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Abstract: The effective utilization rate of river-dredged silt was extremely low, and common disposal
methods such as dumping it into the ocean have already threatened the ecological environment. To
demonstrate that dredged silt can be used as a mineral admixture to modify magnesium potassium
phosphate cement (MKPC), the mechanical properties and hydration degree of sintered silt ash
(SSA)-blended MKPC in the early stage of hydration were studied systematically in this paper, with
MKPC as the reference group. The mechanical experiment results showed that in the process of
increasing the SSA content to 25%, the compressive strength first increased and then decreased.
Among the samples, the compressive strength of cement aged by 1d and 3d with 15% content was
the highest, which increased by 11.5% and 17.2%, respectively, compared with the reference group.
The setting time experiment found that with the increase in SSA content, the hydration reaction rate
of MKPC slowed down significantly. Its effect of delaying hydration was most obvious when the SSA
content was 10–15%. The X-ray diffraction pattern showed that there was no large amount of new
crystalline substances formed in the hydration product. The results obtained by scanning electron
microscopy show that the microstructure tended to be denser and the hydration products tended
to be plump when the SSA content was in the range of 0–15%. The non-contact electrical resistivity
experiment showed that the addition of SSA delayed the early hydration of MKPC. Combined with
the above experiment results, it was found that when the content of SSA was less than 15%, it not
only delayed the early hydration of MKPC, but also deepened its hydration degree.

Keywords: magnesium potassium phosphate cement; mechanical properties; hydration degree;
sintered silt ash; early-age cement

1. Introduction

Magnesium phosphate cement (MPC) has excellent properties such as rapid harden-
ing, early strength, and good adhesion. It is used widely in bioceramics [1–4], engineering
quick fixes [5–7], solidification of harmful substances [8,9], protective coatings [10,11], and
in the 3D printing [12] field. MPC is mainly composed of dead burnt MgO and soluble
phosphate. The main strength is provided by struvite formed in the vigorous acid–base
neutralization reaction [13]. The phosphates used commonly in MPC are NH4H2PO4 and
KH2PO4. Research shows that NH4H2PO4 released ammonia during the hydration process
and caused environmental pollution, so KH2PO4 is more suitable as a raw material for
MPC. When KH2PO4 is used as the raw material of MPC, the cement is called magne-
sium potassium phosphate cement (MKPC). Although MPC has many advantages, its
rapid hardening nature makes it unable to achieve sufficient hydration, and reduces its
convenience in construction operations. Researchers have added different admixtures to
MPC to improve its performance. Admixtures used commonly were mineral admixtures
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(fly ash [14–16], silica fume [14,15,17,18], metakaolin [19–22], slag [23–25]), fiber mate-
rial [26–29], and polymer materials [3,30]. Other researchers conducted thermodynamic
simulation studies on MPC [31]. In addition, algorithms were often used in research in the
field of materials science [32–35].

At present, there are two main views on the hydration mechanism of MKPC, which
are the local chemical reaction mechanism [36] and the through-solution mechanism. The
local chemical reaction mechanism states that the crystallization of magnesium ammonium
phosphate is a local chemical reaction that controls the hydration reaction. After forming
on the surface of magnesium oxide, hydration products invade the interior magnesium
oxide, and magnesium oxide continues to dissolve, causing the pH value to rise. When the
pH > 7, magnesium ammonium phosphate crystals are produced and form a network
structure. However, the through-solution mechanism is more accepted by people, which
is divided into the following stages [37]: First, KH2PO4 dissolves in water and releases
H+ to make the solution slightly acidic. MgO dissolves under this condition and releases
Mg2+ gradually. Second, Mg2+ reacts with water molecules in the aqueous solution to
form hydrated sol Mg(H2O)6

2+, then these hydrated sols react with PO4
3−, HPO4

2−, and
H2PO4

− in the solution to generate various hydration products. Third, as the polymer-
ization reaction continues, the sols continue to cement to form a gel and further form a
grid structure. Fourth, the grid gel gradually becomes saturated and transforms into the
crystalline hydration product K-struvite. It covers the surface of incompletely reacted MgO
particles and forms a structure with MgO particles as the skeleton and K-struvite as the
cementing material.

More than 600 million cubic meters of river-dredged silt are produced globally every
year, but less than 1% of it has been recycled, and most of it was dumped into the ocean for
disposal. In 2015, nearly 140 million cubic meters of dredged silt from rivers were dumped
into the sea in China [38]. The waste silt produced by the dredging of rivers and lakes has
already threatened the ecological environment. How to treat it harmlessly is an urgent
problem to be solved. The dredged silt produced in different environments has different
components, but the main components are still Si, Al, Fe, other oxides, and humus. The
existence of mineral components in dredged silt makes it possible to use it in inorganic
cementitious materials. At present, many scholars have conducted systematic research on
the modification of Portland cement with silt [39–44]; however, there have been few studies
on the modified MPC of dredged silt.

Therefore, this paper studied the influence of dredged silt on the mechanical properties
and hydration process of MKPC in the early stage of hydration through experiments. The
mechanical properties were studied using compressive strength experiments. Setting time
experiments characterized the effect of dredged silt on changes in the hydration rate of
MKPC. The resulting crystalline hydration products were analyzed using X-ray diffraction
(XRD), then the microstructure and hydration products were examined with scanning
electron microscopy (SEM) and energy dispersive spectrometry (EDS). The change in
resistivity during the hydration process was characterized with the non-contact electrical
resistivity method (NC-ERM), and the influence of dredged silt on the hydration process of
MKPC was evaluated further. The experimental results of compressive strength show that
15% SSA was better than 0%, 5%, 10%, 20%, and 25%. It was believed that the hydration
product structure of 15% SSA was arranged so that it has better strength at the same age.
At the same time, the development of hydration products was fuller and the degree of
hydration was deeper. Comparison of experimental results using the above three mix ratios
was accurate and meaningful for this study. Therefore, 0%, 15%, and 25% SSA were selected
for experiments and comparative analysis in the XRD, SEM, and NC-ERM experiments.

