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High permeability and strength magnesium phosphate cement (MPC) with porosity, average pore size, and compressive strength
varied from 63.2% to 74%, 138.7 μm to 284.7 μm and 2.3MPa to 4.7MPa, respectively, were successfully prepared by combining
the physical foaming method and chemically entrained gas method at room temperature. )e effects of borax content, chemical
foaming agent content, zinc powder content and W/S ratio on the porosity, pore size distribution, compressive strength, and
permeability of theMPCwere investigated.)e results indicate that the chemical foaming agent content tends to have little impact
on the porosity and compressive strength, and the zinc powder content has the most significant influence on the average pore size
of MPC.)e air pores distribution and connectivity of MPCwere mainly controlled by the borax content, W/S ratio, and chemical
foaming agent content. Zinc powder played a destructive role in the pores formed by the early physical foaming and led to an
increase in pore size and a large number of through pores, which increased the permeability of the materials.

1. Introduction

Cement-based foam material has high heat capacity, ex-
cellent fire resistance, and low cost and is usually used in
building energy efficient materials because of its lightweight
and thermal insulation properties [1, 2]. It has also been
widely applied in acoustic insulation [3, 4], electromagnetic
wave absorbing material [5], and safety block material [6]. In
recent years, magnesium phosphate cement has also been
developed to prepare porous materials to obtain foamed
concrete for cast-in-situ construction and high-temperature
resistance of cement-based porous materials [7].

Phosphate cement is fabricated by an acid-based solution
reaction between a divalent or trivalent oxide and an acid
phosphate or phosphoric acid [8–10].)e phosphate used in
this system is potassium dihydrogen phosphate, sodium
dihydrogen phosphate, or ammonium dihydrogen phos-
phate. )e metal oxides often used are magnesium, alu-
minum, zinc, and calcium oxides, and magnesium oxide is
the most common oxide to prepare magnesium phosphate
cement (MPC) [11]. In this reaction, a phosphate gel was

formed as a precursor of the ceramics since the metal oxide
dissolved to release cations reacted with the hydrolytic
phosphate ions, and the main final phase of hydration
product is struvite, but many other phases also existed
during or after hydration reaction, such as dittmarite
(NH4MgPO4·H2O), schertelite ((NH4)2Mg(HPO4)2·4H2O),
newberyite (MgHPO4·3H2O), and magnesium phosphate
hydrate Mg3(PO4)2·4H2O [12, 13]. With the in-depth re-
search of MPC, MPC has received an astonishing amount of
attention since it was discovered in the nineteenth century
[14, 15]. Due to its series of advantages, such as rapid setting,
high early strength, strong bonding strength, excellent
biocompatibility, and low drying shrinkage, it has been
widely used in biomedical fields, civil engineering repair,
and stabilization of nuclear or heavymetal [16–21]. Recently,
the preparation of porousMPCwas reported in some studies
such as that of Li and Chen, who prepared a new type of
MPC with a density ranging from 210 to 380 kg/m3 and
compressive strength ranging from 1.0 to 2.8MPa by
a prefoaming method [22]. Liu et al. also fabricated MPC
with a maximum compressive strength of 0.30± 0.05MPa

Hindawi
Advances in Materials Science and Engineering
Volume 2018, Article ID 5910560, 7 pages
https://doi.org/10.1155/2018/5910560

mailto:laizhenyu@swust.edu.cn
http://orcid.org/0000-0001-8422-0518
https://doi.org/10.1155/2018/5910560


and porosity of 83.75% by the physical foaming process [23].
Ma and Chen [7] also obtained a novel foamed concrete with
the characteristics of quick setting and high early-strength by
using sodium bicarbonate as a foaming agent. However,
imperviousness and low strength are the dominant prop-
erties of MPC fabricated by the preforming method men-
tioned above. Recently, the application of cement-based
porous materials for hazardous wastewater, such as heavy
metals and the radioactive nucleus has attracted more and
more attention [24, 25]. Unlike the applications mentioned
above, adsorbent materials require good permeability and
high strength to form self-supporting systems, thus
achieving good service performance.

