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ABSTRACT: Alpha-hemihydrate phosphogypsum (a-HPG) is a
cementitious material obtained by dehydration of phosphogypsum
(PG), a byproduct of phosphoric acid production. Poor water
resistance of a-HPG has usually restricted its application in
construction materials. In this study, hydroxy-terminated poly-
dimethylsiloxane (H-PDMS) and Portland cement (PC) were used
for the hydrophobic modification of a-HPG. The fluidity, setting
times, compressive strength, flexural strength, ratio of compressive
to flexural strength, water absorption rate, softening coefficient,
pore structure, chemical information, and microstructure of the
samples were measured to evaluate the modification effect of H-
PDMS and PC. The results showed that H-PDMS and PC
significantly improved waterproof properties of a-HPG and

Eu

—
-4 _‘/\( 7 CA=117°(0.9%)

reduced its porosity, total pore area, and pore diameter. Specifically, PC provided the reactive group —OH that reacted with H-
PDMS. Also, due to the coverage of hydrophobic —CH; groups, PG was given an overall hydrophobicity with a contact angle of
134° (1.5% H-PDMS). H-HPG (H-PDMS- and PC-modified a-HPG) hydrophobic material can be used in building materials with
waterproof requirements and achieve the comprehensive utilization of solid waste PG.

1. INTRODUCTION

Phosphoric acid is an essential raw material for the production of
phosphate fertilizers." In recent years, as the output of
phosphoric acid has increased year by year, phosphogypsum
(PG), as a solid waste produced when the industrial use of
sulfuric acid to decompose phosphate rock to produce
phosphoric acid, has also greatly increased its emissions.”
Typically, 4.5—5.5 tons of PG solid waste is generated for every 1
ton of phosphoric acid produced. According to statistics, the
cumulative global emission of PG is about 6 billion tons, and it is
increasing at a rate of 150 million tons per year.’ At present, the
annual production of PG in the world exceeds 300 million tons,
and the overall comprehensive utilization rate of resources is
about 10%." The discharge and storage of PG not only occupy a
lot of land resources and increase the processing cost of
enterprises but also seriously damage the ecological environ-
ment due to the large accumulation of PG with its complex
composition.” Therefore, how to utilize PG resources is still a
major problem.

Hemihydrate phosphogypsum (HPG) is obtained by
dehydrating the original PG (PG), and its main chemical
component is calcium sulfate hemihydrate (CaSO,-0.5H,0). By
different preparation methods, two types of PG can be formed:
alpha-hemihydrate phosphogypsum (a-HPG) and beta-hemi-
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hydrate phosphogypsum (B-HPG). Compared with f-hemi-
hydrate PG, a-hemihydrate phosphogypsum has the character-
istics of high crystallinity, low heat of hydration, low water
demand, and high strength of a hardened body. Therefore, using
the above characteristics of a-hemihydrate phosphogypsum, it is
hydrophobically modified to prepare a widely available PG
block, which provides a new idea for reducing ecological
environment pollution and improving the utilization rate of
phosphogypsum.’

The modification of inorganic cementitious materials can
significantly improve the mechanical properties and water
resistance of gypsum, which is one of the effective methods for
the modification of industrial byproduct phosphogypsum.” Jin et
al.® used calcium sulfoaluminate cement to significantly improve
the mechanical strength and water resistance of f-hemihydrate
phosphogypsum. Ma et al.” studied the effects of single and
composite doping of fluidized bed ash and cement on the
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mechanical properties and water resistance of phosphogypsum.
The optimum admixture of cement, fluidized bed ash, and
phosphogypsum was determined by ANOVA. Meskini et al."’
prepared a mixture of phosphogypsum and fly ash, which was
then activated with different lime additions to form different
combinations. The effects of curing time and mixture
composition on the mineralogy of the composites were
investigated to emphasize the effect of calcium alumina as the
main hydration product on strength development.

Geopolymer is an aluminosilicate material with a three-
dimensional amorphous structure formed by alkali-excited
active aluminosilicate minerals, and the reaction process is
called alkali-excited geopolymerization.' "> Compared with the
current common utilization methods, the comprehensive
utilization of phosphate mine solid waste by the alkali-excited
geopolymerization reaction is a new sustainable method that can
treat phosphorus tailings, phosphogypsum, and yellow phos-
phorus slag in a low-cost and environment-friendly way, which
can turn them into treasures and improve the comprehensive
utilization rate of phosphate mine solid waste."*”'® Geopolymer
is an environmentally friendly cementitious material with good
mechanical properties, which can dissipate a large amount of
solid waste and is used in different fields as a substitute for
ordinary silicate cement.'”'® Li et al."” investigated the effects of
blending gypsum dihydrate, flue gas desulfurization gypsum, and
phosphogypsum on the compatibility and mechanical properties
of red mud slag slurry materials with different gypsum contents.
Shi et al.”” added modified quartz sand to the phosphogypsum
cementitious filling slurry, which can effectively improve the
phosphate contamination in the process of phosphogypsum
cementation and filling.

