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Abstract: As one of the raw materials of basic magnesium sulfate cement (BMSC), the activity of
light-burned magnesium oxide (MgO) has an important effect on the hydration rate, hydration
products, and mechanical properties of BMSC. To reveal the influence of packaging method, storage
environment, and storage time on the activity of MgO and the mechanical properties of BMSC,
an experiment was conducted by using ordinary woven bags, peritoneal woven bags, and plastic
and paper compound bags to store the finished BMSC and the raw materials (light-burned MgO,
MgSO,-7H,0, fly ash, and a chemical additive) under the conditions of natural environment, sealed
environment, and wet environment, respectively. Comparative analysis of the effects of packaging
method, storage conditions, and storage time on the activity of MgO and the mechanical properties of
BMSC was performed through the mechanical strength test of mortar specimens. The results showed
that in a sealed environment, the loss of a-MgO content in light-burned MgO was minimized, which
was more conducive to keeping the mechanical properties of BMSC stable. In the wet environment,
the mechanical strength of BMSC was significantly reduced in the early stage (1 day) due to the
significant reduction in the activity of MgO, and the mechanical strength of the finished BMSC and
prepared BMSC after 120 days of storage was still lost, regardless of the packaging method. However,
the storage environment and packaging method had relatively little effect on the late mechanical
strength (28 days) of BMSC. It is advisable to use ordinary woven bags for packaging in natural
and sealed environments as this is more economical for engineering applications. Plastic and paper
compound bags are superior to ordinary woven bags and peritoneal woven bags in wet environments.

Keywords: active magnesium oxide; basic magnesium sulfate cement; storage environment; packaging
method; mechanical strength

1. Introduction

Nowadays, many existing studies are focusing on the mechanical properties of BMSC,
rather than paying much attention to how they maintain their mechanical properties under
different storage conditions. This study investigated how the mechanical properties of
BMSC are maintained in different storage environments using different packaging methods.
This directly affects the usage of BMSC in real-world construction projects.

Magnesium oxysulfate cement (MOS) is an air-hardened magnesium cementitious
material invented by Enricht in 1891 through the patent “Artificial stone or cement”, which
is a MgO-MgSO4-H,O ternary cementitious system consisting of a-MgO powder and a
certain concentration of MgSQO4 aqueous solution, and the main hydration products are
alkali salt hydrates xMg(OH),-yMgSO4-zH;0 [1-3]. MOS has lightweight, low-alkali, high-
strength, fire protection, and corrosion-resistance properties, among others, and is superior
to the performance of ordinary Portland cement. It is commonly used in the production
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of lightweight partition wall boards, decorative wall panels, fireproof core boards, and so
on [4-7]. At the same time, MOS has the characteristic of not easily absorbing moisture
and returning to halogen form, which is better than magnesium oxychloride cement, so
it has aroused great interest from researchers. In addition, the raw material used for the
production of BMSC, light-burned MgO, has low energy consumption, and magnesium
sulfate heptahydrate is a by-product of industrial flue gas desulfurization or seawater salt
production, which gives BMSC excellent social and ecological values such as energy-saving
and emission-reducing abilities and green environmental protection, which is expected to
become the core of the future cement and building materials industry as this is of great
interest to the researcher and the user [8-10].

