
Effect of PFDTS/TiO2 Coating on Microstructure and Wetting
Behavior of Phosphogypsum
Yuanxia Li, Fangfang Zeng, Guang Yang, Yi Li, Shun Zhang, and Qibin Liu*

Cite This: ACS Omega 2024, 9, 39682−39695 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Phosphogypsum (PG) constitutes a form of solid
byproduct emanating from the manufacturing process of wet-
process phosphoric acid. The fabrication of one metric ton of wet-
process phosphoric acid entails the generation of approximately
five tons of phosphogypsum, a highly prolific and economically
viable waste stream. If we can effectively solve the problem of poor
hydrophobicity of phosphogypsum, it is possible to replace cement
and other traditional cementitious materials. In this way, we can
not only improve the utilization rate of phosphogypsum but also
obtain significant economic and environmental benefits. In the
present investigation, hydrophobic surface coatings were synthe-
sized and applied onto the surface of α-hemihydrate phosphogyp-
sum (α-HPG) utilizing sol−gel processing and impregnation
techniques. After hydroxylating α-HPG with alkaline solution (OH-α-HPG), titanium dioxide nanoparticles (TiO2) hybridized with
perfluorodecyltriethoxysilane (PFDTS) were grafted on its surface. The assessment of the hydrophobic properties of the coatings
was conducted through water contact angle measurements, Fourier transform infrared (FTIR) spectroscopy, X-ray photoelectron
spectroscopy (XPS), and scanning electron microscopy (SEM) analyses. The contact angle remained above 124.2° after strong
acidic and alkaline immersion and 50 tape adhesion experiments with good chemical stability and durability, and the mechanism of
surface hydrophobicity modification was discussed. The experimental outcomes demonstrated a notable increase in the hydroxyl
group concentration on the α-HPG surface following hydroxylation, significantly enhancing the attachment rate of PFDTS and TiO2
onto the HPG surface. PFDTS and TiO2 can undergo chemical interaction with hydroxyl groups, facilitating their robust adsorption
onto the surface of OH-α-HPG through chemisorption mechanisms. After bonding the OH-α-HPG surface with PFDTS and TiO2
via hydrogen bonding, the otherwise hydrophilic α-HPG surface acquired excellent hydrophobicity (OH-α-HPG-PT, contact angle
(CA) = 146.7°). The surface modification of α-HPG through hydroxylation and hydrophobicity enhancement significantly
augmented the compatibility and interfacial interplay between α-HPG and PT. This research successfully enhanced the hydrophobic
properties of α-HPG, profoundly showcasing its immense potential within the construction industry and the realm of comprehensive
solid waste utilization.

1. INTRODUCTION
Phosphoric acid, an important industrial product, plays a vital
role in both the chemical industry and agriculture. In the
industrial wet-process production of phosphoric acid,
phosphorus-based chemical enterprises generate phosphogyp-
sum, a form of solid waste byproduct. The rapid proliferation
of the phosphorus chemical industry is accompanied by
statistics from participating companies indicating the gen-
eration of approximately 5 tons of phosphogypsum solid waste
for every ton of phosphoric acid produced. Globally,
phosphogypsum waste from phosphoric acid production in
the phosphorus chemical industry exceeds 28.03 billion tons1

China’s phosphogypsum production is growing at a rate of 1.5
billion tons per year. The annual production of phosphogyp-
sum in China continues to escalate at a rate of 150 million tons
per annum, accounting for about 15% of the global total. The

five provinces with the largest phosphogypsum production are
Hubei, Yunnan, Guizhou, Sichuan, and Anhui.2 The five
provinces with the largest phosphogypsum production are
Hubei, Yunnan, Guizhou, Sichuan and Anhui. It is predicted
that the total amount of accumulated phosphogypsum will
double in the future. Currently, the main methods of
phosphogypsum disposal are landfills and underwater burials.
However, the infiltration of impurities such as fluorine,
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phosphorus pentoxide and certain radioactive elements can
pose a threat to phosphogypsum.3 The penetration of
impurities such as The infiltration of impurities such as certain
radioactive elements poses a threat to human survival, occupies
land and causes environmental pollution. Therefore, the
imperative challenge lies in devising strategies for harnessing
phosphogypsum as a valuable resource, crucial for advancing
the phosphorus chemical industry. Notably, phosphogypsum
predominantly exhibits two distinct hues: gray-black and gray,
white. The particles typically possess diameters ranging from 5
to 50 μm, with a crystallization content generally falling within
20 to 25%. The crystallization morphology predominantly
encompasses needle-shaped, monodisperse plate-like, poly-
crystalline, and dense structures, among which plate-like
crystals are the most prevalent. The main chemical
composition of phosphogypsum is CaSO4·2H2O and SiO2.
Furthermore, it contains various toxic and hazardous elements,
including phosphorus (P), fluorine (F), arsenic (As),
chromium (Cr), cadmium (Cd), trace metallic elements, and
rare earth elements.4 Radionuclides, water-soluble phosphorus
and fluorine in phosphogypsum tend to contaminate ground-
water, leading to environmental pollution problems and
restricting its use in construction materials.

The solubility of phosphogypsum in aqueous media is
exceedingly low and undergoes a decrement with rising
temperatures. Moreover, a more regular crystalline morphol-
ogy and larger particle sizes of phosphogypsum correlate with
lower impurity content.5 Through calcination and dehydration,
the gelling activity of the original phosphogypsum can be
stimulated, resulting in the formation of two types: β-type
hemihydrate phosphogypsum (β-HPG) and α-type hemi-
hydrate phosphogypsum (α-HPG).6 α-HPG has uniform grain
size, with a small percentage of crystals being acicular and most
being columnar. In contrast, β-HPG has an irregular grain size
distribution with many small crystals. α-HPG exhibits superior
crystallinity, minimal water demand, outstanding thermochem-
ical stability, and high mechanical durability. It demonstrates
remarkable performance in the fabrication of high-value
products, making it suitable for utilization in cement and
construction material production. Additionally, α-HPG can
substitute a portion of calcium carbonate (CaCO3) as a
reinforcing filler in polymeric materials, thereby fostering the
effective utilization of phosphogypsum resources. The primary
objective of this research endeavor is to enhance the
hydrophobic properties of α-HPG, which not only addresses
environmental concerns but also curtails the production costs
of composites while augmenting their water hydrophobicity.