In this study, magnesium phosphate cement is used as
the base material, and porous materials with high water
permeability and strength will be prepared by combining the
physical foaming method and chemically entrained gas
method, using a chemical foaming agent (CF) and zinc
powder as the compound foaming agent. Additionally, the
effects of borax content, CF content, zinc powder content,
and the water to solid ratio (W/S) on the pore size distri-
bution, connectivity, and compressive strength of the MPC
were systematically investigated.

2. Materials and Experiments

In the current work, the raw materials for the MPC for-
mation were dead-burnt magnesia (MgO, Liaoning Xinrong
Mining Co., Ltd., China) obtained by calcinatingmagnesium
carbonate at 1700°C, and analytically pure ammonium
dihydrogen phosphate (ADP, AR-grade, Jinshan Chemical
Reagent Co., Ltd., Chengdu, China) and quartz powders
were prepared by ball-milling quartz for 30min. )e
chemical foaming agent (CF, the primary chemical com-
position is sodium dodecyl sulfate, alkyl amido betaine, and
citric acid) having weak acidity was prepared by our lab,
which was combined with zinc powder (Zn) for use as
a compound foaming agent. Borax (Na2B4O7·10H2O) and
analytically pure citric acid monohydrate (CAM) were used
as a retarder in this study. As characterized by a laser particle
size analyzer, the mean particle diameters of the MgO, ADP,
and quartz powders are 29 μm, 60 μm, and 20 μm, re-
spectively. )e formulas for fabricating MPC are listed in
Table 1, where M/P, M/Q, and Zn/CAM represent the mass
ratio of MgO to ADP, MgO to quartz powder, and zinc
powder to CAM, and the value is 1, 0.5, and 1, respectively.
)e CF, zinc powder, and CAMwere weighed by the mass of
all the solid powders, and the mass of borax weighed the
MgO. Additionally, all the water used in this work was tap
water from the laboratory.

First, the raw materials including MgO powder, ADP
powder, quartz powder, and borax were mixed for 1min in
a vertical-axis planetary mixer according to Table 1. Secondly,
the CF, CAM, and water were added and stirred for 1min,
and then zinc powder was mixed with them and stirred
rapidly for 90 s. )irdly, the slurry after mixing was cast into
steel moulds with a size of 40mm× 40mm× 160mm. Finally,
the specimens of MPC were demolded after 2 h and cured in
the lab at a temperature of 20± 2°C and a relative humidity of

60± 5%. It should be pointed out that the CF and CAM were
dissolved in water in advance and then added into the mixer.
)e sample for SEM is prepared by cast slurry into
Φ50mm× 150mm column steel moulds, cured at a temper-
ature of 20± 2°C and a relative humidity of 60± 5% for 28 d,
and cut horizontally into five test blocks for analyzing the pore
distribution by SEM pictures.

Before testing porosity, the samples should be dried
under the temperature of 60°C for 24 h to obtain a constant
weight. )e porosity of material was calculated using P �

(1− (ρapparent/ρth)) × 100% with an apparent density of the
dried material and theoretical density ρth � 

n
i�1viρi

(vi � volume fraction of component i, ρi � density of com-
ponent i) [26].

)e compressive strength of 28 d was applied by a mi-
crocomputer control universal testing machine (CMT5105,
Shenzhen SANS Testing Machine Co., Ltd., China) with
a loading rate of 2.4 kN per second according to standard
Chinese GB17671-1999, each sample taken six specimens
tested, and the compressive strength is the average value of
six samples. Crystal phases were determined by X-ray dif-
fraction using a D/Max-RB (Rigaku, Japan) powder X-ray
diffractometer using CuKα irradiation generated at 60mA
and 35 kV; the scanning rate was 8°/min from 3 to 80°. )e
microstructure of the MPC was observed by scanning
electron microscopy (TM1000, Hitachi, Japan), and the
distribution of the pore size was determined by analyzing
SEM pictures using a soft image analyzer (Nano measurer,
China).