2. Materials and Methods
2.1. Raw Materials

MKPC is composed of dead burnt MgO and KH2PO4. The MgO used was produced
in Liaoning, which was made of magnesite calcined at 1500–1700 ◦C and then ground.
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Table 1 shows its chemical composition with a purity of 92%. The analytical pure KH2PO4
was obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China), with a
purity greater than 99.5%, a solubility of 22.6 g/100 mL at 20 ◦C, and is in line with the
technical requirements for KH2PO4 in GB/T 1274-2011. Untreated silt was produced from
Baiyangdian Hebei. Its fluidity was poor and its water content was too high, so it needed
to be treated before being used. The treatment process is introduced in detail later. The
chemical composition of the treated silt is shown in Table 2, and it can be seen that it
had a high content of SiO2 and Al2O3. The water used was municipal tap water. In the
study, different proportions of sintered silt ash (SSA) were used to replace part of the MgO,
while keeping the mass ratio of KH2PO4/(MgO + SSA) at 0.4. The water/binder ratio was
0.24 uniformly. In the early stage of the experiments for this thesis, a literature review and
many pre-experiments were conducted. KH2PO4/(MgO + SSA) = 0.4 and water/binder = 0.24
enabled the specimen to perform better. The mix design is shown in Table 3.

Table 1. Chemical composition of dead burnt MgO (%).

Composition MgO SiO2 CaO Al2O3 Fe2O3 LOI

Content 91.04 4.73 2.09 0.86 0.94 1.01

Table 2. Chemical composition of treated silt (%).

Composition SiO2 Al2O3 Fe2O3 CaO MgO SO3 f-CaO LOI

Content 55.83 17.49 7.65 9.42 3.62 1.35 - 3.52

Table 3. Design of experiment mixing ratio (%).

MgO SSA KH2PO4/(MgO + SSA) Water/Binder

100% 0%

0.4 0.24

95% 5%
90% 10%
85% 15%
80% 20%
75% 25%

2.2. Treatment Process of Dredged Silt

Untreated silt had a high water content and poor fluidity, and needed to be treated
before being used in experiments. The process of silt treatment was divided into four steps
as shown in Figure 1: First, untreated silt was placed in a drying oven and dried to constant
weight at 105 ◦C. Second, the dried silt was ball-milled for 10 min until the sludge became
ash. Third, the sludge ash was continuously calcined in a high temperature box at 800 ◦C
for 2 h. Fourth, the silt ash calcined at high temperature was ball-milled again for 10 min.
This was due to the agglomeration of the silt ash calcined at high temperature.

2.3. Specimen Preparation

Unlike Portland cement, MKPC has the properties of quick hardening and early strength.
Therefore, the ages of 1d and 3d of MKPC were selected to study its early hydration. KH2PO4
was granular crystals, and it was pulverized into powder by using a grinder to facilitate
sufficient hydration. MgO, KH2PO4, and SSA with masses corresponding to the designed
mix ratio were put into the mixing pot. The dry material was evenly mixed under the fan
blade rotating at low speed. The corresponding weight of water was poured into the cement
mixer and stirred at low speed for 60 s. The mixture was stopped stirring for 30 s. During this
time, the remaining experimental material on the mixer blade was scraped into the pot and
stirred at low speed for 30 s. For the experimental block used to test compressive strength,
the mixed MKPC was poured into a 40 mm × 40 mm × 40 mm mold. Then, it was vibrated
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on a vibrating table for 30 s, and the excess MKPC on the surface was scraped off and
covered with plastic film. After 1 h, the mold was removed and the test block was put into
the standard curing room for curing for 1d and 3d. For NC-ERM experiment specimens,
the prepared MKPC was poured into a specific ring-shaped experimental platform. The
mold containing MKPC was held in both hands in a support position and rotated rapidly.
This rotation was repeated several times clockwise and counterclockwise in the horizontal
direction to make the experimental sample surface flat and highly consistent. The sides of
the sample mold were lightly tapped with fingers to release the air in the MKPC.
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2.4. Experiment Methods
2.4.1. Compressive Strength

In the experiment, cubic experimental blocks with a size of 40 mm × 40 mm × 40 mm
were used to test the compressive strength. The arithmetic mean of six experimental blocks
in each group was used as the compressive strength. If one of the six measured values
exceeded 10% of the arithmetic mean, this value was removed and the arithmetic mean of
the other five values was taken. The specimen ages were 1d and 3d. The test instrument
used was a YAW-300C automatic pressure testing machine, which was loaded at a constant
speed of 2.4 kN/s until the sample broke. The experiment complied with the relevant
regulations in GB/T 17671-2011.

2.4.2. Setting Time

According to the design mix ratio in Table 3, the setting time of MKPC was measured
using a Vicat apparatus (Jiangsu, China). The test needle was selected as the sample stick,
and the pointer was aligned with the zero point of the scale when the test needle touched
the glass plate. The slurry prepared according to the proportions was immediately loaded
into the round mold and vibrated at once. The time point at which water was added and
mixed was used as the timing starting point. The test needle was kept in contact with the
slurry surface, and then the tightened screw was suddenly loosened after 1–2 s. When the
test needle sank to 4 ± 1 mm from the bottom, it reached the initial setting state. At this
point, the timer was stopped and recorded as the initial setting time. Measurements were
taken every 10 s. When the initial setting time was approaching, 10 s was changed to 5 s.
According to the research by Wang Erqiang et al. [45], when 0.5% boric acid was added to
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MKPC as a retarder, the initial and final setting times were 432 s and 518 s, respectively.
The difference between them was only 86 s. Given the very short time interval, the initial
setting time was taken as its setting time.

