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Abstract: The microstructure and performance of magnesium potassium phosphate cement (MKPC),
a kind of magnesium phosphate cement (MPC), are determined by the hydration products. In this
paper, the hydration behavior of MKPC is investigated through various material characterization
methods and thermodynamic modeling, including X-ray diffraction (XRD), thermogravimetric and
differential scanning calorimeter (TG/DSC), scanning electron microscopy (SEM), mercury intrusion
porosimetry (MIP) and GEMS software. The results of XRD, TG/DSC and SEM all indicate that
K-struvite (MgKPOy4-6H,0) is the main hydration product of MKPC. When the curing age is 1 day
and 28 days, the TG data indicate that the mass loss of MKPC in the range of 60-200 °C is 17.76% and
17.82%, respectively. The MIP results show that the porosity of MKPC is 29.63% and 29.61% at the
curing age of 1 day and 28 days, respectively, which indicates that the structure of MKPC becomes
denser with the increase in curing age. In addition, the cumulative pore volume of MKPC at the
curing age of 28 days is 2.8% lower than that at 1 day, and the pore diameters are shifted toward the
small pores. Furthermore, the thermodynamic modeling is well suited to make an analysis of the
hydration behavior of MKPC.

Keywords: magnesium potassium phosphate cement; hydration; material characterization methods;
thermodynamic modeling; K-struvite

1. Introduction

Magnesium phosphate cement (MPC) is a new type of cement-based material that is
formed by hardening in the presence of water through the reaction between dead burnt
magnesium oxide (MgO) and phosphate, which is also called chemically bonded phosphate
ceramic/cement [1-3]. Compared with ordinary Portland cement, MPC has numerous out-
standing properties, e.g. high strength at an early age [4—6], rapid setting [7], strong bonding
to concrete substrates [8-10], and excellent durability [11]. Therefore, it is widely used in
various fields, including the repair of civil structures [7], the stabilization/solidification
(S/S) of low-level nuclear wastes and heavy metal wastes [12-14], treatment of waste
water [15] and restorations of teeth and bones [16-18]. Generally, the representative phos-
phates are ammonium dihydrogen phosphate (NH4H;PO4) and potassium dihydrogen
phosphate (KH;POy) [19]. However, NH4H,;PO, generates unpleasant gases during its
use, which harm the environment and seriously hinder its application in buildings [20-22].
In contrast, the environmental pollution problem can be well avoided by KH;PO4, and
the use of KH,POy can result in MPC with higher early strength and relatively slower
reaction rates [23-25]. In addition, with the benefit of a smaller dissociation constant and
a lower solubility of KH,POy, the reaction of KHPO,4 with dead burnt MgO is easier to
control [26]. The cement produced by the reaction of KH,PO, with dead burnt MgO is
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magnesium potassium phosphate cement (MKPC). The main reaction process of MKPC is
given by Equation (1) [27].

MgO + KH2PO4 + 5H20 — MgKPO46H2O (1)

As shown in Equation (1), MgKPOy-6H,O (K-struvite) is the main product of hydration
of MKPC and provides the main strength support [28]. Studies have shown that the
generation of K-struvite is accompanied by the formation of other intermediate products,
e.g. MgHPO,-7H,0O and Mgy KH(PO,)-15H,0 [29]. However, for the convenience of the
study, Equation (1) can still be taken as the only process of hydration of MKPC [20]. In
recent years, the excellent properties of MKPC have attracted more attention to its hydration
behavior. At the same time, various material characterization methods have been applied to
study the hydration process of MKPC, e.g. X-ray diffraction (XRD), thermogravimetric and
differential scanning calorimeter (TG/DSC), scanning electron microscopy (SEM), mercury
intrusion porosimetry (MIP), and so on [30]. The results obtained by experimental methods
not only reveal the hydration behavior of MKPC, but also can be combined with numerical
methods, e.g. thermodynamic modeling.

Thermodynamic models have been widely used for ordinary Portland cement, cal-
cium sulfoaluminate cements, and alkali activated systems, and these thermodynamic
models have effectively promoted the study of cement hydration [31-34]. Thermodynamic
equilibrium calculations can realize the prediction of the composition of solid, gas, and
liquid phases in the system at specific temperatures and pressure levels. Based on this, the
hydration of MKPC, mainly reaction (1), is simulated numerically in this paper.

Two basic equations for solving geochemical equilibria are relied on by existing
thermodynamic modeling software [34]:

(1) Law of mass action (LMA) equation:
v= kc‘gc% ()

where v is the reaction rate and k is the reaction rate constant. For a primitive reaction:
aA + bB — products, c4 and cp are the concentrations of materials A and B, respectively.

The LMA equation demonstrates that the reaction rate of a simple chemical reaction is
influenced by the mass concentration of the reactants, which is proportional to the product
of the mass concentrations of the reactants. This method is mostly used in geochemical
codes, e.g. PHREEQC and EQ3/6 [35-37].

(2) Minimization of Gibbs free energy of the system:

AG = AH — TAS 3)

where AG is the Gibbs free energy change, AH is the enthalpy change, T is the temperature
and AS is the entropy change.

