
3.7 Effect of L23 addition on sand xation performance

3.7.1 Compressive strength. Compressive strength, indi-
cating the mechanical resistance and interparticle bonding of
the sand-xing crust, was measured using naturally saline sand
(z3% salt) from mobile dunes in the Qinghai Sandy Land. The
specimens were fabricated by mixing the sand with the emul-
sion and L23 with concentrations ranging from 0.0% to 4.0%
according to the procedure described in Section 2.3.1. Fig. 10
showed that the compressive strength of the xed sand
exhibited a positive correlation with L23 concentration. The
Fig. 9 Effect of L23 on the mechanical properties of salt-containing
emulsions.

48372 | RSC Adv., 2025, 15, 48363–48380
sand-xing strength of the sand mold exhibited a gradual
increase with higher L23 addition. Upon reaching a 2% L23
dosage, the strength stabilized, showing only negligible subse-
quent variation. This behavior was attributed to the fact that, in
the absence of L23, NaCl crystallized freely within the sand
mold. The salt's strong hygroscopicity led to repeated dissolu-
tion–recrystallization cycles on the mold surface, which conse-
quently promoted the growth of NaCl particles (Fig. 11(a)). As
a result, the material's sand-xing capability was signicantly
compromised. However, as the L23 content increased, it acted
to both reduce the size of NaCl particles and form a hydro-
phobic protective layer around them, which in turn suppressed
moisture absorption and particle agglomeration. Consequently,
the detrimental effect of NaCl on the lm wasmitigated, leading
to a progressive improvement in sand-xing efficiency
(Fig. 11(b)). However, when the L23 content exceeded 2%, its
function shied predominantly to that of an external plasti-
cizer. The combined action of plasticization and particle
stabilization resulted in a plateau in sand-xing strength. These
ndings collectively demonstrated that the combined use of L23
and the P(VAc-DBM-AA-AM-IA-HBP) emulsion constituted
a highly suitable composite sand-xing material system for
applications in high-salinity sandy environments.

3.7.2 SEM analysis. High-salinity conditions readily
promote the formation of cracks and pores in latex lms,
adversely affecting their mechanical integrity and sand-xing
capacity. As shown in the SEM images, the surface of the salt-
containing latex lm without L23 was relatively rough and
exhibited noticeable cracking and damage (Fig. 12(a)), mainly
resulting from salt hygroscopicity and stress-induced damage
during crystal growth within the lm. In contrast, lms modi-
ed with L23 displayed a notably smoother and denser surface
morphology, with substantially fewer cracks and pores
(Fig. 12(c)). To more precisely identify the distribution of crys-
talline structures in the sand sample shown in Fig. 12(c), EDS
elemental mapping was performed on the annotated region of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Solidification effect on saline sand by L23 concentration in the emulsion: (a) CK; (b) 1% L23.
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Fig. 12(c). The distribution maps for sodium and chlorine
(Fig. 12(d) and (e)) demonstrate signicant spatial co-
localization of these two elements within the pores of the
sand matrix, forming distinct aggregates. These results provide
direct conrmation that the crystals are indeed NaCl, thereby
verifying our research hypothesis that in the presence of L23,
the salt crystallization process occurs in a dispersed manner
rather than forming large, destructive crystalline crusts. These
observations further veried that L23 incorporation effectively
reduced the disruptive effects of NaCl particles on the lm,
signicantly strengthened the mechanical performance of salt-
containing latex lms, and improved their durability against
external physical stresses such as wind and rain erosion,
leading to enhanced sand-xing performance.

3.7.3 Anti-wind erosion performance. Fig. 13 presented the
results of wind erosion resistance tests conducted through
physical simulations using natural wind exposure on sand pile
models. Under a wind speed of 16 m s−1, compared to the
control group's residual sand mass of 1.92%, the combined use
of the emulsion and L23 increased the residual sand mass to
Fig. 12 Effect of L23 addition on the microscopic morphology of the em
spectra of (c) sample; (e) EDS mapping of (c) sample.

