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Abstract: At present, the utilization of boron resources in China is increasing, and the problem of
boron tailing pollution is becoming increasingly serious. To fundamentally solve the problem of
boron tailing, many scholars at home and abroad have mainly studied the curing effect in terms
of compressive strength, and little research has been carried out into the solidification effect and
hydration products. This study explored the effects of adding different alcohol-based modifiers on
the hydration products of magnesium oxysulfate cement-boron mud mixture, the microstructure,
physical properties and curing effects of the samples. The results show that magnesium oxysulfate
cement is beneficial to the solidification of boron in boron mud due to its low-alkali. Adding an
alcohol-based modifier can increase the compressive strength of magnesium oxysulfate cement-boron
mud blends. After adding acrylic acid and D-Mannitol, the 28-day compressive strength of the
sample increased by 44.7 MPa. The blending of alcohol-based modifiers has a very good effect on the
curing of boron in the whole system.

Keywords: magnesium oxysulfate cement-boron mud blends; KH550; mechanical strength; mi-
crostructure; solidification

1. Introduction

According to statistics, the world’s boron resource reserves in 2015 were approximately
380 million tons [1]. The main producers of boric acid and borax in the world are Turkey,
the United States, China, Chile and Russia [2]. Boric acid and borax are important primary
products with high output values and large outputs. Their production plays a key role in
the boron production industry in China [3]. Under low-concentration conditions, boron is
also an essential trace element for plant growth [4]. Boron compounds can be used to make
adhesives, detergents, flame retardants and other products and can be used as pesticides
and fertilizers in agriculture [5,6]. However, in the process of producing boric acid from
boron ore, boron mud, a moist waste, is produced. The production of boron mud increases
the accumulation of boron content in the soil, and the physical, chemical and biological
properties of the soil also change accordingly [7]. In addition, studies have shown that
surface water can mix with soil through groundwater and form complexes with copper,
plumbum, Ni and Cd ions. These complexes are more toxic than heavy metals [8]. On
the other hand, the high concentration of boron in the ground damages the plants in the
ground and causes groundwater pollution [9]. Therefore, the production of boron mud has
many negative effects on the environment. It is necessary to find a harmless method to
dispose of boron mud.

Solidification/stabilization technology has been widely used to improve the mechani-
cal properties of soil and reduce the mobility of pollutants [10]. The process of solidification
and stabilization includes chemical stabilization and physical fixation, where physical
fixation refers to the fixation of contaminants in the entire matrix through an interaction
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between waste and adhesive [11]. Studies have shown that the solidification peak temper-
ature of phenolic resin shifts to a low temperature due to the addition of boron, and the
activation energy of the solidification reaction of the phenolic resin is also reduced [12].
The addition of boron makes the solidification reaction easier, so boron can accelerate the
solidification of phenolic resin [12]. In addition, ordinary Portland cement is a kind of
binder for solidifying and stabilizing hazardous waste and is widely used because of its
low cost and high efficiency [13]. The use of cementitious materials to transform hazardous
wastes into a solidified body with a better structure can reduce the risk of redissolution of
harmful substances in hazardous wastes.

Ordinary Portland cement-based binders can be precipitated by metal hydroxides,
physically/chemically fixed in calcium silicate hydrate gels, and can also be used to treat
pollutants by the incorporation of secondary formed minerals [14]. However, the produc-
tion process for ordinary Portland cement is related to a high carbon footprint (660–820 kg
of carbon dioxide per ton). The production of ordinary Portland cement emits a large
amount of carbon dioxide and can aggravate global climate change [15].

Magnesium oxysulfate cement is a new type of magnesium-based cement produced by
the reaction of light-burned magnesia and magnesium sulphate [16]. Unlike ordinary Port-
land cement production (sintering at 1450 ◦C), the magnesium-rich minerals of the ocean or
salt lake can be wet processed to produce magnesium sulphate and magnesium oxide, and
light-burned magnesium is produced by calcination of magnesia ore at 650–800 ◦C [17].
Magnesium sulphate cement is considered to be a low-carbon consolidation material. The
reason for this is that compared with ordinary Portland cement production at 1400 ◦C, this
process reduces carbon dioxide emissions during the production process [18]. It is worth
noting that the addition of organic citric acid can promote the formation of needle-shaped
crystals composed of 5Mg(OH)2·1MgSO4·7H2O (517 phase) in magnesium oxysulfate ce-
ment, which changes the original void structure and reduces oxidation [19]. In addition,
MgO-based conjugates have advantages over ordinary Portland cement-based conjugates.
Its advantage lies in its moderate pH range (approximately 9–10) and good compatibility
with pollutants [20]. However, the pH of brucite is approximately 10.5 [21], and most
toxic ions have a low solubility [22]. Therefore, magnesium oxysulfate cement can be
regarded as a good solidification material. However, there are few studies evaluating
boron solidification dissolution in boron mud. Therefore, this paper studies magnesium
oxysulfate cement as a solidification material. Fortunately, previous studies have shown
that boron exits in the form of a Lewis acid, mainly in the form of unseparated boric acid at
low pH or as borate ions at high pH [23]. Chelating resin has a strong attraction to boron
due to its hydroxyl group and does not interact with other inorganic parts. At the same
time, hydroxyl groups can form different esters with boric acid and rapidly separate by
releasing protons to form borate complexes [24].