Under isothermal-isobaric conditions, and without any other work, the system always
proceeds spontaneously in the direction of decreasing Gibbs energy until it reaches equi-
librium. This thermodynamic modeling approach is mostly used in the thermodynamic
calculations of GEMS [38-40].

In summary, this paper investigates the hydration process of MKPC through a series of
material characterization methods and thermodynamic modeling approaches. Considering
that the Gibbs free energy minimization method does not require pre-assumptions on
internal phases, solid solvents, pH or redox potential of the system, and its results also
follow the same conservation of the mass and charge of the system, the thermodynamic
modeling of the hydration process is carried out using GEMS software (v.3) in this paper.
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2. Materials and Methods
2.1. Materials

The MgO used in this paper was produced by Jinan Ludong Refractory Co., Ltd.
(Shandong, China) and calcined from magnesite, whose main component is MgCOs. It is
worth noting that the MgO obtained by this method would react rapidly with KH,POy4
when used directly without treatment, making it difficult to form an ideal MKPC. It was
found that calcination of MgO at a higher temperature could improve the reactivity of MgO,
thus allowing simultaneous hydration with other cementing components and reducing
internal defects [22]. Therefore, the MgO used in the preparation of MKPC in this paper was
calcined at 1500-1600 °C. The chemical composition was determined by X-ray fluorescence
(XRF), and the results are shown in Table 1. Analytical-grade KH,POy, a white crystalline
powder with 99% purity, was obtained from Sinopharm Group Chemical Reagent Co., Ltd.
(Shanghai, China). The water was laboratory water.

Table 1. Chemical composition of the MgO (wt%).

Materials MgO SiO, CaO Al, O3 Fe, O3 SO;
Magnesia 85.1 79 3.3 24 0.9 0.1

When retarders are not considered, low M/P ratios result in the presence of KH,POy
in MKPC, which has a negative impact on the material, while high M/P ratios provide very
satisfactory results, resulting in good mechanical properties and dimensional stability of
MKPC [41]. In this paper, MKPC was prepared considering that the M/P molar ratio is
8.5, and the water-to-cement ratio is 0.22. In order to ensure the homogeneity of MKPC,
MgO and KH,PO, were mixed in advance and stirred well. First, they were dry mixed for
2 min, then water was added and slow stirred for 1 min, followed by 30 s of fast stirring
to prepare MKPC that met the requirements. The prepared MKPC was poured into the
pre-prepared plastic molds and covered with cling film after vibrating homogeneously. The
plastic molds were removed after 24 h, and the specimens were cured at room temperature
for different amounts of time.

2.2. Methods
2.2.1. X-ray Diffraction (XRD)

XRD can be used to determine the crystalline phase in MKPC. Different levels of
diffraction are produced when different substances are irradiated with X-rays, and different
hydration products can be distinguished according to their diffraction patterns. Samples of
different curing ages were ground and preserved in a sealed bottle by soaking in anhydrous
ethanol, which was used to prevent the continuation of the hydration. In this paper,
XRD analysis of the dried solid phase was performed by Cu-K« radiation (wavelength of
1.541874 A) by using an X'Pert PRO MPD diffractometer (Nalytical, The Netherlands). The
stepping size used in this paper was 0.02° in the 20 range, ranging from 10° to 90°.

2.2.2. Thermogravimetric and Differential Scanning Calorimetry (TG/DSC)

Under a program-controlled temperature, TG analysis is a kind of thermal analysis
technique that can measure the change in mass of a sample versus temperature, which
is used to study the thermal stability and composition of a material. DSC is a technique
that uses a program to measure the power difference between a substance and a reference
material as a function of temperature, at a controlled temperature. In this paper, the
NETZSCH STA449C instrument (Netzsch-Gerdtebau GmbH, Selb, Germany) was used
to measure the heating of dried sample powders of different curing ages in the range of
30-1000 °C, with a heating rate of 10 °C/min.
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2.2.3. Scanning Electron Microscopy (SEM)

SEM is imaged by modulation of various physical signals excited by a finely focused
electron beam as it scans over the surface of the sample. With its high magnification, it can
directly observe the fine structure of the sample and, thus, better observe the morphology
of different hydration products. In this paper, samples taken from crushed MKPC at
different curing ages were observed separately on a Zeiss Gemini 300 instrument (Carl
Zeiss, Oberkochen, Germany), in order to investigate their morphology and elemental
composition. Furthermore, the evaporated gold was covered on the surface of the samples
to enhance the electrical conductivity and obtain a better observation.

2.2.4. Mercury Intrusion Porosimetry (MIP)

Mercury, which is not infiltrated into general solids, can enter the hole by applying
external pressure. The larger the external pressure, the smaller the diameter of the hole into
which mercury can enter. The volume of the pore is judged by measuring the amount of
mercury entering the pore under different external forces. In this paper, mercury pressure
experiments were performed on MIP samples in order to evaluate the pore structure of
MKPC by the AutoPore 9500 (Micromeritics, Norcross, GA, USA).