The hydrophobic admixture method uses the hydrophobic
modifier as an admixture for PG to obtain the overall
hydrophobicity, which is added during the mixing process of
the hemihydrate PG and water. Wu et al.*' prepared a silane-
modified benzene propylene emulsion to form a strong
hydrophobic film on the surface of desulfurization gypsum
crystals, which improved the waterproof performance and
softening coefficient denseness of desulfurization gypsum
products and reduced the porosity of the structure. Li et al.”*
mixed silicone oil paraffin emulsion and nano-silica into
desulfurization gypsum to improve its waterproof and
mechanical properties. Wang et al.” studied the effect of three
different emulsions on the water repellency and mechanical
properties of flue gas desulfurization calcined gypsum. As an eco-
friendly cementitious material obtained from original PG, the
main problems for the utilization of a-HPG are still the poor
waterproof properties. However, single organic hydrophobic
admixture or inorganic cementitious materials’ method cannot
achieve good results.

In this study, organic hydrophobic admixture and inorganic
cementitious material Portland cement were combined to
improve water resistance of a-HPG. Portland cement acted as a
bridge to provide the —OH groups required for the reaction,
filling the voids between the PG crystals and hydrated with the
PG to form ettringite. Hydroxy-terminated polydimethylsilox-
ane (H-PDMS) was selected as a hydrophobic modifier, reacting
with the hydroxyl groups on the surface of phosphogypsum—
cement composite to endow the phosphogypsum-based
building block with integral hydrophobicity. To the best of
our knowledge, a large number of superhydrophobic coatings
based on PDMS have been reported.m’25 However, the use of H-
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PDMS as a phosphogypsum-based building material hydro-
phobic additive has not been reported so far.

The compressive strength, flexural strength, and ratio of
compressive to flexural strength were measured to determine the
mechanical strength of the waterproof block. The water
absorption rate and softening coefficient were measured to
determine the waterproof properties of the waterproof block.
The purpose of this study is to optimize the properties of H-
PDMS-modified phosphogypsum-based building materials and
achieve the effective utilization of PG.

2. MATERIALS AND METHOD

2.1. Materials. a-HPG used in this study was obtained from
Wengfu (Group) Co., Ltd. (China), which has been harmlessly
pre-treated. The X-ray diffraction (XRD) pattern of a-HPG is
shown in Figure 1. The particle size distribution of a-HPG and
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Figure 1. XRD spectrum of a-HPG.
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Figure 2. Particle size distributions of a-HPG and PC.

PC are shown in Figure 2. The particle size of a-HPG ranged
from 0.04 to 92.0989 ym, and the mean particle size (d50) of
which was 23.41 ym. The particle size of Portland cement ranges
from 0.04 to 110.987 pm, and the mean particle size (dSO) of
which was 15.86 ym. The main crystal phases in a-HPG were
CaS0,4-0.SH,0 and SiO, (Figure 1). The chemical composi-
tions of a-HPG are presented in Table 1, indicating that a-HPG
contains 90.12 wt % CaSO,-0.5H,0 (calculated from the
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Table 1. @-Hemihydrate Phosphogypsum Composition

composition content/wt %
SO, 52.37
CaO 37.75
SiO, 5.66
F 1.85
P,0; 1.04
Al O, 0.63
Fe,0, 0.15
Na,O 0.1
K,0 0.13
SrO 0.07
BaO 0.07
Cl 0.05
In,04 0.04
TiO, 0.04

contents of SO; and CaO) and small amounts of SiO,, P,Os, and
Al,O;. Radionuclides and soluble heavy metals in a-HPG can
cause environmental problems, restricting its use in building
materials. The contents of heavy metals (Pb, Cd, Cr, and Hg) of
a-HPG were all lower than the limit values of the Chinese
standard (GB18582-2008) (Table 2).