Therefore, boron is usually removed by the anion exchange resin method. Studies
have shown that there are lipids in the sap of plants, and the solidification performance of
magnesium oxysulfate cement is improved due to the presence of these lipids [25].

There are few studies on the solidification of boron by magnesium oxysulfate cement
and organic modifiers and the evaluation of boron leaching after solidification. In this
study, the phase composition, micromorphology and leaching characteristics of boron by
magnesium oxysulfate cement with organic modifiers are discussed.

2. Experimental
2.1. Materials

The light-burned magnesia used in this experiment was produced by the China
Haicheng Huafeng Group (Liaoyang, China) by calcining magnesite at 800 ◦C for 1 to
2 h. The content of active MgO (a-MgO) was determined by the hydration method to be
approximately 62.10%. Boron mud was obtained from the Dalian Jinma Group (Dalian,
China) as a byproduct of boric acid and borax. The chemical compositions of both are
listed in Table 1. BT-9300s BETTER laser detector was used to determine the particle
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size distribution, as shown in Figure 1. Ninety-nine percent pure magnesium sulphate
heptahydrate crystals were obtained for experiments. Analytical acrylic acid (C3H4O2)
and silane coupling agent—KH550 (analytical pure, Jiangsu Chenguang Group (Jiangning,
China)) were used; Glycerol (C3H8O3, Analytical Pure, Damao Chemical Reagent Factory,
Tianjin, China), D-Mannitol (C6H14O6, analytical pure, Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China) were used as additives for magnesium oxysulfate cement; these
modifiers are used to modify magnesium oxysulfate cement and solidify boron ions. Citric
acid (CA analytical pure, Ruijinte Chemical Co., Ltd., Tianjin, China) was added to each
group of samples to make the 517 phases in the system grow better.

Table 1. Chemical compositions of light-burned magnesia (LBM) and Boron mud.

Component
Content (wt%)

SiO2 CaO MgO Fe2O3 Al2O3 B2O3 K2O Na2O LOI

Borax Boron Mud 33.79 6.95 23.43 6.00 7.52 2.10 1.40 1.13 17.68
Light-burned Magnesia (LBM) 6.51 1.30 85.08 0.27 0.80 6.04
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Figure 1. The particle size distribution obtained by a laser detector.

2.2. Specimen Preparation

Epsom salt has low molecular solubility, so one should first prepare a solution with
a water to magnesium sulphate molar ratio of 20, and the ratio of magnesium sulphate
to light-burned magnesia is maintained at 8 to prepare magnesium oxysulfate cement.
Citric acid with a mass fraction of 0.3% by weight of LBM is added to better form the
517 phase [19]. To study the immobilization mechanism for boron, four analytical reagents,
KH550, acrylic acid, glycerol and D-Mannitol, were added to the magnesium oxysulfate
cement paste. The specific dosage is shown in Table 2. To prepare the magnesium oxysulfate
cement paste, first, a mechanical mixer was used to mix magnesium sulphate and organic
citric acid at a low speed of 60 r/min for two minutes. Then, other additives required for
the experiment were added to the prepared mixed slurry of magnesium oxysulfate cement
and boron mud and stirred at a high speed of 300 r/min for two minutes. Next, the mixed
slurry was poured into a mould with a size of 40 mm × 40 mm × 40 mm and demoulded
after approximately 24 h of curing. Finally, the removed module was placed into a curing
box for curing at a humidity of 60 ± 5% and temperature of 25 ± 2 ◦C. To explore the
solidification effect on boron ions for different modifiers under different pH conditions and
the effect of different pH changes on this solidification, 50 mL deionized water, 0.001 mol/L
NaOH, and 1 mol/L NaOH were used to simulate an environment with a pH of 7, 11 and
14, respectively. The specific mixing method is shown in Table 3.
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Table 2. Mixing design for magnesium oxysulfate cement paste.

Experiment Magnesium Oxide Boron Mud Citric Acid KH550 D-Mannitol Glycerol Acrylic Acid

MOS-N 1000 g 1000 g 3 g
MOS-K 1000 g 1000 g 3 g 80 g
MOS-D 1000 g 1000 g 3 g 80 g

MOS-DA 1000 g 1000 g 3 g 80 g 40 g
MOS-KG 1000 g 1000 g 3 g 80 g 80 g
MOS-GA 1000 g 1000 g 3 g 80 g 40 g

MOS-KDA 1000 g 1000 g 3 g 80 g 80 g 40 g

Table 3. The ratio of each component under varying pH.

The Serial Number Borax Acrylic Acid D-Mannitol Glycerol KH550 Water

B-N 33.9 50
B-K 33.9 80 50
B-D 33.9 80 50

B-DA 33.9 40 80 50
B-GA 33.9 40 80 50
B-KG 33.9 80 80 50

B-KDA 33.9 40 80 80 50

2.3. Testing Methods

The initial setting and final setting times for the samples were determined according
to the GB/T1346-2011 test standard. For the compressive strength test, an electronic servo
testing machine (Cangzhou Jingwei 300S, Cangzhou, China) was used to measure 7 samples
(40 mm × 40 mm × 40 mm). The maximum load of the machine was 300 kN, and the
loading speed was 0.6 kN/s [26].