© 2025 The Author(s). Published by the Royal Society of Chemistry
69.6%, meeting the wind erosion resistance standards for high-
salinity sandy environments.74 This phenomenon could be
attributed to the addition of L23, which further reduced the
particle size of NaCl, resulting in sufficiently ne NaCl particles
with excellent compatibility with the polymer lm. Under these
conditions, the rigid NaCl particles effectively enhanced the
polymer properties, thereby improving the sand-xing perfor-
mance of the P(VAc-DBM-AA-AM-IA-HBP) emulsion. Notably,
the hyperbranched structure in the emulsion also reduced the
interfacial tension between sand particles and the emulsion,
consequently improving wettability and interfacial bonding
strength.75,76 So, adding L23 into P(VAc-DBM-AA-AM-IA-HBP)
emulsion would be a prospective method for the ecological
sand-xation in high salt affected sandy land areas.

3.7.4 Thermal aging ability. To evaluate the thermal
stability of the emulsion + L23 composite for sand xation,
saline sand containing 3%NaCl was treated with different sand-
xing materials and subjected to continuous thermal aging
tests. As shown in Fig. 14, compressive strength remained
largely unchanged over 24 thermal cycles, demonstrating
ulsion in high-salinity sandy soil: (a) CK; (b) 1% L23; (c) 2% L23; (d) EDS
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Fig. 13 Anti-wind erosion performance of the sand-pile models. Fig. 15 Variation characteristics in compressive strength of freeze–
thaw cycle frequency.
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consistent performance regardless of the number of aging
cycles. This observation demonstrates the robust thermal aging
resistance inherent in the combined use of the emulsion and
L23 consolidated sand layers.

3.7.5 Freeze–thaw ability. The freeze–thaw durability of
sand layers consolidated with the emulsion + L23 composite
was assessed. Specimens were prepared by treating sand (con-
taining 3% NaCl) with different sand-xing materials and
subsequently tested for compressive strength. As illustrated in
Fig. 15, a progressive decline in compressive strength was
observed across all specimens as the number of freeze–thaw
cycles increased. Notwithstanding this trend, the compressive
strength retained aer 24 cycles was 0.351 MPa, fullling the
requisite standard. It can be concluded that the combined
application of emulsion and L23 confered commendable frost
resistance, indicating its suitability for sand stabilization in
saline desert conditions.

3.7.6 Water retention performance. In order to increase
available water capacity and promote the growth of halophytic
vegetation, the water content of each specimen treated with
Fig. 14 Variations in compressive strength of stabilized sand speci-
mens with thermal cycling frequency.

48374 | RSC Adv., 2025, 15, 48363–48380
different sand-xing materials during different drying time was
determined to evaluate the water-retaining ability. The relation
curves of the water content of each specimen and drying time
were presented in Fig. 16. It could be seen that the water content
of treated specimens was much higher than that of untreated
specimens during the test period. When no L23 was added to
the emulsion, the large NaCl particles formed in the sand
caused signicant damage to the sand-xing material, leading
to the formation of channels with varying pore sizes between
the lm and sand particles. This allowed water molecules to
move freely through these pathways, reducing resistance to
evaporation and consequently decreasing the water retention
capacity of the emulsion. However, with the addition of L23 to
the emulsion, the size of NaCl crystals was effectively controlled
and reduced, while phase separation between NaCl and the lm
was also minimized. Furthermore, the hydrophilic ends of L23
interacted with both free and bound water in the sand, forming
a reticular molecular lm that restricted the diffusion of water
molecules into the air.77 As a result, the water retention
Fig. 16 The relationship between L23 content and the water content
of sand with 3.0 wt% NaCl at different evaporating time under 298 K.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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performance of the material was signicantly improved aer
adding L23.