In 1980, Urwongse L. et al. found that the hydration products of MOS have
3Mg(OH);-MgSO4-8H,0 (3-1-8 phase), Mg(OH),-MgSO4-5H,0 (1-1-5 phase), and
5Mg(OH);-MgSO4-3H,0 (5-1-3 phase); the 1-1-5 and 5-1-3 phases are unstable phases
at room temperature and the 3-1-8 phase is considered a stable phase at room temper-
ature. Still, it is difficult to generate more than 50%, so MOS has low strength [11]. In
2005, Deng Dehua promoted the formation of new hydrate crystals by using an S-type
additive, which greatly improved MOS performance. Still, the composition and crystal
structure of the discovered hydrate were not determined in Deng’s research [12]. In 2012, Yu
Hongfa’s group synthesized the pure phase of the new hydration product by using additive
modification technology and cooperated with the German Max-Planck Laboratory, success-
fully analyzing this new crystalline phase as alkali salt hydrate 5Mg(OH),-MgSO4-7H,0
(5-1-7 phase), and named the modified MOS basic magnesium sulfate cement (BMSC) [13].
In 2013, Robert analyzed the 3-1-8 phase of the Mg(OH),-MgSO,-H,O ternary system
using powder diffraction technology and proved through thermodynamic analysis that
the 3-1-8 phase is not a stable phase at room temperature [14]. Since then, BMSC with the
5-1-7 phase as the main hydration product has become a research hotspot in the magnesium
building materials industry. At present, domestic and foreign studies on BMSC mainly
focus on the effects of the composition ratio of raw materials, chemical additives, and
mineral admixtures on its mechanical properties, water resistance, and microstructural
properties [15-26]. Among them, light-burned MgO, as an important component of the
raw material of BMSC cement, and its a-MgO content have an important influence on the
performance of BMSC. Wu Chengyou et al. [27] investigated the effect of different a-MgO
contents on the performance of BMSC and found that when the molar ratio of magnesium
oxide to magnesium sulfate (n(MgO)/n(MgSQO,)) is 5, higher MgO activity can produce a
faster hydration reaction. Still, MgO activity that is too high is unfavorable to the formation
of the 5-1-7 phase, which leads to a reduction in the compressive strength of the early
BMSC. The late compressive strength of the BMSC was found to increase with the decrease
in MgO activity because the 5-1-7 phase crystallized to a higher degree in BMSC prepared
with low-activity MgO. Li Yanyan et al. [28] investigated the effect of MgO activity, water
resistance, and carbonation properties on BMSC. BMSC was prepared with different activi-
ties of MgO, and it was found that the average pore size of the BMSC matrix increased with
the decrease in MgO activity, which led to a loose structure of hardened cement paste. As a
result, the mechanical strength of BMSC was low and the water resistance became poor.

Light-burned MgO powder with 80% MgO content was used to prepare BMSC, and
the a-MgO content was measured to be about 55-68% by the hydration method [29,30].
a-MgO is an effective component capable of neutralization or hydration reactions in the
MgO-MgSO4-H,0 system. Usually, under certain molar ratio conditions, the higher the a-
MgO content, the faster the hardening speed of BMSC slurry, and the better the mechanical
properties. However, light-burned MgO powder is prone to deliquescence during storage.
It leads to a decrease in a-MgO content, which affects the hydration reaction of BMSC and
the formation of hydration product phases and affects the mechanical properties of BMSC.
To better guide the production practice of BMSC and its products, this study investigated the
effects of packaging method, storage environment, and storage time on the activity of MgO
and the mechanical properties of BMSC [31]. Different bags were used to store the finished
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BMSC and the raw materials used for BMSC preparation under natural, sealed, and wet
environment conditions. The effects of storage conditions, packaging methods, and storage
time on the activity of light-burned MgO and the mechanical properties of the prepared
and finished BMSC were analyzed by testing the a-MgO content and characterizing the
mechanical strength of the finished BMSC and prepared BMSC. The results of this study
can provide important data support for the production practice of BMSC and its products
and have important theoretical and application value.

2. Materials and Method
2.1. Raw Materials

The experimental light-burned MgO powder was obtained from Liaoning Huafeng
Magnesium Industry Co. Ltd., and the a-MgO content was measured to be 64.4% (MgO
content 80%) by the hydration method (Liaoning Suizhong Power Generation Co. Ltd.,
Huludao, China). Class I fly ash (fly ash, FA) and magnesium sulfate heptahydrate
(MgS04-7H,0) were produced by Shandong Yongxin Chemical Industry Co. Ltd., Heze,
China (industrial-grade), and the chemical composition is shown in Table 1. The chemical
additive citrate (analytically pure) was obtained from Aladdin (Shanghai) Reagent Co.,
Ltd., Shanghai, China.

Table 1. Chemical composition of raw materials/%.

Raw 24 P 24 . Loss on
Material Mg 504 Ca SIOZ A1203 Fe203 CaO MgO 503 NaZO K20 Ignition
MgSO,4-7H,O  9.82 39.92 0.02
MgO 0.30 0.26 0.51 2.15 79.67 0.23 0.23 0.24 16.41
FA 54.18 28.78 7.88 1.92 0.66 0.35 0.54 0.78 0.32