2.4.3. XRD

When monochromatic X-rays irradiated the crystal, the atoms inside the crystal were
arranged in a regular order to form a unit cell structure. The distance between these atoms
was on the order of the wavelength of the incident X-rays. Therefore, the scattering of X-rays
by different atoms interfered with each other, and strong X-ray diffraction appeared in some
specific directions. The distribution and intensity of diffraction lines in space were closely
related to the crystal structure. The diffraction pattern presented by each crystal reflected
the arrangement of atoms inside the crystal. Consequently, the composition of the specimen
could be characterized by the diffraction pattern obtained from the XRD experiment.

Specimens for XRD were taken from the core of the broken experimental blocks after
the compressive strength experiment. The specimen was soaked in isopropyl alcohol for
48 h, and the free water in the open pores was displaced. Then, they were dried in a vacuum
oven for 48 h. The purpose of above operation was to terminate the continuous hydration
of the specimen, so as to obtain the specimen that was closest to the hydration state of the
corresponding age. The vacuum-dried block specimens were fully ground into powder.
The average particle size of the powder was controlled within 10 µm. There was no obvious
graininess when touching the powder with hands. An appropriate amount of grinding
powder was filled into the grooves of the sample holder, and the sample was compacted
with a glass slide. Excess powder was removed and the sample surface was recompacted
to be flush with the edge of the sample holder. The sample stage was inserted into the XRD
diffractometer sample stage and the protective cover was closed. The instrument model
used for XRD was the D8 ADVANCE, Bruker, Germany. The scanning angle was 10◦–80◦,
and the speed was 10◦/min.

2.4.4. SEM and EDS

SEM uses a high-energy, highly focused electron beam to scan the surface of the
specimen, and stimulate various physical information through the interaction between
the electron beam and the substances in the specimen. Then, this information is collected,
amplified, and re-imaged to achieve the goal of characterizing and studying the microscopic
morphology of matter. When electrons interact with matter, the focused incident electrons
excite primary X-rays. The characteristic X-rays emitted by different elements have different
wavelengths and different energies. EDS is based on this principle to detect elements
present in a specimen.

The specimens for SEM and EDS detection were still taken from the core of the
broken experimental block after the compressive strength experiment. Unlike the XRD
experiment, the block specimen taken needed to be as flat as possible for easy observation.
The subsequent steps of soaking the sample in isopropanol and drying in a vacuum oven
were consistent with the preparation of XRD specimens. The surface of the specimen was
sprayed with gold before observation to enhance the conductivity of the specimen. The
instrument model used for SEM was the Tescan Vega3, Brno, Czech Republic.

2.4.5. NC-ERM

There were contact problems between the electrode and the specimen to be tested
when using the traditional resistivity measurement method [46], such as cracking and
polarization effects. NC-ERM measured the resistivity of the specimen in a non-contact
manner, so it had high precision. The experimental equipment used was the Electrodeless
Cement Concrete Resistivity Meter (CCR-5, China), as shown in Figure 2. It consists of
three parts: acquisition instrument, test bench, and computer. After the specimen was
added to the specimen stage and vibrated, the computer and the acquisition instrument
started to monitor and record the change in resistivity. Resistivity was recorded every
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minute for 72 h. After the recording was completed, the heights of 5 scattered points on the
circular specimen were measured and recorded as h1–h5, and the arithmetic mean h of the
5 heights was taken as the average height. h was input into the CCR-5 system for height
calibration to obtain accurate resistivity measurement data.

Materials 2023, 16, x FOR PEER REVIEW 6 of 17 
 

subsequent steps of soaking the sample in isopropanol and drying in a vacuum oven were 
consistent with the preparation of XRD specimens. The surface of the specimen was 
sprayed with gold before observation to enhance the conductivity of the specimen. The 
instrument model used for SEM was the Tescan Vega3, Brno, Czech Republic. 

2.4.5. NC-ERM 
There were contact problems between the electrode and the specimen to be tested 

when using the traditional resistivity measurement method [46], such as cracking and po-
larization effects. NC-ERM measured the resistivity of the specimen in a non-contact man-
ner, so it had high precision. The experimental equipment used was the Electrodeless Ce-
ment Concrete Resistivity Meter (CCR-5, China), as shown in Figure 2. It consists of three 
parts: acquisition instrument, test bench, and computer. After the specimen was added to 
the specimen stage and vibrated, the computer and the acquisition instrument started to 
monitor and record the change in resistivity. Resistivity was recorded every minute for 72 
h. After the recording was completed, the heights of 5 scattered points on the circular 
specimen were measured and recorded as h1–h5, and the arithmetic mean h of the 5 heights 
was taken as the average height. h was input into the CCR-5 system for height calibration 
to obtain accurate resistivity measurement data. 

 
Figure 2. CCR-5. 

3. Results and Discussion 
3.1. Mechanical Properties 

Figure 3 shows the compressive strength of MKPC at different contents of SSA and 
different ages. It was found that with the increase in SSA content, the compressive strength 
of 1d and 3d old MKPC both showed a trend of first increasing and then decreasing. When 
the SSA content was 15%, the compressive strength of the specimen reached the maxi-
mums of 29 MPa (1d) and 34 MPa (3d), which are increases of 11.5% and 17.2%, respec-
tively, compared with that of MKOC with 0% SSA content. The reason might be that the 

Figure 2. CCR-5.