The surface of phosphogypsum is hydrophilic and hydro-
phobic. Under high humidity or when exposed to moisture, it
is prone to melt creep and alkalization, which negatively affects
the mechanical properties. In addition, the use of phospho-
gypsum in pavement hardening is prone to the formation of
caliche and subsequent expansion, resulting in pavement
damage. As a porous air-hard cementitious material,
phosphogypsum’s poor moisture resistance and hydrophobic-
ity limit its application in many areas.7 Therefore, it is
important to prepare a hydrophobic phosphogypsum cementi-
tious material.

Organic particles can effectively fill the capillary and
microporous walls in the hardened structure of phosphogyp-
sum, thus enhancing the hydrophobicity of phosphogypsum-
based materials. Zhou et al.8 prepared unfired phosphogypsum
ceramics with a dense hydrophobic layer by using

phosphogypsum as a substrate, grafting silane coupling agent
on unfired phosphogypsum ceramics, and then coating them
with unsaturated polyester resin. This research further delved
into the influence of silane coupling agent on the macroscopic
characteristics and microstructural features of unfired phos-
phogypsum ceramics. Deng et al.9 Examined the influence of
organosilicon hydrophobic agents on the properties of
phosphogypsum-based cementitious materials. The findings
indicated that the incorporation of an optimal quantity of
organosilicon hydrophobic agent resulted in a decrease in the
porosity, pore diameter, and water absorption capacity of
phosphogypsum, thereby enhancing its hydrophobic proper-
ties. At present, researchers at home and abroad mainly use
organosilanes to improve the poor hydrophobicity of
phosphogypsum. Although this method greatly improves the
hydrophobicity of phosphogypsum samples without affecting
the aesthetics of phosphogypsum products, there are still some
drawbacks: first, the influence of organic hydrophobes
primarily pertains to phosphogypsum featuring smaller pore
sizes and lower porosity, whereas their effect on phosphogyp-
sum characterized by larger pore sizes and higher porosity is
negligible. Second, they contain large amounts of organic
solvents, resulting in high costs and possible health and
environmental hazards.

Therefore, the researchers found that the inorganic
cementitious material, in addition to its high strength, low
heat of hydration, high resistance to chemical erosion and
environmental friendliness, exhibits the following character-
istics.10 Whether it is a phosphogypsum sample with small pore
size and low porosity or a phosphogypsum sample with large
pore size and high porosity, it can significantly improve the
hydrophobicity.11 The surface modification of inorganic
particles fortifies the interfacial interactions occurring between
these particles and the polymer matrix.12 Generally, organo-
silicon modifiers are employed to undergo chemical reactions
with the hydroxyl groups present on the surface of inorganic
nanoparticles (e.g., TiO2, SiO2, and alum, etc.) and graft-
modify the surface of inorganic nanoparticles. The number of
hydroxyl groups determines the grafting rate of the organic
chains of the modifier that are eventually grafted onto the
surface of the inorganic particles.13 The quantity of hydroxyl
groups dictates the rate of grafting for the organic chains of the
modifier, ultimately determining the extent of modification
achieved on the surface of the inorganic particles. However, the
limited availability of free hydroxyl groups on the surface of
inorganic nanoparticles poses a challenge, the grafting rate of
the modifier organic chains on the surface of inorganic
nanoparticles is relatively low. Chen et al.14 Examined the
influence of hydroxylation on the grafting of (CH3O)3-Si-
CH2−CH2−CH2−NH2(APS) and the subsequent fabrication
of CaSO4/polyvinyl chloride(PVC) composites. The findings
indicate that the pretreatment of CaSO4 particles with NaOH
facilitates the generation of hydroxides, subsequently enhanc-
ing the grafting of APS onto the calcium sulfate surface and
optimizing the interfacial adhesion between the calcium sulfate
and PVC matrix. Goncalves et al.15 graphene oxide nanosheets
were subjected to treatment with thionyl chloride and ethylene
glycol, resulting in an augmentation of hydroxyl groups on
their surface. This modification enhanced the grafting
efficiency of poly(methyl methacrylate) (PMMA), leading to
improved thermal stability of the resultant graphene oxide/
PMMA nanocomposite films in comparison to graphene oxide
fillers alone. Lu et al.16 conducted a study in which calcium
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sulfate whisker (CSW) was hydroxylated through treatment
with NaOH, thereby increasing the density of hydroxyl groups
on its surface. This was followed by modification with a
polyether titanate coupling agent, which effectively bolstered
the interfacial compatibility between CSW and PVC,
ultimately resulting in a substantial improvement in the
mechanical properties of the composite material. Phosphogyp-
sum, characterized by a complex composition and a limited
number of surface hydroxyl groups, inherently possesses a
tendency for these groups to readily engage in hydrogen
bonding with surrounding molecules, resulting in their
deactivation. Consequently, prior to employing phosphogyp-
sum as a filler in polymeric materials, it is imperative to
undertake a pretreatment process aimed at producing α-HPG
and subsequently hydroxylate its surface to augment the count
of hydroxyl groups. This augmentation is crucial for enhancing
the grafting efficiency of the organic chains of the modifier.

The number of hydroxyl groups on the α-HPG surface
increases through a simple precipitation reaction with sodium
hydroxide solution.17 Subsequently, PFDTS and TiO2 reacted
with the hydroxyl groups through hydrogen bonding, and thus
adsorbed tightly on the OH-α-HPG surface by chemisorption.
After bonding the α-HPG surface with PFDTS and TiO2 via
hydrogen bonding, the originally hydrophilic α-HPG surface
acquired excellent hydrophobicity. The assessment of the
phosphogypsum surface in terms of its hydrophobicity and
microstructural properties was carried out through a multi-
faceted approach involving water contact angle measurements,
Fourier transform infrared spectroscopy, X-ray photoelectron
spectroscopy, and scanning electron microscopy. These
analytical techniques were employed to comprehensively
characterize and analyze the surface attributes of the
phosphogypsum. In summary, the organosilicon modifier and
inorganic nanoparticles filled with hydroxylated phosphogyp-
sum capillaries complemented each other, which not only

reduced the porosity of phosphogypsum crystals, but also
controlled their sizes, so that the phosphogypsum crystals were
tightly connected to form a dense structure, thus improving
their hydrophobicity and mechanical properties. Therefore, the
composite of organic modifier and inorganic nanoparticles
optimized the hydrophobicity and mechanical properties of
phosphogypsum-based materials modified with organosilicon
modifier or inorganic nanoparticles alone, and realized the
effective and comprehensive utilization of phosphogypsum.18