Table 2. Soluble Heavy Metals in a-HPG

test results
Pb = 6.97 mg/kg
Cd = 0.93 mg/kg
Cr =16.73 mg/kg
Hg = 0.93 mg/kg

demand of standards
Pb < 90 mg/kg
Cd < 90 mg/kg
Cr <90 mg/kg
Hg < 90 mg/kg

heavy metals

Portland cement (PO 42.5) was provided by Jiangxi Fenyi
Conch Cement Co., Ltd. (China). Polyester fiber with a length
of 6 mm and a diameter of 20 ym + 4 pum was provided by
Changsha Ningxiang building materials Co. Ltd. (China). H-
PDMS (viscosity 1800—2200 cSt) was purchased from Sigma-
Aldrich. Tetraethoxysilane (TEOS) and dibutyl dilaurate, used
as the curing agent and accelerator, respectively, were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd.

2.2, Preparation of Samples. a-HPG, Portland cement,
and tap water were blended in a cement mortar mixer (JJ-S,
China) for 2 min (all the raw materials were mixed according to
the designed mix proportions, Table 3, and all samples were
added with 0.3% wt polyester fiber to improve the flexural
strength of the PG blocks. Combining water resistance and
strength factors, it was determined that the optimum dosage of
Portland cement was 10%). 95 wt % H-PDMS, S wt % TEOS,
and 1 wt % dibutyl dilaurate were manually mixed in a mixing

Table 3. Mixture Component

mix proportions (wt %)

no. a-HPG Portland cement H-PDMS waterproofing agent
P1 100 0 0

P2 920 10 0

P3 90 10 0.3

P4 90 10 0.6

Ps 90 10 0.9

P6 90 10 1.2

P7 90 10 1.5

vessel for 1 min to prepare the H-PDMS hydrophobic agent.
Afterward, the liquid mixture of H-PDMS agent was poured into
the mixer. The mixture was further blended at a high speed for 1
min to ensure the homogeneous dispersion of H-PDMS in the
phosphogypsum—cement mortar. Specimens with the size of 40
mm X 40 mm X 160 mm were molded at natural conditions for
24 h, then demolded and cured for 7 days at the same
environment for the tests of mechanical strength.

The dosage of H-PDMS in the hardened a-HPG was 0, 0.3,
0.6,0.9, 1.2, and 1.5 wt % (by a-HPG weight). The unmodified
HPG, Portland cement-modified HPG, and H-PDMS/Portland
cement-modified HPG samples were denoted as a-HPG, C-
HPG, and H-HPG, respectively.

2.3. Sample Characterization. 2.3.1. Fluidity and Setting
Time. The fluidity and setting times of different samples were
measured according to GB/T17669.4-1999.

2.3.2. Mechanical Strength Measurement. The mechanical
strength of specimens was measured using a fully automatic test
machine (DYE-300S, China) in accordance with the Chinese
standard (GB/T 17669.3-1999). The loading rate of the
compressive strength and flexural strength tests were 2400 and
50 N/S, respectively.

2.3.3. Surface Wettability Analysis. The sample was polished
with 240# sandpaper to remove impurities and construct a
desired roughness on the surface of PG. The CA of different
sample surfaces was measured using an optical contact angle
tester (JC2000D1, China).

2.3.4. Water Absorption Measurement and Softening
Coefficient. Specimens after curing were dried at the temper-
ature of 45 + S in an electric thermostatic drying oven until the
weight was constant and then soaked in water to absorb water.
Three specimens were prepared for each mix proportion. The
water absorption rate was calculated as

w="2""1 5 100%

m (1)

where m, (g) is the mass of the specimen before soaking in water

and m, (g) is the mass of the specimen after soaking in water.
The softening coefficient was calculated as

K= F 2)
where F (MPa) is the dry compressive strength of the specimen
and f (MPa) is the compressive strength of the specimen after
soaking in water.

2.3.5. XPS Analysis. For the surface analysis, X-ray photo-
electron spectrometry (XPS) spectra were acquired with a
Thermo Scientific K-Alpha instrument, using an Al Ka source
(hv = 1486.6 eV).

2.3.6. Pore Structure Measurement. The pore structure was
measured using a mercury intrusion porosimeter (MIP,
AutoPore Iv 9510). The measuring range of aperture was
from 5 nm to 800 um. Samples were freeze-dried at —50 °C for
24 h to remove water of crystallization before the test.

2.3.7. SEM Analysis. Scanning electron microscope (HITA-
CHI SU8100, Japan) was used to investigate the microstructure
of specimens. The test was carried out with an accelerating
voltage of 10—15 kV and a working distance of 10 mm in high
vacuum mode.