3. Results and Discussion

)e porosity, average pore size, and compressive strength of
the porous MPC fabricated according to Table 1 were
measured and the results are listed in Table 2. It can be seen
from Table 2 that the porosity increased from 66% to 71.6%,
the compressive strength reduced from 4.7MPa to 2.6MPa,
and the average pore size ranged from 138.7 μm to 160.01 μm
as the borax content increased from 4% (MI-1) to 10% (MI-3).
)is result can be attributed to the retarding effect of borax,
which can delay the setting time of MPC slurry. As a result,
there is enough time for the air bubbles to expand and
migrate in the slurry. As the content of CF increased from

Table 1: )e formulas for fabricating MPC.

Sample no. Borax (%) CF (%) Zn (%) W/S
MI-1 4 1.5 1.0% 0.16
MI-2 7 1.5 1.0% 0.16
MI-3 10 1.5 1.0% 0.16
MII-1 7 1.0 1.0% 0.16
MII-2 7 1.5 1.0% 0.16
MII-3 7 2.0 1.0% 0.16
MIII-1 7 1.5 0.5% 0.16
MIII-2 7 1.5 1.0% 0.16
MIII-3 7 1.5 1.5% 0.16
MIV-1 7 1.5 1.0% 0.14
MIV-2 7 1.5 1.0% 0.16
MIV-3 7 1.5 1.0% 0.18
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1.0% (MII-1) to 2.0% (MII-3), the average pore size rose from
140.6 μm to 180.11 μm, but the porosity and compressive
strength remained at about 69% and 3.2MPa, respectively.
As the content of zinc powder and CAM increased from
0.5% to 1.5%, the porosity and average pore size increased
from 65.2% to 74% and from 151.9 μm to 284.7 μm, re-
spectively, while the compressive strength decreased from
4.6MPa to 2.3MPa. )ese results may be explained by the
reaction between the zinc powder and hydrogen ions which
were jointly supplied by the ADP and CAM. )e more zinc
powder and CAM were added, the more air bubbles were
obtained, which led to the higher porosity and lower
compressive strength. Furthermore, as the W/S ratio in-
creased from 0.14 to 0.18, the compressive strength reduced
from 4.3MPa to 2.5MPa due to the porosity and pore di-
ameter size rising from 63.2% to 72%, and from 141.8 μm to
200.4 μm, respectively. )e higher W/S ratio makes the
consistency of the slurry and foaming resistance lower,
which led to a large number of air pores left in the samples
and the high porosity obtained.

Figure 1 shows the effect of borax content, CF content,
zinc powder content (or CAM content), and W/S ratio
on the pore size distribution of the MPC. As shown in
Figure 1(a), with the borax content (B%), increased from 4%,
7% to 10%, the pore distribution became wider, ranging
from 40 μm to 550 μm, from 80 μm to 1150 μm, and from
70 μm to 1280 μm, respectively. Besides, the majority of
pores uniformly ranged from 40 to 300 μm, and the accu-
mulative frequency exceeded 70%. As the content of CF (CF
%) increased from 1.0%, 1.5% to 2.0%, the air pore size
distribution varied about from 80 μm to 780 μm, 80 μm to
950 μm, and 90 μm to 1280 μm, respectively, as observed
from Figure 1(b). However, the CF content has little in-
fluence on the smaller air pores, which range in size from
0 to 150 μm. It can be seen from Figure 1(c) that the air pore
size distribution ranged from about 0 to 700 μm, from 50 μm
to 1300 μm, and from 100 μm to 1350 μm, respectively, as the
zinc powder (Zn%) increased from 0.5%, 1.0% to 1.5%.
Additionally, a distinct difference can be found that there are
about 25% air pores whose size distribution varied from
300 μm to 1350 μmwith 1.5% zinc powder in the samples. As

seen in Figure 1(d), as the W/S increased from 0.14, 0.16 to
0.18, the size distribution of the air pores varied from 40 to
600 μm, from 50 μm to 1300 μm and from 40 to 750 μm,
respectively. Besides, the size of the pores distribution be-
came wider for the specimens with the W/S ratio of 0.16
compared to the other two ratios.