2. MATERIAL AND EXPERIMENTAL DETAILS
2.1. Materials. α-HPG was purchased from Guizhou

Phosphate Green Industry Co. PFDTS (molecular weight:
610.379, purity: 97%) was purchased from Shanghai Bide
Pharmaceuticals Technology Co. TiO2 nanoparticles (molec-
ular weight: 79.87, purity: 98%, average particle size: 50 nm)
was purchased from Aladdin Biochemistry Technology Co.
NaOH (molecular weight: 40, purity: 96%) was purchased
from Aladdin Biochemistry Technology Co. Anhydrous
sodium sulfate (Na2SO4, analytically pure) was provided by
Tianjin Jialin Chemical Reagent Co. Anhydrous ethanol
(analytically pure) was purchased from Shanghai McLean
Biochemical Technology Co.
2.2. Experimental Methods. 2.2.1. Surface Hydroxyla-

tion of α-HPG Samples. The prepared α-HPG samples were
100 mm × 60 mm × 30 mm in size, with a water to pulp ratio
(W/C) of 0.6. The molds were removed after 2 h of casting.
After curing for 1 day in a standard maintenance box, the
samples were dried in a (40 ± 5) °C blast drying oven for 24 h.
The α-HPG samples were immersed in an acetone solution to
remove impurities at a room temperature of approximately 25
°C. Following this, 5 g of sodium hydroxide and 0.3 g of
sodium sulfate were incorporated into 30 g of deionized water.
After 10 min of magnetic agitation, the α-HPG specimen was
submerged in the alkaline solution for an additional 10 min.

Figure 1. Schematic representation of surface hydrophobic coating prepared using PFDTS and TiO2 nanoparticles.
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After being subjected to drying in a convection oven
maintained at a temperature of (40 ± 5) °C for a period of
24 h, the resulting hydroxylated α-type hemihydrate
phosphogypsum sample (designated as OH-α-HPG) was
obtained.
2.2.2. Surface Hydrophobic Modification of OH-α-HPG

Samples. Figure 1 displays a scheme of hydrophobic coatings
preparation on the surface of OH-α-HPG samples. The
hydrophobic PFDTS/TiO2 coating was based on Guo’s
report.19,20 Preparation and modification were carried out.
Initially, 0.01% (v/v) of PFDTS was dissolved in 20 mL of
ethanol as the solvent, followed by the addition of 0.8 g of
TiO2 nanoparticles to the resultant solution. Thereafter, the
combined solution was subjected to heating and magnetic
agitation within a water bath maintained at 45 °C for a
duration of 15 min, resulting in the synthesis of a composite
hydrophobic agent designated as PT. The OH-α-HPG sample
was immersed in the PT solution for 24 h using the
impregnation method. Subsequently, the sample underwent
air-drying in a forced convection oven at a temperature of (40
± 5)°C for a period of 24 h, resulting in the production of an
α-type hemihydrate phosphogypsum sample (OH-α-HPG-PT)
that was endowed with a surface hydrophobic coating.
2.3. Analytical Methods. To quantify the level of

impurities, present in α-HPG, a standardized procedure for
the chemical examination of gypsum and its derivatives, as
outlined in the ASTM C471M-2017 standard (Indicator), was
employed. The median particle diameter (d50) was ascertained
utilizing a laser diffraction-based particle sizing apparatus
(Mastersizer 2000, Malvern Instruments, UK), while the
particle size distribution span of the samples was derived in
accordance with the formula presented in eq 1.21

=
d d

d
Span 90 10

50 (1)

Where Span is the particle size distribution of the sample; d90
indicates that in the size distribution, 90% of the cumulative
particle diameters are less than this value; d10 indicates that
10% of the cumulative particle diameters are less than this
value; and d50 is the median diameter, i.e., 50% of the
cumulative particle diameters are less than this value.

To ascertain the activation index, a precise quantity of 3.0 g
of the α-HPG sample was weighed into a beaker, followed by
the addition of 100 mL of deionized water. The resultant
mixture was agitated at a constant speed of 300 rpm for a
duration of 15 min at ambient temperature, and subsequently
allowed to settle in a separatory funnel for 30 min. The
activation index of the α-HPG sample was then mathematically
derived in accordance with the formula outlined in eq 2.

= ×H
m m

m
100%0

(2)

Herein, H represents the activation index, %; m denotes the
initial mass of the α-HPG sample, g; whereas m0 signifies the
weight of the α-HPG sample after attaining a constant weight,
g.

The physical phase and particle size distribution character-
istics of α-HPG were comprehensively examined employing a
range of analytical techniques. Specifically, X-ray diffraction
(XRD) analysis, conducted on an UltmaIV instrument
(Rigaku, Japan), was utilized to elucidate the physical phase.
Additionally, oxide composition was determined through X-ray
fluorescence spectroscopy, utilizing an ARL Perform’X system

(Thermo Scientific, USA). Furthermore, the particle size
distribution was precisely measured utilizing a laser particle
sizer, namely the Mastersizer 2000 instrument, sourced from
Malvern Panalytical (Nottingham, United Kingdom). To
prepare the 100 mm× 60 mm× 30 mm α-HPG samples for
hydrophobic treatment, an in situ polishing process was
performed using sandpaper, aimed at eliminating impurities
and achieving the desired surface roughness. Subsequently, the
contact angles of the various sample surfaces were
quantitatively assessed using an optical contact angle tester
(model JC2000D1, manufactured by Shanghai Zhongchen
Digital Technology Equipment Co., Ltd., Shanghai, China),
employing 10 μL of deionized water as the test liquid.
Furthermore, the elemental composition of the surfaces of
different α-HPG samples was analyzed through X-ray photo-
electron spectroscopy (XPS), utilizing a K-Alpha Instruments
system sourced from Thermo Scientific, located in Waltham,
Massachusetts, Polymers MA, USA. During this analysis, all
binding energies were calibrated against the C 1s peak of
carbon, set at 284.8 eV, as a reference. The molecular structure
and material chemical composition of the α-HPG samples
were analyzed using a Fourier transform infrared spectrometer
(Sigma 300, ZEISS, Oberkochen, Baden-Wurtberg, Germany).
The FTIR spectrometer operated within a spectral scanning
range spanning from 400 to 4000 cm−1.

The mass variation of the α-HPG sample as a function of
temperature was quantitatively determined utilizing a TA
Discovery TGA 550 Thermogravimetric Analyzer from TG
USA, operated under precise instrumental temperature control
conditions. The analysis was conducted in a nitrogen
atmosphere, encompassing a specific temperature range from
30 to 650 °C, at a uniform heating rate of 10 °C/min. The
surface grafting efficiency of the α-HPG was subsequently
derived in accordance with the mathematical formulation
outlined in eq 3.