Moreover, within the same time frame, the water retention
capacity of the samples increased with higher concentrations of
L23 in the emulsion. This could be attributed to the addition of
L23, which reduced the surface tension between the emulsion
and sand particles, thereby enhancing the spreading and lm-
forming properties of the emulsion at the interface and
improving its durability. According to the single molecular
insoluble lm theory, water evaporation was the process by
which H2O molecules of water surface changes from a liquid to
a gas or vapour. When water molecules escape from the surface,
the resulting molecular lm generates an interfacial force that
suppresses evaporation. Increasing the amount of L23
promoted the formation of a denser crust on the sand surface,
thereby enhancing moisture retention. In addition, while
inhibiting water evaporation, L23 also effectively suppressed
the upward movement of salt in the sand, reducing salt accu-
mulation on the surface. This improvement contributed to the
enhanced sand-xing effectiveness of the material and sup-
ported the growth of plants and microorganisms in the sand.78

In summary, the incorporation of L23 into the emulsion
signicantly reduced the water evaporation rate and improved
water retention performance. This may be important for
germination and growth in halophytes and reproduction of
Fig. 17 Moisture of treated sand.

Fig. 18 Differences in physicochemical properties of the treated sand: (a
potassium contents.

© 2025 The Author(s). Published by the Royal Society of Chemistry
microbe in the salty desert, which would be planned in our
future investigation.

3.7.7 Moisture of treated sand. Humidity is a key factor
affecting microbial activity and plant growth in saline sandy
soil. Fig. 17 illustrated that signicant variations in moisture
content were observed among the sand samples treated with
different sand-xing materials over the six-month testing
period. Both L23 and emulsion treatments individually
demonstrated positive effects on sand moisture content, with
results signicantly superior to the blank treatment. Further-
more, sand samples treated with the L23-emulsion composite
material showed markedly higher humidity levels than those
treated with emulsion alone, achieving a moisture increase
exceeding 1.3 times. This indicated that the composite material
could function as a “reservoir” in desert environments, storing
water during rainfall and releasing it gradually, thereby
providing a sustained water supply for the growth of psammo-
phytic vegetation in highly saline sandy soils.

3.8 Ecological effect of L23 addition on sand xation
performance

3.8.1 Nutrient content of treated sand. In addition to
water, nutrients are the other primary factor limiting plant
growth. In wind-blown sand areas, the soil formation process is
unstable due to wind erosion and sand burial, resulting in
minimal organic matter accumulation and a lack of physical
clay particles, which leads to fragile soil structure. Therefore,
enhancing the accumulation of soil organic carbon and
nutrient content can promote the restoration of degraded saline
sandy soils.79,80 Fig. 18(a–c) indicated that the L23+emulsion
composite material increased the organic carbon content of
treated sandy soil by at least 114.2%, the total nitrogen content
by at least 13.1%, and the available potassium content by at
least 22.7% compared to treatment with emulsion alone. This
demonstrated that L23, by controlling salt crystal size and
reducing phase separation, enhanced the density of the emul-
sion lm formation, creating a stable three-dimensional
network structure that effectively inhibited water evaporation
and salt migration upward, thereby fostering favorable condi-
tions for organic matter accumulation. Simultaneously, the
microenvironment formed by the combination of its hydro-
philic ended with moisture in the sandy soil adsorbs and slowly
releases nutrients, promoting microbial activity and nutrient
) organic carbon contents, (b) total nitrogen contents, and (c) available
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Fig. 19 Parallel images of the growth of tomato seedlings: (left) sand containing 3% NaCl with treatment of emulsion; (right) sand containing 3%
NaCl treated by emulsion mixed L23.
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transformation, thus signicantly increasing the content and
sustainable supply capacity of nutrients such as organic carbon,
nitrogen, and potassium in the sandy soil. The changes in
nutrient content in the sandy soil visually reected that the
combined use of L23 and emulsion has a signicant impact on
the transformation of sand into soil and the ecological resto-
ration of vegetation.