2.2. Experimental Methods and Test

The granular MgSO4-7H;O was pulverized to about 200 mesh (sieve residue 9.6%)
using a pulverizer. The molar ratio of a-MgO: MgSO,-7H,O was 8:1, the dosage of fly ash
was 50% of the mass of MgO, and the dosage of the chemical additive was 0.2% of the
mass of MgO. All the raw materials were uniformly mixed by a mixer to prepare 52.5R-
grade BMSC-, i.e., 52.5R-grade finished BMSC cement. The finished BMSC was packaged
in ordinary woven bags, peritoneal woven bags, and plastic and paper compound bags.
The three kinds of packaged BMSC were stored in a natural environment (A), sealed
environment (B), and wet environment (C) for 120 days, and samples were taken at 30-day
intervals to test the mechanical strength of the mortar specimens. At the same time, each
raw material, including light-burned MgO, MgSO,-7H,0O, FA, and the chemical additive,
was stored in different environments using the three packaging methods and taken out
at the same time to prepare BMSC in the same proportions, i.e., prepared 52.5R-grade
BMSC. Storage environment A: In the laboratory (Shenyang) from February to June, with
the temperature between 18 °C and 25 °C and the humidity from 30% to 60%; B: the same
laboratory, in a sealed bucket with desiccant; C: the same laboratory, with the use of a
zinc sulfate saturated solution (with the theoretical standard relative humidity of 90%) to
control the relative humidity of the film frame sealing space, with measured humidity in the
confined space ranging from 75% to 85%. The experimental method is shown schematically
in Figure 1 below, and the samples were labeled as shown in Table 2.

Table 2. Sample labeling.

Packaging Method Ordinary Peritoneal Plastic and Paper
Storage Conditions Woven Bag Woven Bag Compound Bag
Natural Environment Al A2 A3
Sealed Environment Bl B2 B3

Wet Environment C1 C2 C3
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The experiments were conducted to test the activity of a-MgO content in light-burned
MgO using the hydration method. According to Chinese national standards for the Com-
mon Portland Cement [32] and Test Method of Cement Mortar Strength (ISO Method) [33]
cement mortar specimen preparation method and test method, a BMSC mortar specimen
(shaking table molding) was prepared under the conditions of a mortar paste of 1:3 and a
water—cement ratio of 0.36 (mortar fluidity of 180 £ 2 mm). After mixing, the slurry was
poured into a 40 x 40 x 160 mm steel mold and then de-molded after 24 h of maintenance
at a temperature of 20 £ 2 °C and a relative humidity of 60 & 5%. This was then maintained
until it had aged. The flexural and compressive strength of the BMSC mortar specimens
was tested by the TYE-300D cement mortar flexural and compressive testing machine, and
the loading rates were 50 N /s and 2400 N/s, respectively.

The mpact of packaging methods and storage conditions on the performance of BMSC

Natural Ordinary
rn Environment MgO Woven Bag N
(A) MgO MgSO4 . 7H20 (1 )
MgSO, - 7H,0
Sealed Fly £l .. Fly Ash Peritoneal .
Storage Envi chemical additive Packaging
i nvironment : Woven Bag i
Conditions (B) chemical N Methods
additive 2)
well-mixed metage | mix
X Plastic and P
i EIIVifgfl:nent finished presently prepared (‘aosnic oalfn d ]gger ]
BMSC BMSC omp g
© (3)
hY.d <7 v
| Flexural/Compressive Strength ‘ The content of a-MgO

Figure 1. Schematic representation of the test method.

3. Results and Analysis
3.1. Influence on the Activity of MgO

The a-MgO content, as an important indicator characterizing the ability of light-burned
MgO to react with magnesium salt solutions such as magnesium sulfate and form hydration
products, had a significant impact on the performance of the BMSC. During storage, a-
MgO is prone to moisture absorption and conversion to Mg(OH); or carbonization and
conversion to MgCQOj3, which reduces the a-MgO content in light-burned MgO. Therefore,
the packaging method, storage environment, and storage time become important factors
affecting the activity of MgO and the performance of BMSC. As shown in Figure 2, the
changes in a-MgO content in light-burned MgO with different packaging methods, storage
environments, and storage times were measured by the hydration method. As can be
seen from the data, the a-MgO content gradually decreased with the extension of storage
time. At 120 days of storage, the a-MgO contents of Al, A2, A3, B1, B2, B3, C1, C2, and C3
were 48.1,49.1, 51.5, 61.4, 62.1, 62.5, 29.7, 30.1, and 34.8%, respectively. The dry and sealed
environment could isolate the wet air, which was favorable for the storage of light-burned
MgO, and the activity of MgO was only reduced by about 2.0% for 120 days. In a wet
environment, no matter which packaging method was used, the MgO activity reduction
was more obvious, decreasing by about 30.0% after 120 days. Among the three packaging
methods, plastic and paper compound bags prevented the reduction in MgO activity better
than peritoneal woven bags and ordinary woven bags. Therefore, a dry environment
should be ensured as much as possible during the production, transportation, and use
of light-burned MgO powder, which is conducive to maintaining MgO activity and thus
controlling the production of BMSC and the quality of its products more effectively.
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Figure 2. Variation of a-MgO content with storage time under different packaging and storage
conditions.