3. Results and Discussion
3.1. Mechanical Properties

Figure 3 shows the compressive strength of MKPC at different contents of SSA and
different ages. It was found that with the increase in SSA content, the compressive strength
of 1d and 3d old MKPC both showed a trend of first increasing and then decreasing.
When the SSA content was 15%, the compressive strength of the specimen reached the
maximums of 29 MPa (1d) and 34 MPa (3d), which are increases of 11.5% and 17.2%,
respectively, compared with that of MKOC with 0% SSA content. The reason might be
that the incorporation of a small amount of SSA into MKPC could micro-fill the pores of
the hydration product, which was beneficial to enhance the compressive strength. When
the content of SSA was greater than 15%, the compressive strength decreased significantly.
Compared with 0% SSA, the 1d compressive strength of 20% and 25% SSA decreased by
25% and 46.2%, respectively. The 3d compressive strength decreased by 24.2% and 44.8%,
respectively. It was possible that a large amount of SSA replaced too much MgO, thereby
reducing the formation of effective hydration products. In addition, SSA still contained
many inert substances, and excessive addition will inevitably have an adverse effect on the
macroscopic mechanical properties.
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3.2. Setting Time

Figure 4 shows the setting time curve of MKPC with different SSA contents replacing
MgO. The setting time showed an increasing trend with the increase in SSA content.
Compared with 0% SSA, the growth rate of setting time of 5–25% SSA was 40.5%, 100%,
202.7%, 294.6%, and 324.3%, respectively. This means that the incorporation of SSA helps
to slow down the reaction rate of MKPC. With the increase in SSA content, the growth rates
of two adjacent SSA contents were 40.5%, 42.3%, 51.4%, 30.4%, and 7.5%, respectively. The
growth rate of setting time showed a trend of first increasing and then decreasing, and the
growth rate of the setting time was the largest in the transition through 10–15% SSA. SSA
had a retarding effect on the setting time of MKPC, which may be due to the following
two reasons. On the one hand, it might be due to SSA replacing some MgO, reducing the
number of binding raw materials used. On the other hand, it might be because SSA wraps
around the surface of MgO, temporarily reducing the effective contact area.

3.3. Hydration Products

Figure 5 shows the XRD diffraction patterns of 1d and 3d old MKPC when the SSA
contents were 0%, 15%, and 25%. There were sharp and strong SiO2 peaks in the 15%
and 25% SSA spectra, but there was no obvious peak intensity at this position in 0% SSA,
because SiO2 in MKPC was provided mainly by SSA. At the same SSA content, the peak
intensity of SiO2 weakened with the increase in age. The reason may be that with the large
amount of heat of hydration released during the hydration process, SiO2 was activated in an
alkaline environment to form a Si-containing amorphous phase and was consumed [22,47].
These amorphous phase products could not show obvious peak intensities in XRD. MgO in
the raw material was in excess relative to KH2PO4, and unreacted MgO showed a sharp
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peak intensity in the spectrum. The peak intensity of MgO in 15% SSA was significantly
stronger than that in 0% and 25%, which may be because that SSA coated the surface of
MgO and slowed down its nucleation. At the same SSA content, the peak intensity of MgO
weakened with the increase in curing age, indicating that unreacted MgO was still slowly
participating in hydration. Combined with the experiment results of compressive strength,
15% SSA had a temporary delay effect on hydration, but had a promotion effect on the
degree of hydration. There were many peaks of MgKPO4·6H2O (K-struvite) in the range of
15◦–35◦, which was the main hydration product of MKPC. The broad hump-like peaks at
25◦–40◦ represented the formation of a gel phase. One possible reason was that the raw
material MgO and Al2O3 provided by SSA formed an amorphous phase of Al during the
hydration process [22]; another aspect might be the aforementioned amorphous phase of
Si. After the analysis of the peak type, no obvious new characteristic peaks appeared after
the addition of SSA, which indicated that numerous new crystal-like substances were not
formed in the hydration product.
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phase of Al during the hydration process [22]; another aspect might be the aforementioned 
amorphous phase of Si. After the analysis of the peak type, no obvious new characteristic 
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substances were not formed in the hydration product. 

Figure 4. Setting time.

3.4. Microscopic Morphology

Figure 6 shows three spots under SEM and their EDS results in the 0% SSA specimen.
(a) shows the surface of the specimen aged 1d at 0% SSA at 100× magnification. It was
observed that the surface structure of the specimen was weakly dense and there were many
holes. Meanwhile, loose sheet-like [48,49] and rod-like [50,51] structures could be observed
clearly. The EDS results in (c) and (d) show that spots 2 and 3 contained a large amount of
P and K. Combined with the shape of the hydration product, it was determined that this
was K-struvite. The EDS result of spot 1 in (b) shows a very significant Mg content, which
was speculated to be unreacted MgO covering the K-struvite.
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Figure 7 shows the electron microscopy images of 0%, 15%, and 25% SSA specimens
at 1d of age. (a) shows the 500X magnified morphology of the MKPC specimen at the age
of 1d at 0% SSA content. It can be observed that there were gaps between the stacked
flaky K-struvite, and MgO that had not participated in the reaction was attached to the
surface. Microcracks on the sample surface might be related to hydration shrinkage, which
adversely affected the compressive strength. (b) shows the microscopic morphology of
15% SSA at 505X magnification at the age of 1d. Numerous plate-shaped and columnar
K-struvite crystals were stacked, developed, and fully dense in structure. Compared with
0% SSA, the inert materials in SSA that did not participate in the reaction might have
a filling effect on the intercrystalline pores of K-struvite. Combined with the results of
the compressive strength experiment, this filling improved the macroscopic mechanical
properties of MKPC significantly. (c) shows the microscopic morphology of 25% SSA at
500X magnification at the age of 1d. Compared with 15% SSA, the intercrystalline pores
of K-struvite in 25% SSA were significantly larger, and a large amount of loose SSA was
distributed on the surface. On the one hand, excessive SSA reduced the amount of MgO
greatly in the raw material, thereby reducing the amount of K-struvite that played a major
supporting role in the structural strength. On the other hand, it might be that the excessive
SSA covered the surface of MgO, which seriously hindered the nucleation of MgO during
the hydration process.