By analyzing the data in Table 2 and Figure 1, there is
a certain relationship between the strength of the phosphate
cement porous materials and the porosity, pore size of as-
prepared materials. In general, the greater the porosity, the
lower the strength, and the larger the average pore size, the
smaller the strength. But comparing the porosity and av-
erage pore size, the effect of porosity is higher than the effect
of pore size on the strength; for MII-1, MII-2, and MII-3, the
porosity is almost the same, and the average pore size in-
creases from 140 μm to 180 μm, but their strength is
maintained at about 3.2MPa; for MII-1 and MIV-1 with al-
most the same average pore size of 140 μm, the porosity of
MII-1 andMIV-1 is 70.4% and 63.2%, the strength ofMII-1 and
MIV-1 is 3.2MPa and 4.3MPa, and the results indicate that
the porosity has a huge influence on the strength. Of course,
the foaming agent will also affect the strength. In this paper,
zinc powder is used as a chemical foaming material, and the
strength of different zinc powders is analyzed, such as MIII-1,
MIII-2, andMIII-3 in Table 1, and the strength decreased from
4.6MPa to 2.3MPa with increasing amount of Zn. )is is
due to the increase in the amount of zinc powder, the in-
crease in porosity and the average pore size, and also due to
the side effects of zinc on the hydration process [27].
)erefore, for the strength of phosphate cement porous
material, the effects are multifaceted, and the influence of
porosity plays a leading role than other factors.

Figure 2 shows SEM micrographs of the MPC formu-
lated with different borax content, CF content, zinc powder
content, and W/S ratio. As shown in Figures 2(a)–2(c), the
size of air pores and the number of connected pores in-
creased obviously when the borax content increased from
4%, 7% to 10%, and the air pores were distributed more
uniformly. )e pore distribution uniformity and the size of
the samples increased slightly as the content of CF increased
from 1.0%, 1.5% to 2.0%, but the specimen having the most
connected macropores was that with the foaming agent
content of 1.5%, as presented in Figures 2(d)–2(f ). As can be
seen in Figures 2(g)–2(i), the size and connectivity of the air
pores increased significantly as the zinc powder content
increased from 0.5wt.% to 1.5 wt.%. However, the pores
were distributed less uniformly as higher contents of zinc
powder were used in the samples. As seen in Figures 2(j)–
2(l), the size and uniformity of the pores increased obviously
when theW/S ratio increased from 0.14 to 0.18. As shown by
the consequence of Figure 2, the size and uniformity of the
pores were mainly controlled by the borax content, zinc
powder content, andW/S ratio, while the CF content mainly
controlled the connectivity of the air pores.

We selected the sample MIII-2 for XRD analysis shown in
Figure 3. Figure 3 shows that the primary phase is SiO2,
MgO, and MgNH4·6H2O, of which the SiO2 peak is the
strongest, MgO second, and MgNH4·6H2O the weakest. )e
main reason is that SiO2 mainly acts as a filler and does not

Table 2: Porosity, average pore size, and compressive strength of
porous MPC.