XRD test (XRD, Malvern Instruments Limited and PANalytical B.V. Malvern, UK)
samples were passed through a 74 µm sieve (Pass λCu = 0.15418 nm, tube pressure: 40 kV,
tube flow: 40 mA, start angle = 5◦, end angle = 70◦, step length of 0.026◦, 10 s counting time
per step) to determine the crystalline composition of the magnesium oxysulfate cement.

A scanning electron microscope (SEM) (ZEISS SIGMA HD, Jena, Germany) was used
to observe the microscopic morphology of the hydration products of an Au-coated sample.
The sample was cut into a shape with a diameter of approximately 5 mm and a height of
approximately 1 mm. An Agilent Technologies Cary 630 FT-IR Fourier infrared spectrome-
ter was used to measure the functional groups present in the magnesium oxysulfate cement
sample at wavenumbers ranging from 450 cm−1 to 4000 cm−1.

Thermal analysis was performed for the hydrated sample (STA449F3, Netzsch, Ger-
many), and the powdery sample heated in the temperature range of 10 ◦C to 1100 ◦C in a
50 mL/min nitrogen gas stream was analysed.

Boron leaching in the magnesium oxysulfate cement sample was measured by the
ICP-MS method (Agilent 7500c inductively coupled plasma mass spectrometer, Agilent
Technologies Co. Ltd., Santa Clara, CA, USA).

X-ray photoelectron spectroscopy (XPS) was used to determine the presence of oxides
and organic layers in the first few nanometres of the surface and the elemental composi-
tion [27]. XPS analysis was performed using a TFA physical Electronics Inc. Spectrometer
equipped with a hemisphere analyser. All spectra were collected using a monochromatic
AlKα X-ray source (1486.6 eV), and the diameter of the analysis area was 400 µm.

3. Results
3.1. Effect of Modifiers on the Setting Time for Magnesium Oxysulfate Cement-Boron Mud Blends

Setting time is one of the most important aspects to describe the applicability of
magnesium oxysulfate cement. Figure 2 shows the influence of different modifiers on the
setting time of the samples. The addition of boron mud prolongs the initial and final setting
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times of the samples. Sarkar [28] studied the retardation kinetics for the setting reaction and
found that boric acid helps to form a polymer coating on the surface of the MgO particles
and hinders the setting of the cement, which can be used as a retarder. Furthermore, Wagh
and Jeong [29] found that when boric acid is added to the phosphate solution, magnesite is
formed on the MgO grains, gradually covering them and preventing their dissolution. This
is consistent with the result that the initial and final setting times for MOS-N are extended
to 397 min and 573 min, respectively, after adding boron mud in this experiment. The initial
and final setting times for the sample with the modifier are significantly shorter than those
for sample MOS-N. Compared with MOS-N, the initial setting time for MOS-D~MOS-KDA
is shortened by 82 min, 55 min, 52 min and 67 min, respectively. Compared with MOS-N,
the final setting time is shortened by 165 min, 171 min, 185 min and 193 min, respectively.
Compared with MOS-N, the initial and final setting times for MOS-K are extended: the
initial setting time is extended by 39 min, and the final setting time is extended by 18 min.
This is because the addition of polyol leads to bonding of the hydroxyl and magnesium
ions to promote the hydration rate.
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Figure 2. Initial and final setting times for magnesium oxysulfate cement-boron mud blends mixed
with different modifiers.

3.2. Influence of Modifier on the Mechanical Properties of Magnesium Oxysulfate Cement-Boron
Mud Blends

Figure 3 shows the compressive strength for magnesium oxysulfate cement-boron mud
blends at 3 days, 7 days, 14 days and 28 days under the control sample and different modi-
fiers. With increasing hydration time, the compressive strength of the specimens shows an
increasing trend. Compared with the 1-day compressive strength, the 28-day compressive
strength of each group of samples increased by 24.3 MPa, 9.6 MPa, 26.6 MPa, 44.7 MPa,
22.6 MPa, 13.1 MPa and 26.5 MPa, respectively, since the modifier added in MOS-D, MOS-
DA and MOS-KDA is an organic compound containing −OH or −COOH. Therefore, the
addition of a modifier can improve the mechanical properties of magnesium oxysulfate
cement [25]. However, the strength of KH550 is not significantly increased. This is because
the molecular formula of the silane coupling agent KH550 is NH2(CH2)3Si(OC2H5)3, which
is alkaline after hydrolysis in water [29]. It is a hydrophobic group for magnesium oxy-
sulfate cement surface coupling. This will lead to a weakening of the dispersibility of the
entire system of magnesium oxysulfate cement, which easily forms agglomerates, which
will negatively affect the mechanical properties of magnesium oxysulfate cement [30].
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3.3. The Influence of Different Modifiers on the Hydration Products of Magnesium Oxysulfate
Cement-Boron Mud Blends