= W W WGrafting rate ( )/A B C (3)

In this context, WA represents the mass loss value observed
for OH-α-HPG-PT upon heating to 600 °C, WB denotes the
mass loss value of either α-HPG or OH-α-HPG when
subjected to heating up to 600 °C, and WC signifies the
residual weight fraction of OH-α-HPG-PT after being heated
to 600 °C.

To evaluate the softening coefficient of OH-α-HPG-PT
specimens, the samples underwent demolding and were
promptly confined within a curing chamber, where they were
subjected to standardized curing conditions for a period of 7
days. Subsequently, the cured OH-α-HPG-PT specimens were
introduced into an oven maintained at 60 °C for drying until a
constant mass was achieved. Following this, half of the dried
specimens were immersed in water for a duration of 24 h,
yielding water-saturated test specimens. The mechanical
strength of both the soaked and the original dried samples
was assessed in accordance with the GB/T9776-2008 standard.
The softening coefficient of phosphogypsum is the fraction of
the breaking strength of the sample in water to the ratio of
absolute dryness.22 The softening coefficient of phosphogyp-
sum represents the comparative measure of the fracture
strength of a sample when it is fully saturated with water,
relative to its fracture strength when in an absolutely dry state.
This coefficient quantifies the degree of reduction in strength
that occurs because of water absorption.
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The softening coefficient (Kf) was calculated according to
the following equation:18

=K
R
Rf

f

0 (4)

Where Kf represents the softening coefficient, Rf denotes the
breaking strength of the sample when immersed in saturated
water, measured in megapascals (MPa), and R0 signifies the
breaking strength of the sample in its dry state, also expressed
in megapascals (MPa).

3. RESULTS AND DISCUSSION
3.1. Compositional Analysis of α-HPG and β-HPG. The

graphical representation of X-ray diffraction (XRD) analysis for
HPG is depicted in Figure 2, and the main crystalline phases in

HPG are CaSO4·0.5H2O, CaSO4·0.62H2O, CaSO4·0.15H2O,
and SiO2. The compositional breakdown of α-HPG and β-
HPG is presented in Table 1., respectively. After calcination,
PG can undergo a transformation into either α-hemihydrate
phosphogypsum or β-hemihydrate phosphogypsum, both
compositions consisting primarily of approximately 90 wt %
(wt %) of CaSO4·0.5H2O (as determined from the proportions
of SO3 and calcium oxide) with minor inclusions of silica,
phosphorus pentoxide, and alumina.23 In α-HPG, the contents
of SiO2, AI2O3, Fe2O3, K2O, CeO and SrO were significantly
lower, while the total contents of SO3 and calcium oxide were
significantly higher. Therefore, α-HPG has lower impurity
content and better performance compared to β-HPG.24

3.2. Preparation of α-HPG and β-HPG. α-HPG and β-
HPG are two different phosphogypsum variants which were
obtained as follows:

α-HPG is a powder cementitious material with α-type
CaSO4·0.5H2O as the main phase, which is produced by

taking CaSO4·2H2O as the raw material in saturated water
vapor medium or liquid aqueous solution under certain
temperature, pressure or transcrystallization agent condi-
tions.25 The common preparation methods are vaporization
and compression method. Commonly used preparation
methods are vaporization method,26 hydrothermal method27

atmospheric pressure salt solution method28 and microwave
irradiation method29 and microwave irradiation. Compared
with other methods, vaporization method is the most used
method to prepare α-HPG crystals in the industry, which has
the advantages of large output and easy control. Generally, the
phosphogypsum is finely ground by grinding mill, and then
passed into high-pressure water vapor, the pressure is
controlled at 2−8 MPa, the steaming time is 1.5−10 h, and
then dried, the drying temperature is 100−180 °C.

β-HPG is predominantly synthesized through the dry
calcination process of phosphogypsum.30 Prior to calcination,
the phosphogypsum undergoes pretreatment stages including
crushing, homogenization, and grinding. Subsequently, it is
subjected to calcination at temperatures of 120, 150, and 200
°C to facilitate dehydration and promote the desired phase
transformation reaction.31 The specific process is as follows:
phosphogypsum, the specific process flow is phosphogypsum
→ flotation + cleaning → solid−liquid separation → cake
drying → calcination → grinding → phosphogypsum powder
finished product.
3.3. Hydroxylation of α-HPG. The reaction formula for

hydroxylation of α-HPG using NaOH and Na2SO4 is as
follows:32

+ +FCaSO 2NaOH Na SO Ca(OH)4 2 4 2 (5)

Upon dissolution of NaOH in water, dissociation occurs
resulting in the release of OH− ions. These OH− ions
subsequently interact with Ca2+ present in α-HPG, eliciting a
reaction that leads to the formation of Ca (OH)2. The
emergence of Ca(OH)2 enhances the surface concentration of
hydroxyl groups on α-HPG.13 When Na2SO4 is dissolved in
water, SO4

2− is produced, and SO4
2− can combine with Ca2+ in

α-HPG to form CaSO4, which contributes to the forward
progress of reaction 5. And Na+ in Na2SO4 reacts with CaSO4
in phosphogypsum to form water-soluble CaSO4·Na2SO4, as
shown in reaction 6, and this water-soluble product helps to
improve the reactivity and solubility of α-HPG.

+ ·FCaSO Na SO CaSO Na SO4 2 4 4 2 4 (6)

In summary, the combined influence of optimal proportions
of NaOH and Na2SO4 synergistically augments the surface
hydroxyl group count on α-HPG in a more efficacious manner,
and the increased hydroxyl groups can improve the reactivity
of α-HPG and make it easier to react with other substances.
3.4. Effect of Hydroxylation on the Properties of α-

HPG. 3.4.1. XRD Analysis. Figure 3 shows the XRD spectra of
α-HPG and OH-α-HPG. α-HPG is mainly composed of
CaSO4·0.5H2O (PDF#41-0224, space group I2(5)) and SiO2
(PDF#70-2536, space group P3221). In the XRD spectra of α-
HPG, the major diffraction peaks with 2θ values of 14.7°,

Figure 2. XRD spectrum of HPG.