Figure 8 shows the microscopic morphology of 0% SSA, 15% SSA, and 25% SSA at
3 days of age under 300X and 2000X magnification. (b), (d), and (f) are partial enlarged
images of (a), (c), and (e), respectively. In (a) and (b), it can be seen that the layered struvite
was stacked and arranged, but the stack was loose and there were gaps. The layered
struvite in (c) and (d) was closely stacked and had a dense structure. The layered struvite in



Materials 2023, 16, 7010 10 of 16

(e) and (f) was mixed with loose MgO and SSA. Combined with the mechanical properties,
this seriously shows the reduced mechanical performance of MKPC. By comparing the
micromorphology of SSA with the same content in Figures 7 and 8, it was found that the
hydration products at the 3d age were plumper and denser than those at the 1d age. At the
same time, there was less loose MgO and SSA attached to the hydration products at the
3d age.
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3.5. Hydration Process

The conductivity of cement-based materials is derived from the ion transport largely
in the pore solution, and the porosity and conductivity of the pore solution are important
factors affecting the conductivity of cement-based materials [52]. The porosity can largely
reflect the degree of hydration of cement, so the change in resistivity of cement-based
materials during the hydration process can be used to characterize the degree of hydration.
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Figure 9 shows the curves of resistivity versus time for MKPC with SSA contents of
0%, 15%, and 25% within 0–72 h. The curves under the three SSA contents showed the
same trend: they rose rapidly first and then rose slowly. According to the trend of the
curve, the early hydration of MKPC could be divided into two stages: rapid hydration and
slow hydration. During the rapid hydration stage, KH2PO4 dissolved H+ quickly in water,
and underwent a violent acid–base neutralization reaction with Mg(OH)2 formed on the
surface of MgO, which is slightly soluble in water, to form K-struvite and release a great
amount of heat. The generated K-struvite accumulated gradually on the surface of MgO
particles, which reduced the contact area between MgO particles and the outside world and
delayed the hydration rate. At this time, it entered the slow hydration stage gradually. By
comparing the curves of different contents of SSA in Figure 7, it could be found that with
the increase in SSA content, the rising speed of the curve in the rapid hydration stage was
slower, but the duration of this stage was gradually longer. Combined with the experimental
results of the macroscopic mechanical properties of compressive strength, it was conjectured
that the addition of 15% SSA covered the MgO particles partially to slow down the severe
acid–base neutralization reaction at the beginning. Moreover, the stacking speed of K-struvite
on the surface of MgO was lower than that of 0% SSA, which made more MgO participate in
the reaction and generated more effective hydration products. For a suitable SSA content,
the coating effect of SSA on MgO did not hinder its nucleation, but promoted the degree
of hydration. In the slow hydration stage, the value of resistivity still maintained the same
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size relationship as that in the rapid hydration stage, with 0% SSA > 15% SSA > 25% SSA.
The resistivity of MKPC with 25% SSA was significantly lower than that of 0% and 15% SSA
within 72 h, mainly because a large amount of SSA replaced the raw material MgO, thereby
reducing the formation of effective hydration products.
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4. Conclusions

This paper systematically studied the influence of SSA on the mechanical properties
and hydration process of MKPC in the early stage of hydration through experiments. The
conclusions of this study are as follows:

(1) Under different SSA contents, the compressive strength of MKPC was significantly
improved with a 15% content of SSA, which was 11.5% and 17.2% higher than 0% SSA
at 1d and 3d ages, respectively. The 20% and 25% SSA content made the compressive
strength of MKPC drop sharply. Compared with 0% SSA, the 1d compressive strength
of 20% and 25% SSA content decreased by 25% and 46.2%, respectively. The 3d
compressive strength decreased by 24.2% and 44.8%, respectively. SSA had an obvious
delaying effect on the hydration rate of MKPC, and the delaying effect on the growth
rate of setting time was the most obvious when the SSA content was 10–15%.

(2) Compared with 0% SSA MKPC, no obvious new crystal hydration products were
detected in SSA-blended MKPC. When the SSA content was 15%, the micro-filling
effect made the K-struvite crystal stack more compact.

(3) The addition of SSA delayed the early hydration process of MKPC. Compared with
0% SSA, 15% SSA content made the hydration rate of MKPC slower, but the hydration
degree was deepened. The hydration degree of 25% SSA was lower than that of 0%
SSA and 15% SSA.

(4) SSA can be used as a mineral admixture to modify MKPC. SSA-blended MKPC
showed better mechanical properties and hydration degree at 15% SSA content.



Materials 2023, 16, 7010 14 of 16

Author Contributions: H.Z.: Investigation, Data analysis, Writing—original draft. W.Y.: Writing—
review and editing, Experimental design. Q.L.: Supervision, Visualization, Resources. W.-J.L.: Project
administration, Validation. All authors have read and agreed to the published version of the manuscript.