Figure 4 shows the XRD curves of magnesium oxysulfate cement-boron mud blends
after air solidificating for 28 days when adding different modifiers and compares the
content of various mineral phases in magnesium oxysulfate cement-boron mud blends. The
hydration products for the samples are mainly brucite, quartz, magnesite, 517 phase and
olivine. With the addition of D-mannitol, the content of the 517 phase becomes significantly
higher than that of phase MOS-N, and the content of brucite is reduced. Accompanied by
the simultaneous addition of acrylic acid and D-mannitol, 517 phase content also increases,
and the addition of modifiers inhibits the growth of brucite, resulting in a significant
decrease in the brucite phase content compared with MOS-N. When different alcohol
groups are added to magnesium oxysulfate cement-boron mud blends, more 517 phases
are produced [31–33], indicating that the addition of modifiers is beneficial to the growth
of boron mud in the system, and, at the same time, it also inhibits the formation of brucite.
However, when KH550 is added, it is found that the brucite content is higher than that of
the control. Also, the sample strength of the added D-mannitol is generally high because
the addition of D-mannitol produces more 517 phases.
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Figure 5 shows the FTIR absorption spectra for the control and the samples mixed
with different modifiers. Each group of samples of 890 cm−1 absorption band is produced
by CO3

2− bending vibration of 1080 cm−1 in the absorption band produced by SO4
2− from

the 517 phase stretching vibrationMOS-D~MOS-KDA. The absorption band formed at
1150 cm−1 is caused by B-OH bond stretching vibration, and the absorption band MOS-K,
MOS-KG and MOS-KDA formed at 650 cm−1 is caused by B-O-Si stretching vibration. This
shows that the addition of modifiers can effectively make the B ions in the system form
relatively stable chemical bonds. Absorption bands are observed at 1150 cm−1, which are
generated by B-OH bond stretching and vibration [12]. The difference compared to other
alcohol bases is that MOS-K shows an absorption band at 650 cm−1 due to B-O-Si bond
stretching and vibration [34].
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Figure 6 shows the TG-DSC curves for the control group and the samples mixed with
different modifiers. The TG curve for this system mainly shows the decomposition process
for the 517 phases of the hydration product and brucite. The TG curve shows that the
weight loss from MOS-N to MOS-KDA can be divided into two stages. This first stage of
weight loss before ~200 ◦C corresponds to two absorption peaks in the DSC curve. The
main reason for the weight loss in this stage is the dehydration of the 517 phase to produce
5Mg(OH)2·MgSO4 [35] (the decomposition reaction is shown in Equations (1) and (2)). The
second stage of weight loss occurs over the temperature range of 350–650 ◦C. This stage
corresponds to two absorption peaks in the DSC curve. As the temperature continues to
rise, 5Mg(OH)2·MgSO4 continues to decompose to produce MgO, SO3 and H2O [34] (the
specific reaction is shown in Formulas (3) and (4)).
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In the TG curve, compared with MOS-K, MOS-N shows more weight loss, indicating
that KH550 has an inhibitory effect on the formation of the 517 phase in the system. With
the addition of glycerol (MOS-GA), the production of the 517 phase in MOS-K is improved,
but there is still a gap compared with the production of the 517 phase in MOS-D, MOS-DA,
MOS-GA and MOS-KDA. This also explains why the compressive strength of MOS-GA
is only higher than that of MOS-N and MOS-K. The weight loss of MOS-D, MOS-DA,
MOS-GA and MOS-KDA in the TG curve is not much different, and the reason for the
difference in strength will be explained in the subsequent microstructure.

5Mg(OH)2·MgSO4·7H2O(s)→5Mg(OH)2·MgSO4·4H2O(s) + 3H2O 81 ◦C (1)

5Mg(OH)2·MgSO4·4H2O(s)→5Mg(OH)2·MgSO4(s)·4H2O(g) 131 ◦C (2)

5Mg(OH)2·MgSO4(s)→5MgO·MgSO4(s) + 5H2O(g) 372 ◦C (3)

5MgO·MgSO4(s)→6MgO(s) + SO3(g) 955 ◦C (4)

3.4. The Effect of Alcohol Groups on the Microscopic Morphology of Magnesium Oxysulfate
Cement-Boron Mud Blends

Figure 7 shows the SEM images of MOS-N mixed with MOS-KDA. As shown in
Figure 7a,b, the whiskers in the pores of sample MOS-KDA develop better than those of
sample MOS-N. Figure 7c,d show that short columnar crystals appear in matrix MOS-KDA.
The ratio of the number of Mg to S atoms detected by EDS is 6:1, which proves that the
short columnar 517 phase is formed in matrix MOS-KDA. There are a large number of
lamellar crystals in matrix MOS-N, and the Mg to O atomic ratio was determined by EDS to
be 1:2, which confirms that a large amount of lamellar magnesium hydroxide is generated
in matrix MOS-N. At the same time, as shown in Figure 7e,f, in a magnesium oxysulfate
matrix, the presence of boron is identified through the EDS spectrum, and a large amount
of carbon is found at the boron position, showing that boron is wrapped in carbon. This
proves that carbon can adsorb boron and further proves that the addition of alcohol groups
can adsorb boron.

The pore size distribution with different modifiers is shown in Figure 8. Samples
MOS-N and MOS-D have many pores above 10,000 nm. The samples for the other groups
show little difference, and no large pores are found. However, the compressive strengths of
MOS-K, MOS-DA, MOS-KG, MOS-GA and MOS-KDA are quite different. The reason for
this may be that with an increasing solidification period, brucite is generated in the original
pores, which changes the porosity [36]. The porosities of MOS-D, MOS-DA and MOS-KDA
increase. This is due to the larger molecular weight formed by adding D-mannitol, which
makes it difficult to dissolve the sample in water, resulting in enrichment. The addition
of D-mannitol increases the porosity of magnesium oxysulfate cement-boron mud blends,
which can be due to the pores in the system being filled due to enrichment [37]. The
structure of the system is affected by the addition of the modifier. Larger pores can result
in an increase in the dissolution rate for boron ions, and smaller pores can decrease the
leaching rate.
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4. Study of Different Modifiers on the Solidification Performance of Boron and the
Effect of Different pH Values on the Solidification Effect

Figure 9 shows the experimental results obtained for the solidification effect of different
modifiers on borax. The order from left to right is as follows B-GA, B-KDA, B-KG, B-K, B-D,
B-DA, B-N. All the samples react violently, and the colour of the samples with D-mannitol
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added also changes successively. No obvious phenomenon was found to occur in the
remaining samples.
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Figure 9. Solidification effect of different modifiers on borax.