3.2. Effect of MgO Activity on BMSC Setting Time

Setting time, as an important indicator of the hydration rate of cement, is an important
guide for evaluating the construction efficiency of cement-based materials. However,
in BMSC, the fineness of raw-material light-burned MgO and its a-MgO content have a
significant effect on the rate of setting and hardening of BMSC. Experiments were conducted
to test the setting time of the finished BMSC and prepared BMSC stored using different
packaging methods in different environmental conditions, as shown in Figures 3 and 4.

Figure 3 shows the variation in the setting time of the finished BMSC cement with
storage time for different packaging methods and storage environments. From the data,
it can be seen that with the extension of storage time, the finished BMSC cement’s initial
and final setting times gradually increased. When stored for 90 days, the initial setting
times of A1, A2, A3, B1, B2, B3, C1, C2, and C3 were 190, 225, 194, 191, 195, 198, 212, 228,
and 199 min, respectively, and the final setting times were 300, 358, 360, 260, 270, 268,
340, 302, and 270 min, respectively. Combined with the data in Figure 2, it can be found
that the length of the setting time of the finished BMSC was closely related to the content
of a-MgO. Under the sealed environment, a-MgO was not easily converted to Mg(OH),
by moisture absorption or to MgCO3 by carbonization, and the content of a-MgO was
relatively high, so the changes in the setting times of the BMSC were small, and there was
not much difference between the three packaging methods. In the natural environment, due
to the relatively significant decrease in the content of a-MgO, the BMSC setting times were
significantly prolonged. This would have a greater impact on construction efficiency. In
the wet environment, the use of plastic and paper compound bags was more conducive to
preventing reductions in MgO activity and thus reducing the extension of the setting time
of BMSC cement. As shown in Figure 4, in different storage environments, the variation
rule of the setting time of the prepared BMSC cement with storage time using different
packaging methods was similar to that of the finished BMSC. These results show that the
setting time of BMSC is closely related to the content of a-MgO in light-burned MgO. The
adoption of a suitable packaging method can effectively prevent the decrease in a-MgO
content in light-burned MgO and reduce its effect on the hydration reaction of BMSC. It is
more favorable to store MgO in an ordinary woven bag in a natural environment, and it is
more favorable to use plastic and paper compound bags in a wet environment.
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Figure 3. Variation of setting time of finished BMSC with storage time under different packaging and
storage conditions.
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Figure 4. Variation of setting time of the prepared BMSC with storage time under different packaging
and storage conditions.

3.3. Effects on the Mechanical Properties of the Prepared BMSC

Figures 5-8 show the data for the 1-day and 28-day mechanical strength of the prepared
BMSC mortar specimens using different packaging methods and storage environments
with the change in storage time. The 1-day flexural and compressive strengths of the blank
sample (stored for 0 days) were 5.2 and 24.6 MPa, respectively; the 28-day flexural and
compressive strengths were 16.2 and 68.2 MPa, respectively.