Table 1. Compositional Analysis of HPG

samples SO3 CaO SiO2 P2O5 AI2O3 Fe2O3 KO2 TiO2 CeO2 CI SrO ZnO

α-HPG 56.531 38.316 2.588 1.146 0.610 0.412 0.135 0.100 0.046 0.027 0.023 0.005
β-HPG 53.456 40.656 2.925 1.088 0.645 0.574 0.185 0.111 0.107 0.024 0.032 0.005
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23.42°, 25.7°, 26.7°, 29.8°, 32.0°, 39.7°, 42.3°, 49.4°, and 55.2°
correspond to (200), (111), (020), (011), (400), (204),
(420), (422) and (240). Within the XRD spectra of OH-α-
HPG, the diffraction peak associated with the CaSO4·0.5H2O
crystal plane (400) exhibits the most pronounced intensity,
whereas the peak at a 2θ value of 26.7° corresponds to the
primary diffraction feature of the SiO2 (011) crystal plane, the
main diffraction peaks of Ca (OH)2 at 2θ values of 18.2°,
29.7°, and 34.1° corresponded to the (001), (100), and (011)
crystal planes, respectively. This phenomenon arises from the
interaction between sodium hydroxide and Ca2+ ions present
in HPG, leading to the formation of Ca(OH)2 that
subsequently precipitates onto the surface of α-HPG. In
addition, the diffraction peak intensities of α-HPG were
stronger, especially at the crystal surface (020), compared to
OH-α-HPG. This was attributed to the fact that Ca (OH)2
formed during the reaction process was deposited on the
surface of α-HPG, which significantly increased the number of
surface hydroxyl groups, as shown in the reaction equation in
5.
3.4.2. FTIR Analysis. The infrared spectrum of α-HPG

depicted in Figure 4 reveals characteristic peaks at 3610 and
3550 cm−1, which are ascribable to the symmetric stretching

vibrations of the crystalline water molecules within CaSO4·
2H2O. Furthermore, the peaks in the vicinity of 1640 and 1620
cm−1 signify the bending vibrations of the same crystalline
water. The presence of peaks at 662 and 602 cm−1 are
indicative of the antisymmetric bending vibrations of SO4

2−

ions. Notably, a broad peak centered at 2140 cm−1 indicates
the establishment of hydrogen bonds between hydroxyl groups
residing on the α-HPG surface and other molecular entities.
This hydrogen bonding results in a red shift of the hydroxyl
stretching vibration peak from its typical position at 3400 to
2140 cm−1, owing to a reduction in system energy.
Consequently, the intensity of the hydroxyl stretching
vibration peak at 3400 cm−1 in the α-HPG spectrum is
notably low, corroborating the limited presence of hydroxyl
groups on its surface. In contrast, the spectrum of OH-α-HPG
exhibits a more intense hydroxyl stretching vibration peak at
3400 cm−1, indicating a substantial increase in the hydroxyl
group density on the α-HPG surface following hydroxylation.
Additionally, the deposition of Ca(OH)2 on the α-HPG
surface leads to a decrease in the intensity of the asymmetric
stretching vibration peak of SO4

2− at 1160 cm−1, which aligns
with the emergence of new Ca(OH)2 diffraction peaks
observed in the XRD pattern of OH-α-HPG.
3.5. TG Analysis. Figure 5 shows the thermogravimetric

curves of α-HPG before and after modification. In the

temperature range of 0−90 °C, all three α-HPG samples
exhibited a trace amount of thermal weight loss, this
observation can be attributed to the elimination of interstitial
water molecules from the CaSO4·2H2O crystal lattice.
Subsequently, given that the onset temperature for the initial
decomposition of CaSO4 is notably high, ranging from 1000 to
1200 °C, there was virtually no thermal weight loss of the α-
HPG samples over the temperature range of 140 to 650 °C,
and less than 6.37% weight loss over the 650 °C temperature
range. The weight loss of OH-α-HPG in the temperature range
of 90−650 °C was 11.7%, with the temperature in the 370 ∼
440 °C range had the highest decomposition rate. This
phenomenon can be attributed to the partial decomposition of
Ca(OH)2 that has accumulated on the surface of OH-α-HPG,
thereby reinforcing the evidence for the successful hydrox-
ylation treatment applied to the α-HPG surface. The weight
loss of OH-α-HPG-PT reached 14.36%. The initial stage of
thermal mass loss can be ascribed to the decomposition of the
free proton reaction byproducts, which are generated by the

Figure 3. XRD patterns of different α-HPG samples.

Figure 4. FTIR spectra of different α-HPG samples.

Figure 5. TG curves of different α-HPG samples.
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PT process occurring on the OH-α-HPG surface. The
temperature range of the highest decomposition rate was 380
∼ 440 °C. The second stage primarily encompassed the
thermal degradation of the unreacted Ca(OH)2 and the grafted
organic chains present on the surface of OH-α-HPG-PT. As a
result, the grafting rates of PT on the α-HPG and OH-α-HPG
surfaces were 2.65 and 7.89 wt %, respectively, which indicated
that hydroxylating α-HPG significantly increased the grafting
rate of PT on the OH-α-HPG surface.
3.6. XPS Analysis. As depicted in Figure 6a, the intensity

of the S 2p peaks for both OH-α-HPG and OH-α-HPG-PT is
notably weaker in comparison to that of α-HPG, whereas the
intensity of the C 1s peaks experiences a marked augmentation.
This observation can be attributed to the fact that a portion of
the CO2 present in the air is capable of being adsorbed onto
the surface of α-HPG. When α-HPG is hydroxylated with
NaOH and Na2SO4, the generated Ca (OH)2 will be deposited
on the surface of α-HPG, which adsorbs a small amount of
CO2, leading to the increase of carbon content and the
enhancement of peaks. In addition, the long carbon chain
siloxane of PT also contributes to the increase of carbon
content. As a result, OH-α-HPG-PT shows the highest carbon
peak intensity, which is attributed to OH-α-HPG-PT being
wrapped by long carbon chain organosiloxanes leading to the

The qualitative and quantitative analysis of the surface
elemental composition of α-HPG samples subjected to varying
treatment methodologies was conducted, and the experimental
outcomes are presented in Figure 6 and Table 2. The
predominant elements identified in α-HPG, OH-α-HPG, and