2.2.5. Thermodynamic Modeling

Thermodynamic modeling was performed using the Gibbs free energy minimization
software (GEMS, v.3) for the purpose of predicting the composition of matter within the
MKPC at equilibrium. Lothenbach et al. summarized the Cemdatel8 database, which
is applicable to hydrated Portland, calcium aluminate, calcium sulfoaluminate, blended
cements and alkali activated materials, and demonstrated that an accurate and complete
thermodynamic database effectively aided thermodynamic modeling in completing the
prediction of the substance and the chemical composition of the cement after hydration [42].
Therefore, for reaction (1), the accuracy and completeness of the thermodynamic data of
the phases in the system are important factors affecting the thermodynamic calculations. In
addition, the thermodynamic database of magnesium phosphate hydrate was developed by
Lothenbach et al., and greatly facilitated the study of MKPC [43]. Thermodynamic data for
several substances of interest, including magnesium hydroxide (Mg(OH),), MgO, KH;PO4
and K-struvite, are shown in Table 2. These data have potential for use in this paper.

Table 2. Thermodynamic data of each substance.

. Molecular 1 A¢G® A¢H® s° Cp°? Vol 3
Species . log K°
Weight [kJ/mol] [kJ/mol] [J/mol/K] [J/mol/K] [cm3/mol]
Brucite Mg(OH), 58 16.84 —832.23 —923.27 63.14 77.28 24.6
Periclase MgO 40 —569.38 —601.66 26.95 37.8 11.3
K-struvite MgKPOy-6H,O 266 —10.96 —3240.8 —3717.3 350.1 324.8 142.5
KDP KH,POy4 136 —1415.9 —1568.3 134.9 116.6 58.2

1 K is the equilibrium constant. Solubility products refer to reactions formulated with H*, K*, Mg?*, PO,3* and
H,0.2 Cp° is the specific heat at constant pressure. 3 Vol is the molar volume. Normally, the data in the table refer
to the reference temperature of 25 °C (298.15 K) and atmospheric pressure.

3. Results and Discussion
3.1. Reaction Products in Hardened MKPC

Figure 1 shows the XRD patterns of MKPC at different curing ages. As shown in
Figure 1, for MKPC, K-struvite is the main hydration crystallization product, which is the
same as the results of previous studies [44—46]. The XRD patterns corresponding to MgO
are clearly observed in each plot at different curing ages, indicating that a large amount of
unreacted MgO still exists in the system at different times. With the increase in the curing
age, the peak diffraction intensity corresponding to MgO decreases, and that corresponding
to K-struvite increases. This indicates that the reaction is still continuing, but the rate of



Materials 2022, 15, 8496

50f13

reaction is gradually decreasing. In fact, XRD measures the crystalline phase within the
MKPC, while some studies have indicated that the hydration product K-struvite exists in
both crystalline and amorphous forms in the MKPC, and both together contribute to the
strength development of MKPC [47]. However, as a whole, the intensity of the characteristic
peaks of K-struvite crystals in Figure 1 is weak, without high intensity sharp peaks, which
is a result of the poor crystallinity of the hydration product caused by the relatively high
M/P molar ratio of the MKPC in this study [48].

® MO : — 1 day 7 days

*  MgKPO,-6H,0 3 days 28 days
L ]

B 2 S o 3 S R & . o

Intensity / a.u.

SEVN S ——

MgO(PDF#45-0946)
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K-struvite(PDF#35-0812)

i IM ol Lyl ‘| T P EEE R N PR (N1 TR
10 20 30 40 50 60 70 80 90

26/ deg

Figure 1. XRD patterns of MKPC at different curing ages.

Figure 2 shows the results of TG/DSC for MKPC. It can be seen that the TG/DSC
curves of MKPC at different curing ages are closely similar, with significant mass loss
occurring below 200 °C. Among them, the mass loss of MKPC in the range of 60-200 °C is
17.76% and 17.82% at the curing age of 1 day and 28 days, respectively. In addition, the
DSC curves show that there is a significant heat absorption peak near 120 °C. Thisis all a
result of the dehydration of the hydration product K-struvite [49]. The decomposition is
as follows:

MgKPOy-6Hp,O — MgKPOy + 6H,O1 4)

The DSC results reveal that there are small exothermic peaks at about 400 and 700 °C,
but the TG results show no mass change. This is because K-struvite transforms to mag-
nesium phosphate (Mg3(POy);) and magnesium pyrophosphate (MgyP,07) under high
temperature conditions after losing the crystal water with the increase in temperature. It
transforms to Mg3(POy), at about 400 °C and to Mg,P>0O7 at about 700 °C. The TG curves
corresponding to MKPC at different curing ages basically overlap, as do the heat absorption
peaks in the DSC curves, which are only slightly different. This indicates that the hydration
reaction of MKPC mainly occurs before 1 day, and that the rate of the hydration reaction
after 1 day is low, which is consistent with the XRD results.
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Figure 2. TG/DSC curves of MKPC at different curing ages. (a) TG curves; (b) DSC curves.

3.2. Microstructure Analysis of MKPC

Figure 3 shows the microstructure of MKPC obtained by SEM. It cannot be ignored
that both the hydration product K-struvite and the unreacted raw material MgO are clearly
observed in the SEM images, where the unreacted MgO appears granular and the hydration
product K-struvite appears clearly plate-like [20]. The surplus of MgO is a result of the high
M/P molar ratio in this study with the addition of excess MgO, which causes the KH, PO,
in the system to react completely, thus improving the mechanical strength of MKPC [50].
Figure 3a,b show that the structure of MKPC is slightly denser with the increase in the
curing age. The presence of cracks can be seen in Figure 3¢, which are considered by
Ma et al. to be gaps left between adjacent particles during the partial connection of the
crystalline K-struvite [51].
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Figure 3. The microstructure of MKPC. (a) 1 day, x300; (b) 28 days, x300; (c) 28 days, x2000.