Figure 10 shows the XPS images of different samples. The original bond energy of
boron in borax is 191.8 eV [38]. The bond energies of boron in the samples doped with
different modifiers are shifted, and the bond energy shows an upward trend. The energy
of the sample with KH550 increases to 192.4 eV. The deviation in the composition upon
adding D-mannitol is more obvious, and the bond energy of boron is increased. This means
that the bond energy of boron in the system is increased after adding D-mannitol, and
the bond produced by the combination of boron and D-mannitol is more stable, so that
D-mannitol has a stronger adsorption capacity for boron in the system and the adsorption
effect is better.
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Figure 11 shows the XPS images of MOS-KDA at pH 7, pH 11 and pH 14. The bond
energy of boron is different under different pH values. At pH 7, the bond energy of boron
ions increases from 191.8 eV to 192.7 eV. For pH 11, the bond energy of boron ions increases
from the original value of 191.8 eV to 192.5 eV. At pH 14, the bond energy of boron ions
does not change. The bond energy of boron increases and rises at pH 7 and 11. This shows
that with increasing pH, the bond energy of boron in the system gradually weakens, a
pH of 7 is the most suitable for boron ions to react with other ions in the system, and the
solidification effect for boron ions is the best. Since ordinary Portland cement has a higher
pH, magnesium oxysulfate cement has a low pH. Therefore, magnesium oxysulfate cement
is more suitable for solidifying boron than ordinary Portland cement.

Materials 2022, 15, x FOR PEER REVIEW 12 of 15 
 

 

 
Figure 10. XPS for different samples. 

Figure 11 shows the XPS images of MOS-KDA at pH 7, pH 11 and pH 14. The bond 
energy of boron is different under different pH values. At pH 7, the bond energy of boron 
ions increases from 191.8 eV to 192.7 eV. For pH 11, the bond energy of boron ions in-
creases from the original value of 191.8 eV to 192.5 eV. At pH 14, the bond energy of boron 
ions does not change. The bond energy of boron increases and rises at pH 7 and 11. This 
shows that with increasing pH, the bond energy of boron in the system gradually weak-
ens, a pH of 7 is the most suitable for boron ions to react with other ions in the system, 
and the solidification effect for boron ions is the best. Since ordinary Portland cement has 
a higher pH, magnesium oxysulfate cement has a low pH. Therefore, magnesium oxysul-
fate cement is more suitable for solidifying boron than ordinary Portland cement. 

 
Figure 11. XPS under pH = 7, pH = 11, and pH = 14. Figure 11. XPS under pH = 7, pH = 11, and pH = 14.

5. Effects of Different Modifiers on Boron-Ion Leaching

Figure 12 shows the ICP curves for boron-ion leaching in magnesium oxysulfate
cement-boron mud blends mixed with different modifiers. The curve shows that the
leaching rate is increased after the addition of D-mannitol, which is due to the larger
porosity, which leads to the infiltration of water. Therefore, the leaching rate for boron
increases with the addition of D-mannitol. The leaching rate for the samples containing
other modifiers decreases compared with MOS-N. Samples MOS-K, MOS-KG, MOS-GA,
MOS-KDA all show a good solidification effect; the leaching rate after immersion for 360 d
drops from 7.21 mg/L to 2.4 mg/L, 1.78 mg/L, 1.00 mg/L, 0.66 mg/L, respectively, which
conforms to GB5085.3. Therefore, these modifiers can be used for the solidification of boron.
The reason for the low leaching rate of MOS-GA is due to the formation of B-OH bond in
the magnesium oxysulfate cement-boron mud mixed paste system, while the reason for the
lower leaching rate of MOS-K, MOS-KG and MOS-KDA is that the magnesium oxysulfate
cement-boron mud B-O-Si bonds are formed in the mixed paste system, which reduces the
free boron ion content.



Materials 2022, 15, 1446 13 of 15

Materials 2022, 15, x FOR PEER REVIEW 13 of 15 
 

 

5. Effects of Different Modifiers on Boron-Ion Leaching 
Figure 12 shows the ICP curves for boron-ion leaching in magnesium oxysulfate ce-

ment-boron mud blends mixed with different modifiers. The curve shows that the leach-
ing rate is increased after the addition of D-mannitol, which is due to the larger porosity, 
which leads to the infiltration of water. Therefore, the leaching rate for boron increases 
with the addition of D-mannitol. The leaching rate for the samples containing other mod-
ifiers decreases compared with MOS-N. Samples MOS-K, MOS-KG, MOS-GA, MOS-KDA 
all show a good solidification effect; the leaching rate after immersion for 360 d drops from 
7.21 mg/L to 2.4 mg/L, 1.78 mg/L, 1.00 mg/L, 0.66 mg/L, respectively, which conforms to 
GB5085.3. Therefore, these modifiers can be used for the solidification of boron. The rea-
son for the low leaching rate of MOS-GA is due to the formation of B-OH bond in the 
magnesium oxysulfate cement-boron mud mixed paste system, while the reason for the 
lower leaching rate of MOS-K, MOS-KG and MOS-KDA is that the magnesium oxysulfate 
cement-boron mud B-O-Si bonds are formed in the mixed paste system, which reduces 
the free boron ion content. 