OH-α-HPG-PT comprised of O, C, S, Ca, Si, and Ti. When
compared to α-HPG (Si content: 1.69%) and OH-α-HPG (Si
content: 1.57%), the Si content on the surface of the OH-α-
HPG-PT samples increased significantly to 2.84%. This is
consistent with the analysis of the XRD pattern of α-HPG,
indicating that SiO2 is an impurity. After hydroxylation, the
decrease in silicon content to 1.57% in OH-α-HPG can be
attributed to the deposition of Ca(OH)2 on the surface of α-
HPG. On the contrary, the Si content in OH-α-HPG-PT
increased to 2.84%, which was significantly higher than that in
α-HPG, indicating that the PT hydrophobic modifier branched
the organic links on the surface of OH-α-HPG. The C content
in OH-α-HPG-PT was 21.27%, which was significantly higher
than that of other α-HPG samples due to the longer organic
carbon chains in PT. The Ti content in OH-α-HPG-PT was
2.53%, which was attributed to the adsorption of TiO2
nanoparticles and organic carbon chains from PT hydrophobic
modifier on the surface of OH-α-HPG samples. In the O 1s
XPS spectrum of α-HPG depicted in Figure 6b, the peak
observed at 531.80 eV is attributed to the interaction between

Figure 6. Comprehensive survey XPS spectra (a) and O 1s spectra of α-HPG (b), OH-α-HPG (C), and OH-α-HPG-PT (d).

Table 2. Content of Various Elements in Different α-HPG
Samples

samples

elemental content (%)

C O S Ca Si Ti

α-HPG 11.48 60.75 13.69 12.39 1.69 0
OH-α-HPG 11.40 63.84 13.07 10.11 1.57 0
OH-α-HPG-PT 21.27 57.65 6.1 9.61 2.84 2.53

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c04735
ACS Omega 2024, 9, 39682−39695

39688

https://pubs.acs.org/doi/10.1021/acsomega.4c04735?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04735?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04735?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04735?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Ca2+ and SO4
2−, whereas the peak at 532.5 eV stems from SiO2

impurities.33 Conversely, in the O 1s XPS spectrum of OH-α-
HPG shown in Figure 6c, the peak located at 530.8 eV is
attributed to the deposition of Ca(OH)2 on the surface of α-
HPG, which arises from the reaction between NaOH and
CaSO4 during the hydroxylation process. In Figure 6d, the
intensity of the peak at 530.8 eV is lower than that in Figure
6c, which is since some hydroxyl groups in the OH-α-HPG
samples were consumed during the condensation reaction with
the PT hydrophobic modifier. In Figure 6d, the peaks at 531.3
and 532.4 eV within the O 1s spectra of OH-α-HPG-PT
correspond to oxygen atoms residing in the Ti−O−Si and Ca−
O−Ti bonds, respectively. Therefore, the XPS further
confirmed that the α-HPG samples were modified by
hydroxylation with PT hydrophobic agent surface modifica-
tion, which formed Ti−O−Si and Ca−O−Ti bonds on their
surfaces, and the α-HPG samples obtained excellent hydro-
phobicity.
3.7. Surface Wettability Analysis. 3.7.1. Contact Angle

and Adhesion Analysis. In our previous study, the peak
contact angle of hydrophobic coatings formulated with
toluene-synthesized organic/inorganic composite hydrophobes
was 148.7°, which was slightly higher than that of coatings
formulated with ethanol, which was 146.7°. However, toluene
possesses a higher toxicity profile in comparison to ethanol.
Employing ethanol as a solvent not only mitigates environ-
mental pollution but also expedites the drying process of
surface hydrophobic coatings. Therefore, in this study, a PT
hydrophobic modifier consisting of PFDTS and TiO2 nano-

particles was prepared by solution polymerization using
ethanol as a solvent. Figure 7a shows the relationship between
the mass fraction of TiO2 and the water contact angle, as well
as the comparison of the surface hydrophobicity of OH-α-
HPG -PT with that of the control. As shown in Figure 7a, upon
maintaining a constant concentration of PFDTS, the contact
angle initially exhibited an upward trend followed by a decline
as the mass fraction of TiO2 was increased. When the mass
fraction of TiO2 was 0, 1, 2, 3, 4, 5, and 6%, the corresponding
contact angles were 95.4°, 120.7°, 139.3°, 141.6°, 146.7°,
130.4° and 122.0°, respectively. The maximum contact angle
was 146.7° when the mass fraction of TiO2 was 4%. Excessive
amount of TiO2 nanoparticles leads to incomplete reaction of
PFDTS with nanoparticles, so it is necessary to minimize the
use of TiO2 nanoparticles. As shown in the α-HPG samples (A
and B) in Figure 7a, when a water droplet is put inside the α-
HPG sample, the water droplet directly wets the α-HPG
sample with very poor hydrophobicity. In contrast, when the
hydroxylated α-HPG samples were modified with a PT
composite hydrophobic modifier with a mass fraction of 4%
good hydrophobicity could be obtained, as shown in the OH-
α-HPG -PT samples (C and D) in Figure 7a, which was
attributed to the fact that the PT composite hydrophobic
modifier bonded with OH-α-HPG to form a hydrophobic
silicone network structure, which reduced the porosity of OH-
α-HPG that improves the hydrophobicity of the OH-α-HPG
samples.

Figure 7b,c compare the process of adhesion change of
hydrophobic coating on the surface of OH-α-HPG-PFDTS

Figure 7. (a) Relationship between TiO2 mass fraction and water contact angle and comparison of surface hydrophobicity of OH-α-HPG -PT with
control. (b) The contact and detachment process of water droplets on the surface of OH-α-HPG -PFDTS. (c) The contact and detachment
process of water droplets on the surface of OH-α-HPG -PT.
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samples with and without TiO2 nanoparticles. Under the
influence of TiO2 nanoparticles, a transition from high
adhesion to low adhesion was realized. The schematic diagram
in Figure 7c explains this phenomenon.

Quantifying Adhesion Functions Using the Young-Dupre
Equation:34

= +W r (1 cos )LS L (7)

Herein, WLS signifies the adhesion work required to fully
detach the water droplet from the hydrophobic surface, with L
and S representing the liquid and solid phases, respectively.
Given that the surface tension of the water droplet rL is 72 mN
m−1 at room temperature (25 °C), and θ represents the
contact angle. The adhesion force of the α-HPG hydrophobic
surface was determined to be 0.013677 J m−2, assuming a
contact angle of 146.7°. This value underscores the exceedingly
low adhesion force exhibited by this hydrophobic surface.
3.8. Surface Microstructure Analysis. As depicted in

reaction 8, α-HPG undergoes hydration to form elongated rod-
shaped CaSO4·2H2O crystal structures, which exhibit a loosely
interlocked arrangement, characterized by a significant
porosity. This porous structure allows for the infiltration of
water, generating bidirectional pressures that subsequently
induce internal stresses within the α-HPG matrix. In addition,
water can dissolve the crystallization contact points of α-HPG
hardened body, causing it to recrystallize and reduce its
mechanical properties.35 Thus, macroscopically, this indicates a
decrease in the softening coefficient and an increase in water
absorption.