3.3. Pore Structure Analysis of MKPC

The MIP results show that the porosity of MKPC is 29.63% and 29.61% at the curing
age of 1 day and 28 days, respectively. Figure 4 shows the cumulative pore volume curves
and pore size distribution curves of MKPC at the curing age of 1 day and 28 days. It can
be seen that the cumulative pore volume of the MKPC decreases with the increase in the
curing age. The pore size distribution curves can be used for qualitative comparison, and
Figure 4b shows that the pore size distribution shifts toward the direction of small pores [52].
It indicates that the structure of MKPC becomes denser with increasing hydration time,
which is caused by the continuous reaction of the constituents of MKPC with water during
this period. However, it is worth mentioning that the cumulative pore volume at the
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curing age of 28 days is only 2.8% lower than that at the curing age of 1 day, which also
suggests that the hydration reaction rate of MKPC after the curing age of 1 day is slow,
and its main reaction process has occurred before 1 day. The cumulative pore volume
curves grow relatively uniformly in the interval of 10,000-10 nm, while the growth becomes
suddenly larger in the range of less than 10 nm, which demonstrates that there are more
small diameter pores distributed in the MKPC.
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Figure 4. The pore structure of MKPC. (a) Cumulative pore volume distribution of the MKPC; (b) log
differential intrusion of the MKPC.

3.4. Thermodynamic Modeling Analysis

Thermodynamic calculations of GEMS require the variation of the reactant content as
a function of time to be entered into the software. In this paper, the degree of reactivity of
reactant MgO is calculated by analyzing the content of MgO in MKPC at different curing
ages based on XRD and TG/DSC data. After that, the reaction degree of MgO is fitted
by different forms of functions, which are exponential functions, linear rational number
approximation and quadratic rational number approximation, respectively. The forms of
the different functions are given by Equations (5)—(7). Figure 5 shows the different forms of
function fitting for the degree of MgO reaction.

(1) Exponential fitting:
y=axexp(bxx)+cxexp(dxx) 5)

where g, b, c and d are all fitting coefficients, x is the curing age and y is the reaction degree
of MgO.
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(2) Linear rational number approximation:

y=(p1xx+p2)/(x+q) (6)

where p1, p2 and q; are all fitting coefficients, x is the curing age and y is the reaction degree
of MgO.

(3) Quadratic rational number approximation:

y=(p1 xx" 24+ p2xx+p3)/(x+q1) 7)

where p1, p2, p3 and gq; are all fitting coefficients, x is the curing age and y is the reaction
degree of MgO.

0.10
y = (0.08808%+0.000043)/(x-+0.3947)
.
0.08 -
v = 0.07685xexp(0.005xx)—0.07678xexp(—1.835xx)
y = (0.00018xx™+0,0845xx-+0.000016)/(x+0.3226)
o 0.06
&
&l
D
B 0.04]
e MgO
0.02 | Exponential
Rational linear
Rational quadratic
0.00 1 1 1 1 1
0 5 10 15 20 25 30

Curing age / days
Figure 5. The reaction degree of MgO fitted by different form functions.

In order to better select the appropriate function to represent the reaction degree of
MgO, the sum of squared errors (SSE), coefficient of determination (R?), adjusted coefficient
of determination (Adjusted R?), and root mean squared error (RMSE) are compared under
different forms of function fitting, and their expressions are as follows:

(1) Sum of squared errors (SSE):

" 2
SSE =) (9 — i) ®)
i=1
(2) Coefficient of determination (R?):
n 0. — 1/ 2
TS5 i (W —vi)
(3) Adjusted coefficient of determination (Adjusted R?):
(1-R)(n—1)
Ridjusted =1- Th—p—1 (10)
(4) Root mean squared error (RMSE):
14, 2
RMSE = [} (§i = i) (11)

i=1

where #; is the predicted value, y; is the true value, ¥; is the mean of the true value, n is the
number of samples, and p is the number of features.
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The results of the evaluation indexes for each function are summarized in Table 3. As
shown in Table 3, the worst performance is exponential function with SSE of 8.48 x 1075 and
RMSE of 0.0092, both of which are the maximum among the three functions. In addition,
the R? and Adjusted R? of the exponential function are the smallest, at 0.9837 and 0.9350 re-
spectively. The linear rational number approximation function and the quadratic rational
number approximation function have their own performance advantages. The Adjusted
R? and RMSE results of the linear rational number approximation function are superior
to those of the quadratic rational approximation function, while the SSE and R? perform
slightly worse. On the whole, we consider that the values of SSE, R? and Adjusted R? are
less different, and the effect of linear rational number approximation function is better
in RMSE. Therefore, this paper adopts linear rational number approximation function as
the final model, and its SSE, R?, Adjusted R? and RMSE values are 5.63 x 10>, 0.9892,
0.9784 and 0.0053, respectively.