Funding: Financial support from the National Natural Science Foundation of China under the grant
of U2006223 is gratefully acknowledged.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References
1. Sikder, P.; Ren, Y.; Bhaduri, S.B. Microwave processing of calcium phosphate and magnesium phosphate based orthopedic

bioceramics: A state-of-the-art review. Acta Biomater. 2020, 111, 29–53. [CrossRef] [PubMed]
2. Liu, W.; Huan, Z.; Wu, C.; Zhou, Z.; Chang, J. High-strength calcium silicate-incorporated magnesium phosphate bone cement

with osteogenic potential for orthopedic application. Compos. Part B Eng. 2022, 247, 110324. [CrossRef]
3. Gelli, R.; Bernardini, G.; Ridi, F. Strontium-loaded magnesium phosphate bone cements and effect of polymeric additives. Ceram.

Int. 2023, 49, 31466–31476. [CrossRef]
4. Mahjoory, M.; Shahgholi, M.; Karimipour, A. Investigation on the size and percentage effects of magnesium nanoparticles

on thermophysical properties of reinforced calcium phosphate bone cement by molecular dynamic simulation. Heliyon 2023,
9, e18835. [CrossRef] [PubMed]

5. Yang, Q.; Zhu, B.; Zhang, S.; Wu, X. Properties and applications of magnesia–phosphate cement mortar for rapid repair of
concrete. Cem. Concr. Res. 2000, 30, 1807–1813. [CrossRef]

6. Popovics, S.; Rajendran, N.; Penko, M. Rapid Hardening Cements for Repair of Concrete. ACI Mater. J. 1987, 84, 64–73.
7. Seehra, S.S.; Gupta, S.; Kumar, S. Rapid setting magnesium phosphate cement for quick repair of concrete pavements—

Characterisation and durability aspects. Cem. Concr. Res. 1993, 23, 254–266. [CrossRef]
8. Vinokurov, S.E.; Kulyako, Y.M.; Slyuntchev, O.M.; Rovny, S.I.; Myasoedov, B.F. Low-temperature immobilization of actinides and

other components of high-level waste in magnesium potassium phosphate matrices. J. Nucl. Mater. 2009, 385, 189–192. [CrossRef]
9. Cao, X.; Ma, R.; Zhang, Q.; Wang, W.; Liao, Q.; Sun, S.; Zhang, P.; Liu, X. The factors influencing sludge incineration residue

(SIR)-based magnesium potassium phosphate cement and the solidification/stabilization characteristics and mechanisms of
heavy metals. Chemosphere 2020, 261, 127789. [CrossRef]

10. Cirstea, N.F.; Badanoiu, A.I.; Voicu, G.; Nicoara, A.I. Waste glass recycling in magnesium phosphate coatings for the fire protection
of steel structures. J. Build. Eng. 2023, 76, 107345. [CrossRef]

11. Yi, J.; Wang, L. Effect of magnesium phosphate cement mortar coating on strand bond behaviour. J. Build. Eng. 2023, 64, 105613.
[CrossRef]

12. Ma, G.; Hu, T.; Wang, F.; Liu, X.; Li, Z. Magnesium phosphate cement for powder-based 3D concrete printing: Systematic
evaluation and optimization of printability and printing quality. Cem. Concr. Compos. 2023, 139, 105000. [CrossRef]

13. Ding, Z.; Dong, B.; Xing, F.; Han, N.; Li, Z. Cementing mechanism of potassium phosphate based magnesium phosphate cement.
Ceram. Int. 2012, 38, 6281–6288. [CrossRef]

14. Haque, M.A.; Chen, B.; Li, S. Water-resisting performances and mechanisms of magnesium phosphate cement mortars comprising
with fly-ash and silica fume. J. Clean Prod. 2022, 369, 133347. [CrossRef]

15. Feng, H.; Liang, J.; Guo, A.; Lv, L.; Sun, Z.; Sheikh, M.N.; Liu, F. Development and design of ultra-high ductile magnesium
phosphate cement-based composite using fly ash and silica fume. Cem. Concr. Compos. 2023, 137, 104923. [CrossRef]

16. Dong, D.; Huang, Y.; Pei, Y.; Zhang, X.; Cui, N.; Zhao, P.; Hou, P.; Lu, L. Effect of spherical silica fume and fly ash on the rheological
property, fluidity, setting time, compressive strength, water resistance and drying shrinkage of magnesium ammonium phosphate
cement. J. Build. Eng. 2023, 63, 105484. [CrossRef]

17. Feng, H.; Nie, S.; Guo, A.; Lv, L.; Yu, J. Evaluation on the performance of magnesium phosphate cement-based engineered
cementitious composites (MPC-ECC) with blended fly ash/silica fume. Constr. Build. Mater. 2022, 341, 127861. [CrossRef]

18. Feng, H.; Nie, S.; Guo, A.; Lv, L.; Chu, L.; Yu, J. Fresh properties and compressive strength of MPC-based materials with blended
mineral admixtures. Case Stud. Constr. Mater. 2022, 17, e01201. [CrossRef]

19. Qin, Z.; Zhou, S.; Ma, C.; Long, G.; Xie, Y.; Chen, B. Roles of metakaolin in magnesium phosphate cement: Effect of the replacement
ratio of magnesia by metakaolin with different particle sizes. Constr. Build. Mater. 2019, 227, 116675. [CrossRef]

20. Runqing, L.; Wei, W.; Dingwen, Q.; Yuanquan, Y. Static and dynamic mechanical properties of magnesium phosphate cement
modified by metakaolin after high-temperature treatment. Constr. Build. Mater. 2023, 392, 131933. [CrossRef]