2.3.8. ATR-FTIR Analysis. The structural information of the
organic components was analyzed using an attenuated total
reflection Fourier transform infrared spectrometer (Nicolet
iS50, USA).

https://doi.org/10.1021/acsomega.2c05662
ACS Omega 2022, 7, 41667—41677


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
L (a 80 | b | Initial setting time 4180
250 ( ) ( ) Final setting time
~70f T T 70
S 1 =
L T FR -
20 Ee} 1| Rl Rl Heo E
= o _ - T I 1 N ~
= T | 2 | NN @
= Esof M| 1 || Hs0 E
E 150 | o 1 ‘ 1 N =
. | | |
& E40} 1 ‘ ‘ Hao &
= g : 1 £
Z 100 p E 30 (Y] | 430 &
= =30 ‘ =
£ 20 [ 20 £
= I " =
50 =1 =
10 | 410
0 L L L L L L L L L L ' : L L L 0
o-HPG 0.0 03 0.6 0.9 1.2 1.5 o-HPG 0 0.3 0.6 0.9 1.2 1.5

H-PDMS content (%)

H-PDMS content (%)

Figure 3. Effects of the H-PDMS contents on (a) fluidity and (b) initial and final setting times.

3. RESULTS AND DISCUSSION

3.1. Variation in Fluidity and Setting times. It is shown
in Figure 3a, that the fluidity of samples increases greatly when
10% of cement is added (0% H-PDMS content) because the
water demand for cement is less than that of hemihydrate PG.
The fluidity of the HPG sample is slightly improved after the
modification of H-PDMS. The higher the content of H-PDMS,
the better the fluidity of HPG. This phenomenon can be
explained by the fact that liquid H-PDMS plays the role of
lubricant in HPG. With increasing H-PDMS content in the
HPG sample, the fluidity of HPG increases further, indicating
that the higher the H-PDMS content, the stronger the
lubrication effect.

Figure 3c shows that the setting times of the cement—HPG
system increases with 10% cement added because the setting
time of cement is longer than hemihydrate PG. Both the initial
and final setting times of the H-PDMS-modified HPG are
slightly improved with increasing H-PDMS content by
adsorption on the surface of the crystals. However, H-PDMS
agent does not affect the crystallization and growth of the
gypsum crystals.

3.2. Mechanical Properties. The mechanical strength of
specimens with different contents of H-PDMS is shown in
Figure 4. The compressive strength of specimens with the H-
PDMS content ranging from 0 to 1.5% is decreased by 3.98,
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Figure 4. Mechanical strength of specimens with different contents of
H-PDMS.
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10.18, 13.27, 17.26, 22.12, and 33.63%, respectively, compared
to the a-HPG specimen. The flexural strength of specimens
decrease with the decrease of compressive strength, decreasing
by 33.33, 33.33, 35.36, 33.33, 35.56, and 40.00%, respectively.

The ratio of compressive to flexural strength is used to
evaluate the flexibility of materials, and the flexibility decreases
with the increase of the ratio of compressive to flexural
strength.”® Portland cement is a kind of cementitious material
with lower flexibility due to its hydration products.”” When the
contents of H-PDMS are 0%, the addition of 10% Portland
cement affects the hydration of @-HPG and forms hydration
products with lower flexibility, so the increase of the ratio of
compressive to flexural strength is about 44.02%. With the
increase of H-PDMS content, the ratio of compressive to flexural
strength declines steadily compared with C-HPG added 10%
Portland cement, but always higher than the ratio of a-HPG.
The result indicates that the modification of H-PDMS will
increase the toughness of the phosphogypsum-based compo-
sites.

3.3. Water Absorption Analysis and Softening Co-
efficients of Different Mixtures. The water absorption rate
and softening coefficient are indexes to evaluate the waterproof
properties of solid materials. Figure 5 shows the water
absorption rate and softening coeflicient of specimens with
different contents of H-HPG. The water absorption rates of
specimens decreased significantly with the increasing content of
H-PDMS. Compared to the reference specimen a-HPG without
the addition of H-HPG and Portland cement, the water
absorption rates decreased by 10.56, 79.59, 82.59, 84.39,
84.63, and 84.99% with the H-PDMS contents ranging from 0
to 1.5 wt %. The softening coeflicients of specimens increase
with the addition of H-PDMS. When the contents of H-PDMS
range from 0 to 1.5 wt %, the softening coefficients of specimens
are increased by 44.12, 88.89, 93.33, 102.22, 106.67, and
108.89%, respectively.