From the 1-day and 28-day flexural strength data of the prepared BMSC mortar
specimens in Figures 5 and 6, it can be seen that different packaging methods and storage
conditions had a greater impact on the 1-day flexural strength of the prepared BMSC, while
the impact on its 28-day flexural strength was relatively small. After 120 days of storage, the
1-day flexural strength of the presently prepared BMSC stored using the three packaging
methods under the three storage conditions decreased significantly. The largest decrease in
1-day flexural strength was observed for the prepared BMSC in a wet environment. The
flexural strengths corresponding to the three packaging methods all decreased by 100%
compared with the blank samples; in the natural environment, the decrease in the 1-day
flexural strength of the prepared BMSC was relatively small. The corresponding flexural
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strengths of the three packaging methods decreased by 25, 23.1, and 28.8%, respectively,
compared with the blank samples. It is noteworthy that there was even a slight increase in
the flexural strength after 30 days of storage; the smallest decrease in 1-day flexural strength
was observed for the prepared BMSC in a sealed environment. The corresponding flexural
strengths of the three packaging methods decreased by 19.2, 23.1, and 21.2% compared
to the blank samples, respectively. The 1-day flexural strengths of the prepared BMSC-
Al, A2, A3, B1, B2, B3, C1, C2, and C3 were 3.9, 4.0, 3.7, 4.2, 4.0, 4.1, 0, 0, and 0 MPa,
respectively, after storage for 120 days. These results suggest that in the natural and sealed
environmental conditions, the early flexural strength of the prepared BMSCs stored in
ordinary woven bags was better than those stored in the peritoneal woven bags and plastic
and paper compound bags, whereas the early flexural strength of the prepared BMSCs
stored in plastic and paper compound bags was better than those stored in the peritoneal
woven bags and ordinary woven bags in wet environmental conditions.

Figure 6 shows the data of the 28-day flexural strength of the prepared BMSC with stor-
age age for three packaging methods under different storage conditions. As shown in the
figure, there was almost no decrease in the 28-day flexural strength of the prepared BMSC
stored for 120 days in natural and sealed environments compared to the blank samples.
The flexural strengths corresponding to the three packaging methods in the natural envi-
ronment decreased by 2.5, 4.3, and —1.2% compared to the blank samples, respectively. The
flexural strengths of the three packaging methods in the sealed environment decreased by
2.5,1.9, and 7.4%, respectively, compared with the blank samples. In the wet environment,
the 28-day flexural strength of the prepared BMSC decreased gradually with the extension
of storage time, but the decrease was smaller, and the corresponding flexural strengths of
the three packaging methods decreased by 25.9, 25.3, and 22.2%, respectively, compared
with the blank samples. The experimental results showed that the storage conditions and
packaging methods had a significant effect on the early flexural strength of the prepared
BMSC; the effect on the 28-day flexural strength of the prepared BMSC under natural and
sealed environment conditions was relatively small, but the effect on the 28-day flexural
strength of the prepared BMSC in a wet environment was more obvious.

—#— |.Ordinary Woven Bag —@=— 2.Peritoneal Woven Bag == 3 Plastic and Paper Compound Bag

W BN (9]
T T

Flexural Strength (MPa)
[\

A Natural Environment

B.Sealed Environment C.Wet Environment

0 1 1
0 30 60

90 120 30 60 90 120 30 60 90
Storage Time (d)

120

Figure 5. The 1-day flexural strength of the prepared BMSC with different packaging methods and
storage conditions.
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Figure 6. The 28-day flexural strength of the prepared BMSC with different packaging methods and
storage conditions.

Figures 7 and 8 show the 1-day and 28-day compressive strength data of the prepared
BMSC mortar specimens under different storage and packaging conditions. From the data,
it can be seen that different storage environments and packaging methods had obvious
effects on the 1-day and 28-day compressive strength of the prepared BMSC. As shown
in Figure 7, it can be found that the loss of 1-day compressive strength of the prepared
BMSC stored in a sealed environment was the smallest compared with that in a natural
environment and a wet environment, and the 1-day compressive strength of the prepared
BMSC gradually decreased with the extension of storage time. After 120 days of storage,
the compressive strengths corresponding to the three packaging methods decreased by 7.3,
15.9, and 7.3%, respectively, compared with the blank samples. Under the conditions of
natural and sealed environments, the early compressive strength of the prepared BMSC
decreased more slowly in 0~90 days. The 1-day compressive strength of the prepared
BMSC in a natural environment decreased more significantly in 90~120 days; in the sealed
environment, the 1-day compressive strength of the prepared BMSC decreased still more
slowly, and the performance of the BMSC packaged in ordinary woven bags and plastic and
paper compound bags was superior. After 120 days of storage, the decreases in the BMSC
1-day compressive strength using the three packaging methods in a natural environment
were 47.2, 40.7, and 35.4% respectively; under wet environmental conditions, the early
compressive strength of the prepared BMSC decreased significantly after 30 days of storage,
and the losses of BMSC 1-day compressive strength of the three packaging methods were
54.9, 34.6, and 74.0%, respectively. With the prolongation of storage time, the compressive
strength decreased significantly, and the mechanical strength was no longer available after
120 days of storage.