Table 3. Summary of evaluation indicators of function fitting.

Number Function SSE Rr? Adjusted R? RMSE
1 Exponential 8.48 x 107° 0.9837 0.9350 0.0092
2 Rational_linear 5.63 x 107> 0.9892 0.9784 0.0053
3 Rational_quadratic 4.99 x 107° 0.9904 0.9617 0.0071

The prediction of the changes in the hydration products of MKPC is completed using
the thermodynamic data presented in Section 2.2.5, which is input into GEMS software.
Figure 6 shows the changes in the content of MgO and K-struvite in the MKPC system
at different curing ages by GEMS thermodynamic calculations. As shown in the figure,
the hydration reaction of MKPC is fast, and a large amount of MgO is still present in the
system at equilibrium in addition to the hydration product K-struvite, which is the same as
the experimental results in this paper. The prediction results of GEMS show that when the
contents of the reactants are varied and this variation is expressed as a function of time,
based on accurate and complete thermodynamic data, GEMS can reliably calculate the
contents of each substance for different curing ages at equilibrium under current system
conditions. This is accomplished using its built-in thermodynamic logic. The application of
thermodynamic modeling methods to the field of MKPC can effectively advance the study
of MKPC hydration.

50

K-struvite

10 F Magnesium

Phase content / cm®/100g cement

0 sl PR | M | sl P
0.001 0.01 0.1 1 10 100

Curing age / days

Figure 6. Changes in the content of MgO and K-struvite during hydration of MKPC.
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4. Conclusions

The hydration behavior of MKPC with an M/P molar ratio of 8.5 and a water-to-
cement ratio of 0.22 was investigated through a series of experimental characterization
methods and thermodynamic modeling. The conclusions are as follows:

(1) Dead burnt MgO reacts with KH;POy, hardening to produce MKPC. K-struvite is the
main hydration product, with a plate-like crystalline phase. The hydration rate of
MKPC is very fast, and its hydration reaction process mainly occurs before 1 day.

(2) With the deepening of the degree of hydration, the content of the hydration product K-
struvite increases, the pores in the system decrease, and the pore diameter distribution
shifts toward the direction of small pores, with the structure becoming denser.

(8) Thermodynamic modeling effectively analyzes the content changes in each phase dur-
ing the hydration of MKPC. The thermodynamic modeling methods have effectively
promoted the study of the hydration of MKPC.

Author Contributions: Conceptualization, Y.Y.; data curation, W.N. and Z.L.; formal analysis,
W.N. and W.L,; investigation, J.Z. and Z.L.; methodology, J.Z. and B.D.; project administration,
J.Z.; resources, W.L. and B.D.; software, Z.L.; supervision, Y.Y. and Y.Z.; Validation, Y.Y. and Y.Z,;
writing—original draft, ].Z. and W.N.; writing—review and editing, Y.Y. 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 grants
of 52078332, U2006223 and 51925805, from the Natural Science Foundation of Hebei Province under
the grant of E2020402079 and from the Guangdong Provincial Key Laboratory of Durability for
Marine Civil Engineering (SZU) under the grant of 2020B1212060074 is gratefully acknowledged.

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

References

1.  Xing, F; Ding, Z.; Li, Z.]. Study of potassium-based magnesium phosphate cement. Adv. Cem. Res. 2011, 23, 81-87. [CrossRef]

2. Han, W,; Chen, H,; Li, X.; Zhang, T. Thermodynamic modeling of magnesium ammonium phosphate cement and stability of its
hydration products. Cem. Concr. Res. 2020, 138, 106223. [CrossRef]

3. Marusiak, S.; Kapicova, A ; Pivak, A.; Pavlikova, M.; Pavlik, Z. Magnesium Potassium Phosphate Cement-Based Derivatives for
Construction Use: Experimental Assessment. Materials 2022, 15, 1896. [CrossRef] [PubMed]

4. Qiao, F; Chau, CK,; Li, Z. Setting and strength development of magnesium phosphate cement paste. Adv. Cem. Res. 2009,
21, 175-180. [CrossRef]

5. Li, Y;; Chen, B. Factors that affect the properties of magnesium phosphate cement. Constr. Build. Mater. 2013, 47, 977-983.
[CrossRef]

6. Deng, Q. Lai, Z; Xiao, R.; Wu, J.; Liu, M.; Lu, Z.; Lv, S. Effect of Waste Glass on the Properties and Microstructure of Magnesium
Potassium Phosphate Cement. Materials 2021, 14, 2073. [CrossRef]

7. Qiao, F; Chau, CK;; Li, Z. Property evaluation of magnesium phosphate cement mortar as patch repair material. Constr. Build.
Mater. 2010, 24, 695-700. [CrossRef]

8. Li, Y, Bai, W,; Shi, T. A study of the bonding performance of magnesium phosphate cement on mortar and concrete. Constr. Build.
Mater. 2017, 142, 459-468. [CrossRef]

9. Qin,]; Qian, ]; You, C; Fan, Y;; Li, Z.; Wang, H. Bond behavior and interfacial micro-characteristics of magnesium phosphate
cement onto old concrete substrate. Constr. Build. Mater. 2018, 167, 166—176. [CrossRef]