Especially when the contents are over 0.9 wt %, the softening
coeflicients of specimens are over 0.91, which shows good
performance of waterproof properties. The decrease of the water
absorption rate and increase of softening coefficient of
specimens indicate that the pore structure and hydration
products of hardened PG are changed under the effect of
Portland cement and H-PDMS. The synergistic effect of H-
PDMS and Portland cement can improve the water absorption
rates and softening coefficient of a-HPG simultaneously, and the
effect becomes more dominant as the content of H-PDMS
increases.

https://doi.org/10.1021/acsomega.2c05662
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Figure S. (a) Water absorption rates and (b) softening coefficients of different samples.

3.4. Surface Wettability of Different HPG Surfaces.
Figure 6 shows the effect of the H-PDMS content on the surface

(a) by O (d) 113°

T a0

e 117° (f) 124° (g) 134
Figure 6. Effect of H-PDMS content on the contact angle of water with
different HPG surfaces. (a) a-HPG; (b) C-HPG; (c) H-HPG, 0.3%;

(d) H-HPG, 0.6%; (e) H-HPG, 0.9%; (f) H-HPG, 1.2%; and (g) H-
HPG, 1.5%.

wettabilities of different HPG samples. The surface of a-HPG
and C-HPG are hydrophilic (CA = 0°). The CA of the H-HPG
surface increases apparently with increasing H-PDMS content.
The surface of the H-HPG containing 1.2 wt % H-PDMS
exhibits a CA of 124°, demonstrating its hydrophobicity. In
addition, when the content of H-PDMS increases to 1.5 wt %,
the CA of the H-HPG surface does not change much. Therefore,
the H-HPG sample modified with 0.9 wt % H-PDMS is used for
further characterization.

Figure 7a,b shows a drop of water penetrating into the pores of
the a-HPG and C-HPG surfaces, and the obtained CA value is
0°, indicating their hydrophilic nature. As a comparison, the
water droplet showing spherical shape sits on the H-HPG

surface, which is hydrophobic (Figure 7c,d, water is dyed with
methylene blue for good observation). Figure 7d also shows that
larger water droplets could can still retain their shape without
being sucked in by the H-HPG surface easily. Particularly, the
newly exposed abrasion surface and fractured surface (after
being destroyed) of H-HPG are also hydrophobic (Figure 7e,f),
demonstrating the bulk hydrophobicity of the H-HPG.

Figure 8a shows that after being immersed in water, C-HPG
and a-HPG without H-PDMS modification quickly become

.

Figure 8. (a) Immersion experiment and (b) submerging test. Mirror-
like surface forms, example of H-HPG, 0.9%.

darker due to a large amount of water absorption in a short
period of time. However, the phosphogypsum modified by H-
PDMS still has a light gray-white color due to its hydrophobicity.
H-PDMS-modified HPG samples, from 0.3 to 1.5%, all exhibit a
mirror-like phenomenon after it is immersed into water by
taking the H-HPG (0.9%) (see Figure 8b) as an example. Also,
the surface is completely dried after it is taken out of the water.

@
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Figure 7. Images of water droplets on different HPG surfaces. (a) a-HPG surface; (b) C-HPG surface; (c) surface of H-HPG, 0.9%; (d) larger droplet
surface of H-HPG, 0.9%; (e) abrasion surface of H-HPG, 0.9%; and (f) fractured surface of H-HPG, 0.9%.
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The mirror-like phenomenon is attributed to an air layer formed
between the hydrophobic H-PDMS surface and water.””

3.5. XPS Analysis. To further explore the influence
mechanism of the H-PDMS (including the curing agent and
the accelerator) on the water resistance performance of the
phosphogypsumcement system, XPS is carried out by selecting
four samples: H-PDMS agent, a-HPG, C-HPG, and H-HPG
(0.9%). Figure 9 shows the total XPS spectrum of the elements
in the gypsum samples, and the content of each element is
presented in Table 4.

Ols

H-HPG (0.9%)

Intensity (a.u.)

0 200 400 600 800 1000 1200 1400

Binding Energy (eV)

Figure 9. Total XPS spectrum of the gypsum sample.