21. Mo, L.; Lv, L.; Deng, M.; Qian, J. Influence of fly ash and metakaolin on the microstructure and compressive strength of magnesium
potassium phosphate cement paste. Cem. Concr. Res. 2018, 111, 116–129. [CrossRef]

https://doi.org/10.1016/j.actbio.2020.05.018
https://www.ncbi.nlm.nih.gov/pubmed/32447068
https://doi.org/10.1016/j.compositesb.2022.110324
https://doi.org/10.1016/j.ceramint.2023.07.094
https://doi.org/10.1016/j.heliyon.2023.e18835
https://www.ncbi.nlm.nih.gov/pubmed/37576247
https://doi.org/10.1016/S0008-8846(00)00419-1
https://doi.org/10.1016/0008-8846(93)90090-V
https://doi.org/10.1016/j.jnucmat.2008.09.053
https://doi.org/10.1016/j.chemosphere.2020.127789
https://doi.org/10.1016/j.jobe.2023.107345
https://doi.org/10.1016/j.jobe.2022.105613
https://doi.org/10.1016/j.cemconcomp.2023.105000
https://doi.org/10.1016/j.ceramint.2012.04.083
https://doi.org/10.1016/j.jclepro.2022.133347
https://doi.org/10.1016/j.cemconcomp.2022.104923
https://doi.org/10.1016/j.jobe.2022.105484
https://doi.org/10.1016/j.conbuildmat.2022.127861
https://doi.org/10.1016/j.cscm.2022.e01201
https://doi.org/10.1016/j.conbuildmat.2019.116675
https://doi.org/10.1016/j.conbuildmat.2023.131933
https://doi.org/10.1016/j.cemconres.2018.06.003


Materials 2023, 16, 7010 15 of 16

22. Lu, K.; Wang, B.; Han, Z.; Ji, R. Experimental study of magnesium ammonium phosphate cements modified by fly ash and
metakaolin. J. Build. Eng. 2022, 51, 104137. [CrossRef]

23. Ruan, W.; Ma, Y.; Liao, J.; Ma, T.; Zhu, Y.; Zhou, A. Effects of steel slag on the microstructure and mechanical properties of
magnesium phosphate cement. J. Build. Eng. 2022, 49, 104120. [CrossRef]

24. Lang, L.; Duan, H.; Chen, B. Properties of pervious concrete made from steel slag and magnesium phosphate cement. Constr.
Build. Mater. 2019, 209, 95–104. [CrossRef]

25. Jing, Y.; Jiang, Y.; Chen, B.; Wang, L. Influence of steel slag powder on the characteristics of magnesium phosphate cement.
J. Build. Eng. 2023, 77, 107454. [CrossRef]

26. Tang, Z.; Chen, D.; Wang, X.; Han, Z.; Tao, R.; Zhang, G.; Hou, D.; Wu, D.; Ding, Q. Impact of polyethylene fiber on the ductility
and durability of magnesium phosphate cement. J. Build. Eng. 2023, 68, 106123. [CrossRef]

27. Maldonado-Alameda, A.; Alfocea-Roig, A.; Huete-Hernández, S.; Giro-Paloma, J.; Chimenos, J.M.; Formosa, J. Magnesium
phosphate cement incorporating sheep wool fibre for thermal insulation applications. J. Build. Eng. 2023, 76, 107043. [CrossRef]

28. Liu, Z.; Lai, Z.; Luo, X.; Xiao, R.; Chen, J.; Lu, Z. Properties of magnesium phosphate cement reinforced with natural brucite fiber.
Constr. Build. Mater. 2023, 393, 132057. [CrossRef]

29. Feng, H.; Li, L.; Wang, W.; Cheng, Z.; Gao, D. Mechanical properties of high ductility hybrid fibres reinforced magnesium
phosphate cement-based composites. Compos. Struct. 2022, 284, 115219. [CrossRef]

30. Zárybnická, L.; Machotová, J.; Mácová, P.; Machová, D.; Viani, A. Design of polymeric binders to improve the properties of
magnesium phosphate cement. Constr. Build. Mater. 2021, 290, 123202. [CrossRef]

31. Zhang, J.; Niu, W.; Liu, Z.; Yang, Y.; Long, W.; Zhang, Y.; Dong, B. Hydration Behavior of Magnesium Potassium Phosphate
Cement: Experimental Study and Thermodynamic Modeling. Materials 2022, 15, 8496. [CrossRef] [PubMed]

32. He, W.; Bagherzadeh, S.A.; Shahrajabian, H.; Karimipour, A.; Jadidi, H.; Bach, Q.-V. Controlled elitist multi-objective genetic
algorithm joined with neural network to study the effects of nano-clay percentage on cell size and polymer foams density of
PVC/clay nanocomposites. J. Therm. Anal. Calorim. 2020, 139, 2801–2810. [CrossRef]

33. Xiaohong, D.; Huajiang, C.; Bagherzadeh, S.A.; Shayan, M.; Akbari, M. Statistical estimation the thermal conductivity of
MWCNTs-SiO2/Water-EG nanofluid using the ridge regression method. Phys. A Stat. Mech. Its Appl. 2020, 537, 122782.
[CrossRef]

34. Mahjoory, M.; Shahgholi, M.; Karimipour, A. The effects of initial temperature and pressure on the mechanical properties of
reinforced calcium phosphate cement with magnesium nanoparticles: A molecular dynamics approach. Int. Commun. Heat Mass
Transf. 2022, 135, 106067. [CrossRef]