· + ·CaSO 0.5H O
3
2

H O CaSO 2H O4 2 2 4 2 (8)

As shown in Figure 8a−c, the unhydroxylated α-HPG
surface is dominated by long rod-like crystals of CaSO4·2H2O.
The α-HPG surface is also characterized by a high degree of
hydroxylation. Upon completion of the hydroxylation and
subsequent reaction described in eq 5, the rod-shaped crystals
present on the α-HPG surface underwent a morphological
transformation into needle-like crystals, as evident in Figure
8d−f. Concurrently, a deposition process of Ca(OH)2
occurred on the α-HPG surface. The augmentation in the
length-to-diameter ratio of the OH-α-HPG crystals, coupled
with an increase in intercrystalline porosity and specific surface
area, facilitated the creation of more reactive sites for the
subsequent synthesis of polysiloxane-hybridized nanoparticles
on the OH-α-HPG coating surface, thereby enhancing its
reactivity potential.

The microstructural features of the OH-α-HPG-PT sample’s
surface are illustrated in Figure 8g−i. After hydrophobic
modification of α-HPG by combining PFDTS and TiO2, it can
be observed that the crystals on the surface of the α-HPG
samples were transformed from needle-like interconnections to
fine particles. This suggests that the cross-linking between
PFDTS and TiO2 results in the formation of a hydrophobic
layer on the α-HPG surface, facilitated by hydrogen bonding
interactions. As the hydrogen bonds between PFDTS, TiO2
and the α-HPG surface catalyze and cross-link each other to
generate a hydrophobic network structure and deposit on the
α-HPG surface, a hydrophobic barrier is formed. The
incorporation of TiO2 nanoparticles into the hydrophobic

Figure 8. SEM images of the surface of different α-HPG samples. (a−c) α-HPG, (d−f) OH-α-HPG, (g−i) OH-α-HPG-PT images at different
magnifications.
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coatings further diminishes their surface energy, fills up the
pores of the hemihydrated crystals, and decreases the porosity
of the α-HPG and enhances its hydrophobicity.
3.9. Effect of PT Hydrophobic Modifier on OH-α-HPG

Properties. The graph in Figure 9a depicts the correlation
between the compressive strength and the duration of the
modification process. The compressive strength increased
significantly with the increase of modification time and
decreased gradually after reaching the peak value. 4.5 h as
the optimal modification time, the dry compressive strength
and water-saturated compressive strength reached 38.8 and
34.5 MPa, respectively. However, further increase of the

modification time decreases the compressive strength of OH-
α-HPG samples. This is because when modifying the OH-α-
HPG samples in the PT hydrophobic agent for too long, the
PT hydrophobic agent decreases the densification of the crystal
structure of phosphogypsum of the OH-α-HPG samples
during the hydration process. Therefore, 4.5 h was taken as
the optimal modification time for OH-α-HPG samples. The
dependence of the softening coefficient on the modification
time is presented in Figure 9b, where a notable increase in the
softening coefficient is observed with an extension in the
modification duration, reaching a peak value before gradually
declining. The softening coefficient reaches a maximum value

Figure 9. (a) Effect of different modification times on the compressive strength of α-HPG; (b) effect of different modification times on the
softening coefficient of α-HPG; (c) effect of different modification times on the water absorption of α-HPG.

Figure 10. (a) Surface chemical stability of OH-α-HPG-PT, (b−d) photographs of OH-α-HPG-PT immersed in methyl orange-stained HCl
solution (pH = 1), MB (methylene blue)-stained deionized water (pH = 7), and rhodamine 6G-stained NaOH solution (pH = 14).
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of 0.89 when OH-α-HPG is modified by PT hydrophobicity
for 4.5 h. α-HPG is classified as a member of the tripartite
crystal system, characterized by the presence of intrinsic pores
and capillary channels within its structure.36 The notable
enhancement in the softening coefficient of the modified OH-
α-HPG samples can be attributed to the development of
micron/nanoscale hierarchical roughness on their surfaces,
which serves as a barrier to impede water penetration into the
interior of the samples. As depicted in Figure 9c, the
relationship between water absorption and modification time
reveals a significant decrease in water absorption with an
increase in modification duration, attaining a minimum value
before gradually rising. Notably, when the OH-α-HPG samples
underwent hydrophobic modification with PT for 4.5 h, a
minimal water absorption rate of 2.07% was achieved,
suggesting the efficacy of the PT composite hydrophobic

modifier in effectively mitigating the water absorption of OH-
α-HPG samples.

4. STABILIZATION OF HYDROPHOBIC COATINGS ON
OH-α-HPG SURFACES
4.1. Strong Acid and Alkali Corrosion Test. Chemical

stability emerges as a pivotal criterion in assessing the
hydrophobic nature of α-HPG surfaces. To validate the
resilience of OH-α-HPG-PT in retaining hydrophobicity
across a defined spectrum of acidic and alkaline environments,
an investigation was conducted to assess the contact angles of
OH-α-HPG-PT in solutions spanning a pH range from 1 to 14.
As illustrated in Figure 10a, the contact angle remained above
140° within the pH range of 1 to 10, indicative of robust
hydrophobicity. Within the alkaline region of pH 11 to 14,

Figure 11. (a,b) OH-α-HPG-PT tape adhesion peeling experiment.