Table 4. Contents of Each Element in Phosphogypsum
Samples

sample Cls/% Ca2p/% O1ls/% S2p/% Si2p/%
H-HPG (0.9%)  27.8 846  47.62 7.85 827
C-HPG 18.50 11.71 56.05 10.97 2.76
a-HPG 1741 11.69 56.3 12.55 2.05
H-PDMS 50.37 23.98 24.5

Both the XPS spectra in Figure 9 and the element content in
Table 4 show that the main elements of the H-PDMS agent are
C, Si, and O, and that Si and O account for 24.5 and 23.98% of
the substance, respectively, indicating that the hydrophobic
agent contained a large number of Si—O bonds and —OH.

The main elements in the a-HPG, C-HPG, and H-HPG
(0.9%) are O, C, S, Ca, and Si. Compared with the a-HPG and
C-HPG, the content of Si and C of H-HPG (0.9%) increases
more significantly, indicating that the H-PDMS hydrophobic
network is adsorbed onto the surface of the gypsum crystal,
which is conducive to the improvement of the water resistance of
phosphogypsum.

In the XPS results, the changes in Si 2p and the peak fitting of
O 1s in the a-HPG, C-HPG, and H-HPG (0.9%) are shown in
Figure 10. Figure 10a shows that the addition of the H-PDMS
agent significantly increases the relative content of silicon in
gypsum compared with that of the phosphogypsum reference
group. This is because the H-PDMS agent used is an
organosilicon hydrophobic agent, and silicon is its main element.
On the basis of cement addition (C-HPG), the addition of the
H-PDMS agent shifted the peak position of the silicon peak in
the gypsum to lower binding energy, indicating that a chemical
reaction occurred between the H-PDMS hydrophobic agent and
the phosphogypsum—cement, changing the binding state of
silicon within the XPS spectrum of H-HPG. The relative content

of Si 2p is higher, and the peak position shift is more obvious,
indicating that Portland cement hydration provides phospho-
gypsum with reactive groups and appropriate alkalinity, to which
the addition of H-PDMS can better promote the chemical
reaction between them.”

Figure 10b—d shows the peak fitting results of the O 1s XPS
spectra of the three samples, a-HPG, C-HPG, and H-HPG
(0.9%). The surface oxygen is categorized into three categories,
including crystal lattice oxygen (Oy), vacancy oxygen (Oy), and
adsorbed oxygen (Oy).”" > Moreover, the lattice oxygen
corresponds to O*” in calcium sulfate dihydrate, the vacant
oxygen corresponds to the hydrophilic group —OH, and the
adsorbed oxygen corresponds to the H,O on the crystal surface.
Figure 6b shows that the O 1s spectrum of the phosphogypsum
reference group a-HPG consists of 12.20% 0%, 58.29% —OH,
and 29.51% H,O, indicating that the hydration product of
phosphogypsum contains a large number of hydrophilic groups
—OH on the surface of the calcium sulfate dihydrate crystals,
which is also one of the main reasons for the high water
absorption rate of phosphogypsum. After adding the 10 wt %
cement, 0.9 wt % H-PDMS to phosphogypsum, the content of
—OH decreases by 0.98 and 2.19% and the lattice oxygen O*~
increases by 8.36 and 11.96%, respectively, indicating that the H-
PDMS participates in the —OH polymerization reaction on the
surface of phosphogypsum—cement crystals and adheres to the
surface of the crystals, forming a continuous water-repellent film
and improving its water resistance.

The adsorbed oxygen (Oyy) is attributed to the adsorbed
H,O. After adding the 10 wt % cement, 0.9 wt % H-PDMS to
phosphogypsum, the content of H,O decreases by 7.38 and
9.77%, respectively, implying that the surface of the
phosphogypsum crystal is coated with an organosilicon layer,
which impedes the migration of free water and the attachment of
water on the surface and reduces the hydration tendency of the
moiiﬁed phosphogypsum crystal surfaces when exposed to
air.”

3.6. Pore Structure. The pore structures of the a-HPG and
H-HPG are characterized by MIP, and the results are depicted in
Figure 11. Figure 11a shows that the total intruded volume of a-
HPG and H-HPG are 0.4131 and 0.4006 mL/g, respectively,
indicating that the pore volume of the PG decreases by 3.03%
after the cement and H-PDMS modification.

Figure 11b shows that the threshold pore size of the a-HPG
and the H-HPG samples are 1053 and 1050 nm, respectively,
which slightly decreases, but with little difference. However, in
the range of 10—700 nm, the pore size distribution curves show a
downward trend and move to pores with smaller sizes. The
decrease of the water absorption rate is due to the decrease of
total porosity, resulting in the increase of softening coeflicient to
some extent. The data of the pore structure of a-HPG and H-
HPG are presented in Table 5, indicating that the cement and H-
PDMS modification reduces the connectivity of the capillary
pores and makes the pore structure dense.