 
Figure 12. ICP curve for the leaching of boron in magnesium oxysulfate cement-boron mud blends 
mixed with different modifiers. 

6. Conclusions 
1. After adding boron mud, the compressive strength of magnesium oxysulfate cement 

decreases. However, the compressive strength is significantly improved after com-
pounding with D-mannitol, acrylic acid and glycerol. This shows that these modifiers 
can be used to improve the mechanical properties of magnesium oxysulfate cement-
boron mud blends. 

2. Adding KH550, acrylic acid, glycerol and D-Mannitol can increase the bond energy 
of boron and improve the solidification ability towards boron, but after adding D-
Mannitol, a large molecular weight structure is formed that increases the porosity; 
thus, its solidification effect on boron is poor. Although KH550 has the best solidifi-
cation effect on boron, its strength is low. Consequently, when combining mechanical 
properties and solidification effects, the use of the compound formula has a better 
effect. 

3. With increasing pH, the solidification effect of magnesium oxysulfate cement on bo-
ron is reduced. Therefore, magnesium oxysulfate cement, as a low-alkali cement, is 
more conducive to the solidification of boron in boron mud than ordinary Portland 
cement. 

Figure 12. ICP curve for the leaching of boron in magnesium oxysulfate cement-boron mud blends
mixed with different modifiers.

6. Conclusions

1. After adding boron mud, the compressive strength of magnesium oxysulfate ce-
ment decreases. However, the compressive strength is significantly improved after
compounding with D-mannitol, acrylic acid and glycerol. This shows that these
modifiers can be used to improve the mechanical properties of magnesium oxysulfate
cement-boron mud blends.

2. Adding KH550, acrylic acid, glycerol and D-Mannitol can increase the bond energy
of boron and improve the solidification ability towards boron, but after adding
D-Mannitol, a large molecular weight structure is formed that increases the poros-
ity; thus, its solidification effect on boron is poor. Although KH550 has the best
solidification effect on boron, its strength is low. Consequently, when combining
mechanical properties and solidification effects, the use of the compound formula
has a better effect.

3. With increasing pH, the solidification effect of magnesium oxysulfate cement on boron
is reduced. Therefore, magnesium oxysulfate cement, as a low-alkali cement, is more
conducive to the solidification of boron in boron mud than ordinary Portland cement.

Author Contributions: Conceptualization, Y.L., Y.G. and W.B.; Methodology, Y.L., Y.G. and W.B.;
Formal analysis, Y.L., Y.G. and W.B.; Investigation, Y.L., Y.G. and W.B.; Resources, Y.G. and W.B.;
Writing—original draft preparation, Y.L., Y.G. and W.B.; Writing—review and editing, Y.L., Y.G. and
W.B.; Supervision, Y.L., Y.G. and W.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by national key R&D program of China: 2020YFC1909304;
natural science foundation of Liaoning province of China: 2020-MS-115; foundation for high-level
talent innovation support program of Dalian: 2019RD05.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2022, 15, 1446 14 of 15

References
1. US Geological Survey & Orienteering. Mineral Commodity Summaries; Government Printing Office: Washington, DC, USA, 2019.
2. Liu, R.; Xue, X.X.; Liu, X.; Wang, D.S.; Zha, F.; Huang, D.W. Progress on China’s boron resource and the current situation of

boron-bearing materials. Bull. Chin. Ceram. Soc. 2006, 25, 102–107.
3. An, J.; Xue, X. Life cycle environmental impact assessment of borax and boric acid production in China. J. Clean. Prod. 2014, 66,

121–127. [CrossRef]
4. El-Said, G.F.; El-Sadaawy, M.M. Seasonal Variation of Boron and Fluoride in Tilapia nilotica from an Egyptian Fish Farm in

Relation to Human Health Hazard Assessment. Hum. Ecol. Risk Assess. Int. J. 2013, 19, 930–943. [CrossRef]
5. Magara, Y.; Tabata, A.; Kohki, M.; Kawasaki, M.; Hirose, M. Development of boron reduction system for sea water desalination.

Desalination 1998, 118, 25–33. [CrossRef]
6. Heumann, K.G.; Eisenhut, S. Identifification of ground water contaminations by landfifills using precise boron isotope ratiomea-

surements with negative thermal ionization mass spectrometry. Fresenius J. Anal. Chem. 1997, 359, 375–377.
7. Cengeloglu, Y.; Tor, A.; Arslan, G.; Ersoz, M.; Gezgin, S. Removal of boron from aqueous solution by using neutralized red mud.