Figure 8 shows the change in the 28-day compressive strength of the prepared BMSC
with storage time under different storage and packaging conditions. In a natural environ-
ment and sealed environment, the 28-day compressive strength of the prepared BMSC
mortar specimens decreased more gently, while the decrease in the 28-day compressive
strength of the prepared BMSC in a wet environment was more significant. In a natural
environment, the 28-day compressive strength losses of the prepared BMSC mortar speci-
mens Al, A2, and A3 stored for 90 days under three different packaging conditions were
7.0,13.9, and 10.7%, respectively, compared to the blank samples; in a sealed environment,
the 28-day compressive strength losses of the prepared BMSC mortar specimens B1, B2, and
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B3 stored for 90 days under three different packaging conditions were 8.2, 12.9, and 14.4%,
respectively, compared to the blank samples; and in a wet environment, the 28-day com-
pressive strength losses of the prepared BMSC mortar specimens C1, C2, and C3 stored for
90 days under three different packaging conditions were 38.4, 34.6, and 31.4%, respectively,
compared to the blank samples. The results showed that the mechanical strength of the
prepared BMSC stored in ordinary woven bags was better than that of the prepared BMSC
stored in peritoneal woven bags and plastic and paper compound bags in natural and
sealed environments. In a wet environment, the mechanical strength of BMSC obviously
decreased no matter which packaging method was used, and the effect of the peritoneal
woven bag was better than that of the other two packaging methods.

—#— |.Ordinary Woven Bag —@=—2.Peritonecal Woven Bag == 3 Plastic and Paper Compound Bag

Compressive Strength (MPa)

6 - - -
4+ L L
2 F A.Natural Environment I B.Sealed Environment I C.Wet Environment
O 1 1 1 1 1 1 1 1 1
0 30 60 90 120 30 60 90 120 30 60 90 120
Storage Time (d)
Figure 7. The 1-day compressive strength of the prepared BMSC with different packaging methods
and storage conditions.
—#— | .Ordinary Woven Bag =@ 2 Peritoneal Woven Bag =#=3 Plastic and Paper Compound Bag
70
65 -
5
S 60 -
<
B 55 F -
=
g
»n 50+ -
o
.2
245 B
3
g 40 + - -
S)
° 35
| A.Natural Environment | B.Sealed Environment | C.Wet Environment
30 1 1 1 1 1 1 1 1 1
0 30 60 90 120 30 60 90 120 30 60 90 120

Storage Timed (d)

Figure 8. The 28-day compressive strength of the prepared BMSC with different packaging methods
and storage conditions.
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3.4. Effects on the Mechanical Properties of the Finished BMSC

Figures 9-12 show the data for the 1-day and 28-day mechanical strength of the
finished BMSC mortar specimens with storage age using different packaging methods and
storage environments. The 1-day flexural and compressive strengths of the blank samples
(raw material stored for 0 days) were 5.2 and 24.6 MPa, respectively; the 28-day flexural
and compressive strengths were 16.2 and 68.2 MPa, respectively.

Figure 9 shows the data of the 1-day flexural strength of the finished BMSC with
different storage conditions and packaging methods. From the data, it can be seen that the
packaging methods and storage conditions had a significant effect on the early flexural
strength of the finished BMSC. In a natural environment, within 0~90 days, the 1-day
flexural strength of the finished BMSC mortar specimens stored using the three packaging
methods gradually decreased, consistent with the pattern of change in the a-MgO content;
in a sealed environment, the 1-day flexural strength of the finished BMSC mortar specimens
decreased significantly in 30 days, and remained basically unchanged in 30~90 days; and
in a wet environment, the 1-day flexural strength of the finished BMSC mortar specimens
decreased significantly after 30 days of storage, and the decrease in the 1-day flexural
strength of the finished BMSC mortar specimens decreased with the prolongation of
storage time, but the decrease in the 1-day flexural strength increased again after 90 days.
The 1-day flexural strengths of the finished BMSC-A1, A2, A3, B1, B2, B3, C1, C2, and C3
were 4.4,3.9,4.2,4.1,3.6,3.2,2.0,2.2, and 2.4 MPa, respectively, after 90 days of storage.
After 120 days, the 1-day flexural strength of the finished BMSCs with different packaging
methods decreased significantly under all three environmental conditions, and the value of
the flexural strength could no longer be measured in a wet environment. In natural and
sealed environments, the early flexural strength of the finished BMSC stored in ordinary
woven bags was better than that of the finished BMSC stored in peritoneal woven bags and
plastic and paper compound bags, while, in a wet environment, the early flexural strength
of the finished BMSC stored in plastic and paper compound bags was better than that of
the finished BMSC stored in peritoneal woven bags and ordinary woven bags.