3.7. Analysis of Surface Chemistry. The FTIR results of
the samples are compared in Figure 12. The adsorption peaks at
3552 and 3407 cm™! are ascribed to the symmetric stretch of
crystal water in CaSO,-2H,0. The peak at 3606 cm™" is ascribed
to its antisymmetric stretch. The peaks near 1685 and 1621 cm™
are attributed to the bending vibration of crystal water in
hydrated gypsum. The absorption bands located in 1130 cm™*
are assigned to the antisymmetric stretch of SO,>~.>> These
peaks are also observed in the C-HPG and H-HPG samples,
indicating that the hydrophobic modification does not alter the
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Figure 10. XPS spectra of Si 2p and O 1s in the HPG sample. (a) Change in Si 2p in three types of HPG samples. (b) Spectra of O 1s in a-HPC. (c)
Spectra of O 1s in C-HPC. (d) Spectra of O 1s in H-HPC.
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Figure 11. Effect of H-PDMS modification on (a) cumulative intrusion volume distribution and (b) pore size distribution.

Table S. Pore Structure of Specimens

specimens

a-HPG
H-HPG (0.9%)

total average median total
pore pore pore intrusion
porosi area diameter  diameter volume
®) (/) (m)  (m)  (mL/p)
47.88 7.543 219.1 1156.6 0.4131
43.67 7.365 217.6 938.8 0.4006

structure of the PG. However, compared with a-HPG and C-

41673

HPG, some new peaks appear in H-HPG owing to the
hydrophobic modification of H-PDMS and cement.

The peaks at 2964 and 1363 cm™" are attributed to the
stretching vibration and symmetric deformation of —CHj; in
—Si(CH,), of PDMS. The peaks at 2927 and 2858 cm™" are
attributed to stretching vibration of asymmetric and symmetric
stretch vibrations of methylene groups. The peak at 799 cm™
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Figure 12. ATR-FTIR spectra of different sample surfaces.

attributed to the Si—O vibration. The blocks at 1130 cm™!
correspond to characteristic peaks of dihydrate.

The predicted chemical reactions between H-PDMS
(including the curing agent and the accelerator) cement and
phosphogypsum are illustrated in Figure 13. The cross-linking
reaction of H-PDMS occurs under the action of an organotin
catalyst (Sn-cat.) (Figure 13a).® The schematic sketch of the
reaction is shown in Figure 13b. The hydration products of
Portland cement are mainly calcium silicate hydrate (C—S—H)
and calcium hydroxide (CH).””*® Under the alkaline environ-
ment provided by Portland cement hydration products, the

curing agent TEOS is partially hydrolyzed to silanol.” Both of
the hydroxyl groups of PDMS and silanol can react with the
hydroxyl groups on the surface of C-HPG and bond on the
surface of C-HPG by means of the Si—O bond. As a result, a H-
PDMS layer is chemically bonded to the phosphogypsum-based
composite from the inside out (Figure 13d). H-PDMS
molecules which contain a large amount of methyl groups,
completely cover the hydroxyl groups on the surface of 10%
Portland cement-modified a-phosphogypsum, changing the
phosphogypsum-based composite from hydrophilic to hydro-
phobic (Figure 13d).

3.8. Analysis of Different Kinds of HPG Micromorphol-
ogy of the Hydration Product. The macro performances of
specimens are determined by the composition of hydration
products and their microstructure. Figure 14a—c shows the
distribution of hydration products of the control sample a-HPG.
Quite a few calcium sulfate dihydrate crystals are interconnected
to form the network structure. The poor water resistance of
gypsum is due to the weakness of contact points of calcium
sulfate dihydrate.*” The hydration reaction of phosphogypsum
is as follows

CaS0,-0.5H,0 + 1.5H,0 = CaSO,-2H,0 (3)

SEM images of C-HPG specimens with 10% Portland cement
modification are shown in Figure 14d—f. The PG block product
without cement has loose structure, large porosity, and the
crystal morphology is mainly needle-like and sheet-like
structures. With the addition of Portland cement, high-strength
hydrated calcium aluminosilicate and ettringite are formed from

(a) CH, OC,H,

Sn-Cat.