J. Hazard. Mater. 2007, 142, 412–417. [CrossRef]
8. Hanay, A.; Boncukcuoglu, R.; Kocakerim, M.M.; Yilmaz, A.E. Boron removal from geothermal waters by ion exchange in a batch

reactor. Fresenius Environ. Bull. 2003, 12, 1190–1194.
9. Vuppaladadiyam, A.K.; Merayo, N.; Prinsen, P.; Luque, R.; Blanco, A.; Zhao, M. A review on greywater reuse: Quality, risks,

barriers and global scenarios. Rev. Environ. Sci. Bio/Technol. 2019, 18, 77–99. [CrossRef]
10. Shen, S.L.; Han, J.; Du, Y.J. Deep mixing induced property changes in surrounding sensitive marine clays. J. Geotech. Geoenviron.

2008, 134, 845–854. [CrossRef]
11. Falciglia, P.P.; Romano, S.; Vagliasindi, F.G. Stabilization/aolidification of soils contaminated by mining activities: Influence

of barite powder and grout content on γ-radiation shielding, unconfined compressive strength and 232Th immobilization. J.
Geochem. Explor. 2017, 174, 140–147. [CrossRef]

12. Lin, C.T.; Lee, H.T.; Chen, J.K. Preparation and properties of bisphenol-F based boron-phenolic resin/modified silicon nitride
composites and their usage as binders for grinding wheels. Appl. Surf. Sci. 2015, 330, 1–9. [CrossRef]

13. Chen, Q.Y.; Tyrer, M.; Hills, C.D.; Yang, X.M.; Carey, P. Immobilization of heavy metal in cement-based solidification/stabilization:
A review. Waste Manag. 2009, 29, 390–403. [CrossRef] [PubMed]

14. Wang, L.; Chen, L.; Cho, D.W.; Tsang, D.C.; Yang, J.; Hou, D.; Poon, C.S. Novel synergy of Si-rich minerals and reactive MgO for
stabilization/solidification of contaminated sediment. J. Hazard. Mater. 2019, 365, 695–706. [CrossRef] [PubMed]

15. Szulejko, J.E.; Kumar, P.; Deep, A.; Kim, K.H. Global warming projections to 2100 using simple CO2 greenhouse gas modelling
and comments on CO2 climate sensitivity factor. Atmos. Pollut. Res. 2017, 8, 136–140. [CrossRef]

16. Kabir, H.; Hooton, R.D.; Popoff, N.J. Evaluation of cement soundness using the ASTM C151 autoclave expansion test. Cem. Concr.
Res. 2020, 136, 106159. [CrossRef]

17. Walling, S.A.; Provis, J.L. Magnesia-Based Cements: A Journey of 150 Years, and cements for the future? Chem. Rev. 2016, 116,
4170–4204. [CrossRef]

18. Lu, B.; Shi, C.; Hou, G. Strength and microstructure of CO2 cured low-calcium clinker. Construct. Build. Mater. 2018, 188, 417–423.
[CrossRef]

19. Zhen, Z.; Zhan, B.G. Research on modification effects of citric acid on magnesium oxysulfate cement. J. Hefei Univ. Technol. 2013,
36, 461–464. (In Chinese)

20. Mo, L.; Deng, M.; Tang, M.; Al-Tabbaa, A. MgO expansive cement and concrete in China: Past, present and future. Cem. Concr.
Res. 2014, 57, 1–12. [CrossRef]

21. Zhang, T.; Cheeseman, C.R.; Vandeperre, L.J. Development of low ph cement systems forming magnesium silicate hydrate
(M-S-H). Cem. Concr. Res. 2011, 41, 439–442. [CrossRef]

22. Jeoh-Zicari, T.; Scher, H.B.; Santa-Maria, M.C.; Strobel, S. Spray Dry Method for Encapsulation of Biological Moieties and
Chemicals in Polymers Cross-Linked by Multivalent Ions for Controlled Release Applications. U.S. Patent 20140348815A1, 11
July 2014.

23. Cotton, F.A.; Wilkinson, G.W. Advanced Inorganic Chemistry: A Comprehensive Text; John Wiley: Hoboken, NJ, USA, 1972.
24. Hussain, A.; Sharma, R.; Minier-Matar, J.; Hirani, Z.; Adham, S. Application of emerging ion exchange resin for boron removal

from saline groundwater. J. Water Process Eng. 2019, 32, 100906. [CrossRef]
25. Barbieri, V.; Gualtieri, M.L.; Manfredini, T.; Siligardi, C. Hydration kinetics and microstructural development of a magnesium

oxysulfate cement modified by macromolecules. Constr. Build. Mater. 2020, 248, 118624. [CrossRef]
26. Gualtieri, A.F. Accuracy of XRPD QPA using the combined Rietveld-RIR method. J. Appl. Crystallogr. 2000, 33, 267–278. [CrossRef]
27. Zhao, R.; Rupper, P.; Gaan, S. Recent development in phosphonic acid-based organic coatings on aluminium. Coatings 2017, 7,

133. [CrossRef]
28. Sarkar, A.K. Hydration/dehydration characteristics of struvite and dittmarite pertaining of magnesium ammonium phosphate

cement systems. J. Mater. Sci. 1991, 26, 2514–2518. [CrossRef]
29. Wagh, A.S.; Jeong, S.Y. Chemically bonded phosphate ceramic: I—A dissolution model of formation. J. Am. Ceram. Soc. 2003, 86,