35. Zhang, J.; Niu, W.; Yang, Y.; Hou, D.; Dong, B. Research on the mechanical properties of polyvinyl alcohol-modified waste
rubber-filled cement paste using digital image correlation technology. Compos. Struct. 2023, 320, 117164. [CrossRef]

36. Andrade, A.; Schuiling, R.D. The chemistry of struvite crystallization. Miner. J. 2001, 23, 37–46.
37. Wagh, A.S.; Jeong, S.Y. Chemically bonded phosphate ceramics: I, A dissolution model of formation. J. Am. Ceram. Soc. 2003, 86,

1838–1844. [CrossRef]
38. Wang, Y.; Wang, G.; Wan, Y.; Yu, X.; Zhao, J.; Shao, J. Recycling of dredged river silt reinforced by an eco-friendly technology as

microbial induced calcium carbonate precipitation (MICP). Soils Found. 2022, 62, 101216. [CrossRef]
39. Zhang, J.; Niu, W.; Yang, Y.; Hou, D.; Dong, B. Machine learning prediction models for compressive strength of calcined

sludge-cement composites. Constr. Build. Mater. 2022, 346, 128442. [CrossRef]
40. Oliva, M.; Vargas, F.; Lopez, M. Designing the incineration process for improving the cementitious performance of sewage sludge

ash in Portland and blended cement systems. J. Clean Prod. 2019, 223, 1029–1041. [CrossRef]
41. Martins, J.V.; Garcia, D.C.S.; Aguilar, M.T.P.; dos Santos, W.J. Influence of replacing Portland cement with three different concrete

sludge wastes. Constr. Build. Mater. 2021, 303, 124519. [CrossRef]
42. Kozai, N.; Sato, J.; Osugi, T.; Shimoyama, I.; Sekine, Y.; Sakamoto, F.; Ohnuki, T. Sewage sludge ash contaminated with

radiocesium: Solidification with alkaline-reacted metakaolinite (geopolymer) and Portland cement. J. Hazard. Mater. 2021, 416,
125965. [CrossRef] [PubMed]

43. Ho, L.S.; Jhang, B.-J.; Hwang, C.-L.; Huynh, T.-P. Development and characterization of a controlled low-strength material
produced using a ternary mixture of Portland cement, fly ash, and waste water treatment sludge. J. Clean Prod. 2022, 356, 131899.
[CrossRef]

44. Zhao, Q.; Lv, T.; Liang, H.; Zhang, J.; Zhang, J. Enhancement of sintered sludge ash-modified cement paste with CaSO4 and CaCl2.
Constr. Build. Mater. 2023, 383, 131245. [CrossRef]

45. Wang, E.; Wang, D.; Liu, X. Research on magnesium phosphate cement retarder. Concrete 2012, 86–88.
46. Pei, H.; Shao, H.; Li, Z. A novel early-age shrinkage measurement method based on non-contact electrical resistivity and FBG

sensing techniques. Constr. Build. Mater. 2017, 156, 1158–1162. [CrossRef]
47. Li, X.; Fu, Q.; Lv, Y.; Leng, D.; Jiang, D.; He, C.; Wu, K.; Dan, J. Influence of curing conditions on hydration of magnesium silicate

hydrate cement. Constr. Build. Mater. 2022, 361, 129648. [CrossRef]
48. Pang, B.; Liu, J.; Wang, B.; Liu, R.; Yang, Y. Enhancement of magnesium phosphate cement solidification of Pb2+ by K-struvite

whisker in lead-contaminated solution. J. Clean Prod. 2021, 320, 128848. [CrossRef]
49. Leng, Y.; Soares, A. Microbial phosphorus removal and recovery by struvite biomineralisation in comparison to chemical struvite

precipitation in municipal wastewater. J. Environ. Chem. Eng. 2023, 11, 109208. [CrossRef]

https://doi.org/10.1016/j.jobe.2022.104137
https://doi.org/10.1016/j.jobe.2022.104120
https://doi.org/10.1016/j.conbuildmat.2019.03.123
https://doi.org/10.1016/j.jobe.2023.107454
https://doi.org/10.1016/j.jobe.2023.106123
https://doi.org/10.1016/j.jobe.2023.107043
https://doi.org/10.1016/j.conbuildmat.2023.132057
https://doi.org/10.1016/j.compstruct.2022.115219
https://doi.org/10.1016/j.conbuildmat.2021.123202
https://doi.org/10.3390/ma15238496
https://www.ncbi.nlm.nih.gov/pubmed/36499994
https://doi.org/10.1007/s10973-019-09059-x
https://doi.org/10.1016/j.physa.2019.122782
https://doi.org/10.1016/j.icheatmasstransfer.2022.106067
https://doi.org/10.1016/j.compstruct.2023.117164
https://doi.org/10.1111/j.1151-2916.2003.tb03569.x
https://doi.org/10.1016/j.sandf.2022.101216
https://doi.org/10.1016/j.conbuildmat.2022.128442
https://doi.org/10.1016/j.jclepro.2019.03.147
https://doi.org/10.1016/j.conbuildmat.2021.124519
https://doi.org/10.1016/j.jhazmat.2021.125965
https://www.ncbi.nlm.nih.gov/pubmed/34492877
https://doi.org/10.1016/j.jclepro.2022.131899
https://doi.org/10.1016/j.conbuildmat.2023.131245
https://doi.org/10.1016/j.conbuildmat.2017.08.141
https://doi.org/10.1016/j.conbuildmat.2022.129648
https://doi.org/10.1016/j.jclepro.2021.128848
https://doi.org/10.1016/j.jece.2022.109208


Materials 2023, 16, 7010 16 of 16
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