|
HOTSI-OTH + CH0-Si-0C,H; —— 3

CH, 0C,Hj

I
I
I
| No Sn-Cat.
I +
I
| H-PDMS TEOS
I
L e e e e e e e e e e e e e e e e o -
(©
OC,H; OH~
—Sj— —_—
C,H;0 S[l OC,Hs 4H,0
OC,H,

(@)

SiOH), 4 4C,H,0H

J\I‘[O(Hsc)zsilo\s/o[Si(CH3)ZO]N + 4CHOH

1
A[O(H,C),Si]0° “O[Si(CH,),0]

HPG
H-PDMS agent

Figure 13. Schematic diagram of the chemical reaction. (a) Cross-linking reaction of H-PDMS occurs under the action of an organotin catalyst, (b)
sketch of the H-PDMS cross-linking reaction, (c) TEOS hydrolyzes to silanol under an alkaline environment, and (d) phosphogypsum changes from

hydrophilic to hydrophobic.
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Figure 14. SEM images of specimens. (a—c) a-HPG at different magnifications, (d—f) C-HPG at different magnifications, and (g—i) H-HPG (0.9%)
at different magnifications. (a,d,g) 3000%, (b,e,h) S000X, and (e,f,i) 10,000x.

aluminosilicates in cement.” Aluminate in cement and gypsum
form ettringite and the reaction is as follows

3Ca0-AlL,O, + 3(CaS0,-0.5H,0) + 29.5H,0
= 3Ca0-Al,0,-3CaS0,-31H,0 )

The main hydration products of a-HPG (calcium sulfate
dihydrate) are wrapped by cement hydration products
mentioned above, on the surface of dihydrate gypsum crystals,
and ettringite is interconnected with calcium sulfate dihydrate
(Figure 14e), which significantly improves the softening
coefficient of PG, filling the intercrystal voids to increase the
density of the matrix and improving the compactness of
specimens.”” The addition of Portland cement not only
improves the construction performance of PG but also provides
phosphogypsum-based materials with —OH groups for the
reaction with H-PDMS. SEM images of H-HPG (0.9%) are
shown in Figure 14g—i. Figure 14i shows that a H-PDMS layer is
chemically bonded to the surface of C-HPG, and cross-linked H-
PDMS network structure mainly covers the surface of the C-
HPG.

4. CONCLUSIONS

In summary, an integral hydrophobic phosphogypsum-based
composite (H-HPG) was developed using H-PDMS as the
organic waterproof admixture and Portland cement as the
inorganic admixture, respectively. Herein, the mechanical
strength, waterproof properties, surface chemistry, pore
structure, and microstructure of different HPG samples were
investigated. The results of this study can be summarized as
follows:

(1) The fluidity of the different HPG mortar increased from
180 mm of a-HPG to 235 mm of H-HPG (1.5%), and the
setting time prolonged after adding Portland cement and
H-PDMS, from a final setting time of 27.5 min of a-HPG
to 72 min of H-HPG (1.5%). In addition, both the
compressive strength and flexural strength of the H-HPG
modified with H-PDMS and Portland cement decreased.
When the H-PDMS content was 1.5%, the flexural
strength and compressive strength decreased by 40.00

and 33.63%, respectively, as compared with a-HPG.
However, the toughness of the H-HPG improved with the
modification of H-PDMS.

(2) With the increase of the H-PDMS agent contents from 0
to 1.5%, the water absorption of the hardened
phosphogypsum—cement was decreased from 16.2 to
2.0%. The softening coefficient was improved to 0.94
when the dosage was 1.5%. The contact angle of
phosphogypsum increased from 0 to 134° under the
coupling effect of H-PDMS agents and cement.

(3) H-PDMS participated in the —OH polymerization
reaction on the surface of phosphogypsum—cement
crystals and adhered to the surface of the crystals. H-
PDMS formed a chemically bonded layer on the surface of
C-HPG, and the cross-linked H-PDMS hydrophobic
network gave H-HPG an overall hydrophobicity. The
modification of cement and H-PDMS reduced the
porosity and made the pore structure denser. The
porosity of H-HPG (0.9%) decreased by 8.79% compared
to a-HPG, from 47.88 to 43.67%.

Hence, the H-PDMS- and Portland cement-modified
phosphogypsum can be used in building materials with
waterproof requirements, such as bathroom floor and
phosphogypsum-based pavement that require the moisture
resistance and coastal engineering projects. It is of great
significance to accomplish the comprehensive utilization of
solid waste phosphogypsum and solve its environmental
pollution problems.
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