1838–1844. [CrossRef]

http://doi.org/10.1016/j.jclepro.2013.10.020
http://doi.org/10.1080/10807039.2012.691839
http://doi.org/10.1016/S0011-9164(98)00076-9
http://doi.org/10.1016/j.jhazmat.2006.08.037
http://doi.org/10.1007/s11157-018-9487-9
http://doi.org/10.1061/(ASCE)1090-0241(2008)134:6(845)
http://doi.org/10.1016/j.gexplo.2016.03.013
http://doi.org/10.1016/j.apsusc.2014.12.193
http://doi.org/10.1016/j.wasman.2008.01.019
http://www.ncbi.nlm.nih.gov/pubmed/18367391
http://doi.org/10.1016/j.jhazmat.2018.11.067
http://www.ncbi.nlm.nih.gov/pubmed/30472455
http://doi.org/10.1016/j.apr.2016.08.002
http://doi.org/10.1016/j.cemconres.2020.106159
http://doi.org/10.1021/acs.chemrev.5b00463
http://doi.org/10.1016/j.conbuildmat.2018.08.134
http://doi.org/10.1016/j.cemconres.2013.12.007
http://doi.org/10.1016/j.cemconres.2011.01.016
http://doi.org/10.1016/j.jwpe.2019.100906
http://doi.org/10.1016/j.conbuildmat.2020.118624
http://doi.org/10.1107/S002188989901643X
http://doi.org/10.3390/coatings7090133
http://doi.org/10.1007/BF01130204
http://doi.org/10.1111/j.1151-2916.2003.tb03569.x


Materials 2022, 15, 1446 15 of 15

30. Wu, C.; Chen, W.; Zhang, H.; Yu, H.; Zhang, W.; Jiang, N.; Liu, L. The hydration mechanism and performance of Modified
magnesium oxysulfate cement by tartaric acid. Constr. Build. Mater. 2017, 144, 516–524. [CrossRef]

31. Wang, N.; Yu, H.; Bi, W.; Tan, Y.; Zhang, N.; Wu, C.; Ma, H.; Hua, S. Effects of sodium citrate and citric acid on the properties of
magnesium oxysulfate cement. Constr. Build. Mater. 2018, 169, 697–704. [CrossRef]

32. Qin, L.; Gao, X.J.; Chen, T.F. Recycling of raw rice husk to manufacture magnesium oxysulfate cement based lightweight building
materials. J. Clean Prod. 2018, 191, 220–232. [CrossRef]

33. Li, Z.; Ji, Z.; Jiang, L.; Yu, S. Effect of additives on the properties of magnesium oxysulfate cement. J. Intell. Fuzzy. Syst. 2017, 33,
3021–3025. [CrossRef]

34. Zhang, Y.L.; Zang, C.G.; Shi, L.P.; Jiao, Q.J.; Pan, H.W.; She-li, Y.F. Preparation of boron-containg hybridized silicon rubber by
in situ polymerization of vinylphenyl-functionalized polyborosiloxane and liquid silicone rubber. Polymer 2021, 219, 123541.
[CrossRef]

35. Ma, X.L.; Ning, G.Q.; Qi, C.L.; Gao, J.S. One-step synthesis of basic magnesium sulfate whiskers by atmospheric pressure reflux.
Particuology 2016, 24, 191–196. [CrossRef]

36. Beaudion, J.; Ramachandran, V.S. Strength development in magnesium oxysulfate cement. Cem. Concr. Res. 1977, 8, 103–112.
[CrossRef]

37. Wei, J.; Zhao, Y.; Yu, S.; Du, J.; Hu, X.; Bai, G.; Wang, Z. Environment-friendly dual-network hydrogel dust suppressant based on
xanthan gum, polyvinyl alcohol and acrylic acid. J. Environ. Manag. 2021, 295, 113–139. [CrossRef]

38. Leroy, G.; Sana, M.; Wilante, C.; van Zieleghem, M.-J. Revaluation of the bond energy term+s for bonds between atoms of the first
rows of the periodic table, including lithium, beryllium and boron. J. Mol. Struct. 1991, 247, 199–215. [CrossRef]

http://doi.org/10.1016/j.conbuildmat.2017.03.222
http://doi.org/10.1016/j.conbuildmat.2018.02.208
http://doi.org/10.1016/j.jclepro.2018.04.238
http://doi.org/10.3233/JIFS-169353
http://doi.org/10.1016/j.polymer.2021.123541
http://doi.org/10.1016/j.partic.2015.03.004
http://doi.org/10.1016/0008-8846(78)90063-7
http://doi.org/10.1016/j.jenvman.2021.113139
http://doi.org/10.1016/0022-2860(91)87073-Q

	Introduction 
	Experimental 
	Materials 
	Specimen Preparation 
	Testing Methods 

	Results 
	Effect of Modifiers on the Setting Time for Magnesium Oxysulfate Cement-Boron Mud Blends 
	Influence of Modifier on the Mechanical Properties of Magnesium Oxysulfate Cement-Boron Mud Blends 
	The Influence of Different Modifiers on the Hydration Products of Magnesium Oxysulfate Cement-Boron Mud Blends 
	The Effect of Alcohol Groups on the Microscopic Morphology of Magnesium Oxysulfate Cement-Boron Mud Blends 

	Study of Different Modifiers on the Solidification Performance of Boron and the Effect of Different pH Values on the Solidification Effect 
	Effects of Different Modifiers on Boron-Ion Leaching 
	Conclusions 
	References