Figure 12. Reaction mechanism of surface hydrophobic modification on OH-α-HPG samples.
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although the contact angle declined below 140°, it remained
above 132.3°, leading to the inference that this reduction was
attributable to the partial dissolution of TiO2 nanoparticles in
the alkaline medium.37

As depicted in Figure 10b−d, the surface of OH-α-HPG-PT
remained visibly dry and unaffected by water wetting, even
after being extracted from dyeing solutions with varying pH
values using tweezers, thereby substantiating its exceptional
chemical stability. Upon immersion in dyeing solutions, OH-α-
HPG-PT exhibited a “mirror” effect, stemming from the
ultralow surface energy of its coating. This phenomenon is
attributed to the formation of “air valleys,” or an air layer, prior
to the contact between PFDTS/nano-TiO2 and the ambient
air, effectively barring further interaction between water and
the phosphogypsum surface. further contact with the
phosphogypsum surface38 This is due to the “air valley”, i.e.
the air layer, which prevents further contact between water and
the phosphogypsum surface. Pursuant to the Cassie−Baxter
theory,39 the presence of an air layer at a liquid−solid interface
characterized by low surface energy induces a reversed Laplace
pressure, culminating in the levitation of liquid droplets atop
the roughened solid surface. The augmentation in the
thickness of this air layer at the solid−liquid interface facilitates
the establishment of a discrete solid−liquid−gas three-phase
contact interface, thereby reducing the energy threshold for
droplet rolling and enhancing the feasibility of constructing
hydrophobic surfaces.
4.2. Tape Adhesion and Peeling Test. The tape

adhesion peel-off test constitutes a reliable methodology for
evaluating the mechanical robustness of hydrophobic coatings.
Figure 11b illustrates a schematic representation of the
experimental protocol, entailing the initial gentle application
of an adhesive tape to adhere to the OH-α-HPG-PT surface,
followed by rolling the tape over the designated test area with
weights at a consistent and uniform velocity. Subsequently, the
tape is peeled off, and the surface is gently blown with a
washout ball to assess the contact angle, thereby quantifying
the coating’s mechanical integrity. As shown in Figure 11a,
after 50 adhesion experiments, the OH-α-HPG-PT surface still
maintained a contact angle of 124.2°.

5. MECHANISM OF HYDROPHOBIC MODIFICATION
OF OH-α-HPG SURFACE

Figure 12 depicts the mechanistic pathway for the formation of
a hydrophobic coating on the OH-α-HPG surface. Typically,
the surface of TiO2 nanoparticles is adorned with a layer of
hydroxyl groups. Upon blending TiO2 nanoparticles with a
PFDTS solution, the hydrophilic CF3(CF2)7CH2CH2−SiO-
moiety within PFDTS engages in a reaction (as depicted in
reaction 9), leading to the displacement of the hydroxyl groups
on the TiO2 surface. Subsequently, these CF3(CF2)7CH2CH2−
SiO- groups attach to the TiO2 surface via hydrogen bonding
interactions. Given the continuous nature of this process, a
self-assembled monolayer of CF3(CF2)7CH2CH2−SiO- is
formed, encapsulating the entire TiO2 surface, thereby
imparting hydrophobic functionality to the nanoparticles.20

+Ti OH CF (CF ) CH CH Si(OCH )

CF (CF ) CH CH SiO Ti
3 2 7 2 2 3

3 2 7 2 2 (9)

After the functionalization of TiO2 nanoparticles is
completed, the remaining PFDTS molecules remain unreacted
in the solution. Upon immersion of the hydroxylated α-HPG

sample in the PFDTS + TiO2 solution, an initial reaction
occurs between the unreacted PFDTS molecules, and the
Ca(OH)2 residue present on the α-HPG surface, as illustrated
in reaction 10.

+Ca(OH) CF (CF ) CH CH SiO Ti

CF (CF ) CH CH SiO Ca
2 3 2 7 2 2

3 2 7 2 2 (10)

The CF3(CF2)7CH2CH2−SiO- monomers present in
solution undergo self-assembly to form monolayers on the
surface of α-HPG, facilitated by hydrogen bonding inter-
actions. This mechanism is analogous to the one proposed by
Yu et al.40 in their synthesis of α-HPG. A similar mechanism
was proposed in the preparation of superhydrophobic
aluminum surfaces using PFDTS. Subsequently, TiO2 nano-
particles functionalized with PFDTS were deposited on the
monolayer formed on the α-HPG surface as shown in Figure
10. Functionalized TiO2 nanoparticles and hydrophobic
PFDTS monolayer CF3(CF2)7CH2CH2−SiO- were deposited
on the phosphogypsum surface by chemisorption.41

6. CONCLUSIONS
In this study, the hydroxylation treatment and surface
hydrophobic modification of α-HPG were investigated. The
chemical composition of the α-HPG surface and the
hydrophobic characteristics of OH-α-HPG-PT composites
were scrutinized utilizing diverse analytical methodologies.
Drawing upon the findings presented in this study, the key
conclusions can be summarized as follows:

1. The hydroxylation process of the α-HPG surface serves
to augment the density of hydroxyl groups present on its
exterior, thereby enhancing the efficacy of the grafting
reaction with hydrophobic modifiers. The grafting rates
of hydrophobic modifier PFDTS+TiO2 on the surfaces
of α-HPG samples and OH-α-HPG samples were 2.65
and 7.89 wt %, respectively. The grafting rates of PT
composite hydrophobic modifier on the surfaces of OH-
α-HPG samples were significantly increased, indicating
that the hydrophobicity of α-HPG samples was
significantly increased.

2. In this study, the surface hydrophobicity modification of
α-HPG was mainly realized by impregnation method.
The siloxane moieties of PFDTS, the hydroxyl
functionalities residing on the TiO2 nanoparticle surface,
along with the Ca(OH)2 produced via the hydroxylation
reaction, collectively interacted with the hydroxyl groups
present on the α-HPG surface. The groups on the
surface of phosphogypsum were transformed from −OH
to long organic chains, so that the hydrophobic network
structure was tightly adsorbed on the surface of α-HPG
samples by chemisorption, thus enhancing its hydro-
phobicity.

3. In the comparative experimental setup, 0.01% (v/v) of
PFDTS was dissolved in a 20 mL ethanol solvent
medium, it was found that the PT composite hydro-
phobic modifier prepared by adding 0.8 g of TiO2
nanoparticles effectively modified the OH-α-HPG
samples after 4.5 h of modification, and the dry and
water-saturated compressive strengths could reach a
maximum of 38.8 and 34.5 MPa, respectively, and the
softening The softening coefficient was as high as 0.89,
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the water absorption rate was as low as 2.07%, and the
contact angle reached the maximum value of 146.7°.

4. OH-α-HPG-PT has excellent chemical stability, the
contact angle is still not less than 132.3°under strong
acid or alkali conditions. Following 50 iterations of the
tape adhesion test, the contact angle remained at 123.7°.
Similarly, after undergoing 100 abrasion tests, the
contact angle persisted at 124.2°.

Therefore, the PFDTS/TiO2 hydrophobic coating prepared
on the surface of OH-α-HPG samples by impregnation
method has a promising application in the field of building
materials. This research holds significant implications for the
exploration of phosphogypsum resource utilization and the
surface modification of inorganic fillers.
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