10. Liu, K;Ma, S.; Zhang, Z.; Han, F. Hydration and Properties of Magnesium Potassium Phosphate Cement Modified by Granulated
Blast-Furnace Slag: Influence of Fineness. Materials 2022, 15, 918. [CrossRef]

11. Li, Y;; Zhang, G.; Hou, D.; Wang, Z. Nanoscale insight on the durability of magnesium phosphate cement: A molecular dynamics
study. RSC Adv. 2020, 10, 40180-40195. [CrossRef] [PubMed]

12.  Lai, Z; Lai, X;; Shi, J.; Lu, Z. Effect of Zn?* on the early hydration behavior of potassium phosphate based magnesium phosphate
cement. Constr. Build. Mater. 2016, 129, 70-78. [CrossRef]

13. Cao, X.; Wang, W.; Ma, R.; Sun, S.; Lin, J. Solidification/stabilization of Pb2* and Zn?* in the sludge incineration residue-based
magnesium potassium phosphate cement: Physical and chemical mechanisms and competition between coexisting ions. Environ.
Pollut. 2019, 253, 171-180. [CrossRef]

14. Feng, H.; Wang, Y.; Guo, A.; Zhao, X. Mechanical Properties and Water Stability of High Ductility Magnesium Phosphate
Cement-Based Composites (HDMC). Materials 2021, 14, 3169. [CrossRef] [PubMed]

15. Masuda, T.; Ogino, I.; Mukai, S.R. Optimizing the dimensions of magnesium ammonium phosphate to maximize its ammonia

uptake ability. Adv. Powder Technol. 2013, 24, 520-524. [CrossRef]


http://doi.org/10.1680/adcr.9.00030
http://doi.org/10.1016/j.cemconres.2020.106223
http://doi.org/10.3390/ma15051896
http://www.ncbi.nlm.nih.gov/pubmed/35269126
http://doi.org/10.1680/adcr.9.00003
http://doi.org/10.1016/j.conbuildmat.2013.05.103
http://doi.org/10.3390/ma14082073
http://doi.org/10.1016/j.conbuildmat.2009.10.039
http://doi.org/10.1016/j.conbuildmat.2017.03.090
http://doi.org/10.1016/j.conbuildmat.2018.02.018
http://doi.org/10.3390/ma15030918
http://doi.org/10.1039/D0RA07717H
http://www.ncbi.nlm.nih.gov/pubmed/35520862
http://doi.org/10.1016/j.conbuildmat.2016.11.002
http://doi.org/10.1016/j.envpol.2019.07.017
http://doi.org/10.3390/ma14123169
http://www.ncbi.nlm.nih.gov/pubmed/34207576
http://doi.org/10.1016/j.apt.2012.10.001

Materials 2022, 15, 8496 12 of 13

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Zhang, Z.; Yang, Z.; Chen, Z.; Kang, T.; Ding, X,; Li, Y.; Liao, Y,; Chen, C.; Yuan, H.; Peng, H. A study on bone cement containing
magnesium potassium phosphate for bone repair. Cogent Biol. 2018, 4, 1487255. [CrossRef]

Heilig, P; Sandner, P.; Jordan, M.C.; Jakubietz, R.G.; Meffert, R H.; Gbureck, U.; Hoelscher-Doht, S. Experimental Drillable
Magnesium Phosphate Cement Is a Promising Alternative to Conventional Bone Cements. Materials 2021, 14, 1925. [CrossRef]
Lv, S;; Qu, T.; Al-Ward, H.; Mu, L.; Qiu, H.; Zhang, Y. Influence of Monocalcium Phosphate on the Properties of Bioactive
Magnesium Phosphate Bone Cement for Bone Regeneration. Materials 2022, 15, 2293. [CrossRef]

Xu, B.; Lothenbach, B.; Leemann, A.; Winnefeld, F. Reaction mechanism of magnesium potassium phosphate cement with high
magnesium-to-phosphate ratio. Cem. Concr. Res. 2018, 108, 140-151. [CrossRef]

Ma, H.; Xu, B,; Liu, J.; Pei, H.; Li, Z. Effects of water content, magnesia-to-phosphate molar ratio and age on pore structure,
strength and permeability of magnesium potassium phosphate cement paste. Mater. Des. 2014, 64, 497-502. [CrossRef]

Ma, H.; Xu, B.; Li, Z. Magnesium potassium phosphate cement paste: Degree of reaction, porosity and pore structure. Cem. Concr.
Res. 2014, 65, 96-104. [CrossRef]

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

Wang, A.J.; Yuan, Z.L.; Zhang, J.; Liu, L.T,; Li, ].M.; Liu, Z. Effect of raw material ratios on the compressive strength of magnesium
potassium phosphate chemically bonded ceramics. Mater. Sci. Eng. C Mater. Biol. Appl. 2013, 33, 5058-5063. [CrossRef] [PubMed]
Fan, S.; Chen, B. Experimental study of phosphate salts influencing properties of magnesium phosphate cement. Constr. Build.
Mater. 2014, 65, 480-486. [CrossRef]