3.8.2 Plant growth in treated sand. One of the most
important considerations in ecological sand xation is
achieving vegetation restoration in sandy land. To study the
effect of the L23 + emulsion composite sand-xing material on
plant growth, we conducted a planting experiment with tomato
seedlings in sand containing 3% NaCl. The growth result of the
tomato seedlings aer 40 days were shown in Fig. 19. Compared
to the use of emulsion alone, a clear difference in the growth of
tomato seedlings was observed on the saline sand xed with the
L23 + emulsion composite material. The superior growth
performance indicated the positive effect of the L23 + emulsion
composite material on the restoration of saline sandy land. This
growth disparity arised because the L23 + emulsion composite
material could build bridges between moving sand particles,
binding them together to form a sand-xing layer with resis-
tance to wind erosion, thereby providing a suitable and stable
environment for plant growth. Furthermore, the addition of L23
signicantly enhanced the water retention capacity of the sand-
xing material and increased the nutrient content in the sand,
while reducing salt-induced osmotic pressure in the sandy soil,
thus promoting the germination and growth of halophytes.
Fig. 20 Parallel images of growth of Tall Fescue in field conditions: (left

48376 | RSC Adv., 2025, 15, 48363–48380
Accordingly, a eld study has been implemented. Fig. 20
illustrated the growth performance of Tall Fescue on saline sand
treated with the L23 + emulsion composite sand-xing material
under eld conditions over a seven-month period from March
to September. Compared to the application of emulsion alone,
a distinct difference in plant growth was observed on the saline
sand stabilized with the L23 + emulsion composite. Tall Fescue
thrived in the sand treated with the L23 + emulsion material,
exhibiting a seedling survival rate exceeding 60%, signicantly
higher than that in plots treated with emulsion only. Further-
more, stem biomass and plant height were markedly greater
than those in the control group. The vigorous growth observed
underscored the efficacy of the L23 + emulsion composite in
restoring high-salinity sandy lands. Nevertheless, our primary
long-term goal remains to achieve sustainable vegetation
survival and ourishing within stabilized saline desert ecosys-
tems. Further research is needed and should be related to both
materials and Tall Fescue.

3.8.3 Microbial dynamics in treated sand. The microbial
growth in saline sand treated with L23 + emulsion composite
sand-xing material was analyzed using the plate counting
method, and the experimental results were shown in Fig. 21.
The plate count data revealed that the quantities of both fungi
and bact eria were noticeably lower than those of actinomycetes
in all groups, including the control. This was likely due to the
high salt concentration and nutrient-poor conditions in the
sandy soil, which greatly restrict the proliferation of bacteria
and fungi, resulting in noticeably lower counts compared to
) treated by emulsion; (right) treated by emulsion mixed L23.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 Number of microbes of the treated sand: (a) bacteria, (b) actinomycetes, and (c) fungi.
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actinomycetes. In contrast, the microbial population in the soil
treated with the L23 + emulsion composite material showed
a substantial increase compared to that treated with emulsion
alone, demonstrating the favorable ecological effects of the L23
+ emulsion composite. This improvement could be attributed to
L23's ability to optimize the lm-forming structure of the
emulsion, creating a stable three-dimensional network that
provided suitable habitats for microorganisms. Additionally,
the hydrophilic ends of L23 formed a micro-environment by
interacting with water, effectively reducing salinity stress in the
soil solution, while the organic matter and nutrients released
gradually from the composite lm served as a sustained energy
source for microbial metabolism. Together, these mechanisms
signicantly enhanced microbial colonization and reproduc-
tion. These ndings indicated that the application of the L23 +
emulsion composite sand-xing material in saline desert
remediation could meet the requirements for ecological
restoration.

4 Conclusion

This study developed an L23 + emulsion composite eco-sand-
xing material to address salt crystallization damage in highly
saline sandy lands. The results demonstrated that surfactant
L23 signicantly enhanced its adsorption capacity on sand
particles through synergistic effects including double-layer
compression and salting-out, effectively controlling NaCl crys-
tallization morphology and inhibiting salt-induced damage.
When compounded with P(VAc-DBM-AA-AM-IA-HBP) hyper-
branched emulsion, the material exhibited comprehensively
improved sand-xing properties, including mechanical
strength, wind erosion resistance, thermal aging resistance, and
freeze–thaw stability, enabling it to withstand harsh desert
conditions. Field experiments further conrmed that the
material promoted plant and microbial growth, demonstrating
good ecological compatibility. This research will provide
a promising material design and technological pathway for
desertication control in saline desert areas.
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