Sample no. Porosity (%) Average pore
size (μm)

Compressive
strength (MPa)

MI-1 66± 2 139± 7 4.7± 0.3
MI-2 69± 3 160± 7 3.3± 0.2
MI-3 71± 3 155± 6 2.6± 0.2
MII-1 70± 3 141± 7 3.2± 0.2
MII-2 69± 3 160± 6 3.3± 0.1
MII-3 70± 3 180± 8 3.2± 0.2
MIII-1 65± 3 152± 6 4.6± 0.2
MIII-2 69± 3 160± 6 3.3± 0.2
MIII-3 74± 4 285± 12 2.3± 0.1
MIV-1 63± 2 142± 7 4.3± 0.2
MIV-2 69± 3 160± 7 3.3± 0.2
MIV-3 72± 3 200± 10 2.5± 0.1
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participate in the hydration process. Due to the large amount
of unreactive SiO2, the di�raction peaks are sharp. Of course,
the incorporation of silica also has more e�ect. On the one
hand, it can prolong the setting time, which is bene�cial to
the foaming e�ect of Zn powder and forms more pores, on
the other hand, silica can also reduce the hydration heat. �e
reduction of hydration heat avoids the release of ammonia
gas during the reaction, while also avoiding the de-
composition of hydration products which leads to the
strength loss of the materials [28].

Figure 4 shows the water permeability of MPC fabricated
by combining the physical foaming and chemically
entrained gas methods. It can be seen that water can pass
quickly from the surface to underlying layers of the MPC
through the abundant connected pore channels that exist in

its interior. In general, permeability is mainly a�ected by
pore size and connectivity of samples. �e porous materials
obtained by composite foaming technology have a large
number of connected pores and large pore size, which can
ensure wastewater to easily pass through when used as
adsorbent materials.

�is paper mainly uses zinc powders as the foaming
agent. �e previous study also showed that the use of zinc
powder could form a better closed-hole structure which has
been discussed more detailed, and zinc powder content,
water to cement ratio, and borax content play a role on the
formation and growth of foams [29]. �e chemical medium
used in this paper is a weak acid foaming agent, which is to
reduce its e�ect on the slurry of magnesium phosphate
cement due to the acidic environment of the initial
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Figure 1: Pore size distribution of porous MPC fabricated with di�erent borax content in (a), varying foaming agent content in (b), varying
zinc powder content in (c), and W/S ratios in (d).
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hydration and to ensure that its strength has no significant
loss. In the initial stage of molding, a large number of
micropores were formed during the stirring process due to
the action of the foaming agent CF. At this time, the effect of
zinc powder foaming was not apparent. In the static stage,
due to the acidic environment at the initial stage of the
phosphate cement reaction, together with the low viscosity
in the early stage of hydration, the silica fillers prolonged the
hydration hardening time, and the zinc foaming effect was
exerted. However, at this time, the zinc powder is mainly
located on the pore wall formed in the earlier stage.
)erefore, during the foaming process, the pores formed in

the early stage were damaged and enlarged, and a large
number of through-holes are formed in the structure so that
the water permeability of the material is significantly
increased.

4. Conclusion

In the present work, magnesium phosphate cement (MPC)
with high permeability and strength was successfully fab-
ricated by combining the physical foaming method and
chemically entrained gas method at room temperature. )e
porosity, average pore size, and compressive strength of
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Figure 2: SEMmicrographs of the porous MPC with borax contents of 4% in (a), 7% in (b), and 10% in (c); with CF contents of 1.0% in (d),
1.5% in (e), and 2.0% in (f); with zinc powder contents of 0.5% in (g), 1.0% in (h), and 1.5% in (i); and with W/S ratios of 0.14 in (j), 0.16 in
(k), and 0.18 in (l).
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MPC prepared with different formulas ranged from 63.2% to
74%, 138.7 μm to 284.7 μm, and 2.3MPa to 4.7MPa, re-
spectively. )e content of chemical foaming agent (CF) has

little influence on the porosity and compressive strength of
specimens. )e pore size distribution is significantly influ-
enced by the zinc powder content and W/S ratio. )e
compressive strength is affected by the borax content, zinc
powder content, and W/S ratio. Additionally, MPC with
higher porosity and larger pore diameter shows high per-
meability due to the mass of through pores existing in the
samples. As a result, the porous MPC has enormous po-
tential for filtration applications, such as heavy metals, ra-
dioactive waste, exhaust fumes, and could also be used for
bio-scaffolds in tissue engineering.
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