Yang, Y,; Fang, B.; Zhang, G.; Guo, ].; Liu, R. Hydration Performance of Magnesium Potassium Phosphate Cement Using Sodium
Alginate as a Candidate Retarder. Materials 2022, 15, 943. [CrossRef]

Yang, J.; Zhen, S.; Wu, Q. Effect of Municipal Solid Waste Incineration Fly Ash on Properties of Magnesium Potassium Phosphate
Paste. J. Mater. Civ. Eng. 2019, 31, 11. [CrossRef]

Chau, C.K;; Qiao, F; Li, Z.J. Potentiometric Study of the Formation of Magnesium Potassium Phosphate Hexahydrate. ]. Mater.
Civ. Eng. 2012, 24, 586-591. [CrossRef]

Xu, B.; Winnefeld, F.; Lothenbach, B. Effect of temperature curing on properties and hydration of wollastonite blended magnesium
potassium phosphate cements. Cem. Concr. Res. 2021, 142, 106370. [CrossRef]

Tao, Y.; Zhenyu, L.; Yuanyuan, W.; Xin, H.; Jie, W.; Zhongyuan, L.; Shuzhen, L.; Feng, L.; Xiaoling, F.; Haibin, Z. Hydration
process and microstructure of magnesium potassium phosphate cement with nitrate solution. Sci. Total Environ. 2020, 703, 134686.
[CrossRef]

Pang, B.; Liu, J.; Wang, B.; Liu, R.; Yang, Y. Effects of K-struvite on hydration behavior of magnesium potassium phosphate
cement. Constr. Build. Mater. 2021, 275, 121741. [CrossRef]

Winnefeld, F.; Lothenbach, B. Hydration of calcium sulfoaluminate cements—Experimental findings and thermodynamic
modelling. Cem. Concr. Res. 2010, 40, 1239-1247. [CrossRef]

Haha, M.B.; Lothenbach, B.; le Saout, G.; Winnefeld, F. Influence of slag chemistry on the hydration of alkali-activated blast-furnace
slag—Part II: Effect of AlyO3. Cem. Concr. Res. 2012, 42, 74-83. [CrossRef]

Wang, Y.; An, M.; Yu, Z.; Han, S. Impacts of various factors on the rehydration of cement-based materials with a low water-binder
ratio using mathematical models. Constr. Build. Mater. 2016, 125, 160-167. [CrossRef]

Lothenbach, B.; Zajac, M. Application of thermodynamic modelling to hydrated cements. Cem. Concr. Res. 2019, 123, 105779.
[CrossRef]

Chen, Q.; Zhang, L.; Ke, Y.; Hills, C.; Kang, Y. Influence of carbonation on the acid neutralization capacity of cements and
cement-solidified /stabilized electroplating sludge. Chemosphere 2009, 74, 758-764. [CrossRef] [PubMed]

Charlton, S.R.; Parkhurst, D.L. Modules based on the geochemical model PHREEQC for use in scripting and programming
languages. Comput. Geosci. 2011, 37, 1653-1663. [CrossRef]

Holmes, N.; Tyrer, M.; West, R.; Lowe, A_; Kelliher, D. Using PHREEQC to model cement hydration. Constr. Build. Mater. 2022,
319, 126129. [CrossRef]

Kulik, D.A.; Wagner, T.; Dmytrieva, S.V.; Kosakowski, G.; Hingerl, EF,; Chudnenko, K.V,; Berner, U.R. GEM-Selektor geochemical
modeling package: Revised algorithm and GEMS3K numerical kernel for coupled simulation codes. Comput. Geosci. 2012,
17,1-24. [CrossRef]

Kunther, W.; Dai, Z.; Skibsted, J. Thermodynamic modeling of hydrated white Portland cement-metakaolin-limestone blends
utilizing hydration kinetics from 2°Si MAS NMR spectroscopy. Cen. Concr. Res. 2016, 86, 29-41. [CrossRef]

Wang, Y.; Chen, Y.; Guo, B.; Zhang, S.; Tong, Y.; Niu, D. Study on the Strength and Hydration Behavior of Sulfate-Resistant
Cement in High Geothermal Environment. Materials 2022, 15, 2790. [CrossRef]

Le Rouzic, M.; Chaussadent, T.; Stefan, L.; Saillio, M. On the influence of Mg/P ratio on the properties and durability of
magnesium potassium phosphate cement pastes. Cem. Concr. Res. 2017, 96, 27-41. [CrossRef]

Lothenbach, B.; Kulik, D.A.; Matschei, T.; Balonis, M.; Baquerizo, L.; Dilnesa, B.; Miron, G.D.; Myers, R.J. Cemdatal8: A chemical
thermodynamic database for hydrated Portland cements and alkali-activated materials. Cem. Concr. Res. 2019, 115, 472-506.
[CrossRef]

Lothenbach, B.; Xu, B.; Winnefeld, F. Thermodynamic data for magnesium (potassium) phosphates. Appl. Geochem. 2019,
111, 104450. [CrossRef]


http://doi.org/10.1080/23312025.2018.1487255
http://doi.org/10.3390/ma14081925
http://doi.org/10.3390/ma15062293
http://doi.org/10.1016/j.cemconres.2018.03.013
http://doi.org/10.1016/j.matdes.2014.07.073
http://doi.org/10.1016/j.cemconres.2014.07.012
http://doi.org/10.1021/acs.chemrev.5b00463
http://www.ncbi.nlm.nih.gov/pubmed/27002788
http://doi.org/10.1016/j.msec.2013.08.031
http://www.ncbi.nlm.nih.gov/pubmed/24094224
http://doi.org/10.1016/j.conbuildmat.2014.05.021
http://doi.org/10.3390/ma15030943
http://doi.org/10.1061/(ASCE)MT.1943-5533.0002923
http://doi.org/10.1061/(ASCE)MT.1943-5533.0000410
http://doi.org/10.1016/j.cemconres.2021.106370
http://doi.org/10.1016/j.scitotenv.2019.134686
http://doi.org/10.1016/j.conbuildmat.2020.121741
http://doi.org/10.1016/j.cemconres.2009.08.014
http://doi.org/10.1016/j.cemconres.2011.08.005
http://doi.org/10.1016/j.conbuildmat.2016.08.047
http://doi.org/10.1016/j.cemconres.2019.105779
http://doi.org/10.1016/j.chemosphere.2008.10.044
http://www.ncbi.nlm.nih.gov/pubmed/19062068
http://doi.org/10.1016/j.cageo.2011.02.005
http://doi.org/10.1016/j.conbuildmat.2021.126129
http://doi.org/10.1007/s10596-012-9310-6
http://doi.org/10.1016/j.cemconres.2016.04.012
http://doi.org/10.3390/ma15082790
http://doi.org/10.1016/j.cemconres.2017.02.033
http://doi.org/10.1016/j.cemconres.2018.04.018
http://doi.org/10.1016/j.apgeochem.2019.104450

Materials 2022, 15, 8496 13 of 13

44.

45.

46.

47.

48.

49.

50.

51.

52.

Wang, A.].; Zhang, J.; Li, ] M.; Ma, A.B.; Liu, L.T. Effect of liquid-to-solid ratios on the properties of magnesium phosphate
chemically bonded ceramics. Mater. Sci. Eng. C Mater. Biol. Appl. 2013, 33, 2508-2512. [CrossRef] [PubMed]

Le Rouzic, M.; Chaussadent, T.; Platret, G.; Stefan, L. Mechanisms of k-struvite formation in magnesium phosphate cements. Cer.
Concr. Res. 2017, 91, 117-122. [CrossRef]

Lahalle, H.; Coumes, C.C.D.; Mercier, C.; Lambertin, D.; Cannes, C.; Delpech, S.; Gauffinet, S. Influence of the w/c ratio on the
hydration process of a magnesium phosphate cement and on its retardation by boric acid. Cem. Concr. Res. 2018, 109, 159-174.
[CrossRef]

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]

Hou, D.; Yan, H.; Zhang, J.; Wang, P; Li, Z. Experimental and computational investigation of magnesium phosphate cement
mortar. Constr. Build. Mater. 2016, 112, 331-342. [CrossRef]

Chong, L.; Shi, C.; Yang, J.; Jia, H. Effect of limestone powder on the water stability of magnesium phosphate cement-based
materials. Constr. Build. Mater. 2017, 148, 590-598. [CrossRef]

Wang, L.; Yu, LK.M,; Tsang, D.C.W.; Li, S.; Poon, C.S. Mixture Design and Reaction Sequence for Recycling Construction Wood
Waste into Rapid-Shaping Magnesia—Phosphate Cement Particleboard. Ind. Eng. Chem. Res. 2017, 56, 6645-6654. [CrossRef]
Ma, H.; Li, Y. Discussion of the paper “Characterisation of magnesium potassium phosphate cement blended with fly ash and
ground granulated blast furnace slag” by L.]. Gardner et al. Cem. Concr. Res. 2018, 103, 245-248. [CrossRef]

Zhou, J.; Ye, G.; van Breugel, K. Characterization of pore structure in cement-based materials using pressurization—
depressurization cycling mercury intrusion porosimetry (PDC-MIP). Cem. Concr. Res. 2010, 40, 1120-1128. [CrossRef]


http://doi.org/10.1016/j.msec.2013.02.014
http://www.ncbi.nlm.nih.gov/pubmed/23623061
http://doi.org/10.1016/j.cemconres.2016.11.008
http://doi.org/10.1016/j.cemconres.2018.04.010
http://doi.org/10.1016/j.ceramint.2012.04.083
http://doi.org/10.1016/j.conbuildmat.2016.02.200
http://doi.org/10.1016/j.conbuildmat.2017.04.207
http://doi.org/10.1021/acs.iecr.7b01175
http://doi.org/10.1016/j.cemconres.2017.07.013
http://doi.org/10.1016/j.cemconres.2010.02.011

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	X-ray Diffraction (XRD) 
	Thermogravimetric and Differential Scanning Calorimetry (TG/DSC) 
	Scanning Electron Microscopy (SEM) 
	Mercury Intrusion Porosimetry (MIP) 
	Thermodynamic Modeling 


	Results and Discussion 
	Reaction Products in Hardened MKPC 
	Microstructure Analysis of MKPC 
	Pore Structure Analysis of MKPC 
	Thermodynamic Modeling Analysis 

	Conclusions 
	References