Figure 10 shows the data for the variation in the 28-day flexural strength of the finished
BMSC with storage age for different storage conditions and packaging methods. As shown
in the figure, compared with the blank samples, the 28-day flexural strength of the finished
BMSC in natural and sealed environments remained almost unchanged with the increase
in storage age. The flexural strength even increased slightly after 90 days of storage in
the sealed environment, while, in the wet environment, the 28-day flexural strength of the
finished BMSC gradually decreased with the extension of storage time. When stored for
90 days, the 28-day flexural strength of the finished BMSC-A1, A2, A3, B1, B2, B3, C1, C2,
and C3 were 15.9, 16.6, 16.7, 18.3, 16.9, 16.3, 10.0, 11.0, and 12.2 MPa, respectively. After
120 days of storage, the flexural strengths corresponding to the three packaging methods
under wet conditions decreased by 42.0, 39.5, and 27.8%, respectively, compared with the
blank samples. The experimental results showed that the storage conditions, packaging
methods, and storage age had a more significant effect on the early flexural strength of
the finished BMSC, while there was almost no effect on the 28-day flexural strength of the
finished BMSC under the conditions of natural environment and sealed environment.
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Figure 9. The 1-day flexural strength of finished BMSC with different packaging methods and
storage conditions.
o —&— | .Ordinary Woven Bag —@—2.Peritoneal Woven Bag =#=— 3 Plastic and Paper Compound Bag
18 -
_ 16 E@é}
£
S 14r - -
< 12 L i
2
o 10 2 -
A
ERM i i
o4t i i
2 A Natural Environment ~B:Sealed Environment - C:Wet Environment
O 1 1 1 1 1 1 1 1 1
0 30 60 90 120 30 60 90 120 30 60 90 120
Storage Time (d)

Figure 10. The 28-day flexural strength of finished BMSC with different packaging methods and
storage conditions.

Figures 11 and 12 show the changes in the 1-day and 28-day compressive strength
of the finished BMSC mortar specimens with storage age using different environments
and packaging methods. From the data, it can be seen that the storage environment,
packaging method, and storage age all had a greater impact on the compressive strength of
the finished BMSC. As shown in Figure 11, the early compressive strength of the finished
BMSC gradually decreased with the extension of storage time. Under the conditions of
a natural environment and sealed environment, the early compressive strength of the
finished BMSC decreased more slowly in 90 days, while it decreased more significantly in
90~120 days. When stored for 90 days, the decrease in BMSC 1-day compressive strength
using the three packaging methods in a natural environment was 30.1, 30.1, and 29.3%,
respectively; the decrease in BMSC 1-day compressive strength using the three packaging
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methods in a sealed environment was 18.3, 28.5, and 33.3%, respectively; and in a wet
environment, the 1-day compressive strength of the finished BMSC decreased significantly
in 30 days. With the extension of storage time, the compressive strength decreased, and
the decrease in the 1-day compressive strength of the finished BMSC using the three kinds
of packaging methods when stored for 90 days was 83.3, 85.8, and 62.2%. The 1-day
compressive strengths of the finished BMSC-A1, A2, A3, B1, B2, B3, C1, C2, and C3 after
30 days of storage were 19.1,21.2,20.2, 22, 22.1, 18.6, 6.4, 10.6, and 14.2 MPa, respectively.
Figure 12 shows the 28-day compressive strength data for the finished BMSC mortar
specimens in different environments using the three packaging methods. From the data, it
can be seen that in the natural environment and sealed environment, with the extension of
storage age, the finished BMSC 28-day compressive strength decline was more moderate,
while, in the wet environment, the finished BMSC 28-day compressive strength decline
was significant. After 30 days of storage, the 28-day compressive strengths of the finished
BMSC-A1, A2, A3, B1, B2, B3, C1, C2, and C3 were 66.04, 55.8, 61.6, 60.1, 58.4, 57.8, 47,
51.7, and 54.9 MPa, respectively. When stored in a natural environment for 90 days, the
decreases in the finished BMSC 28-day compressive strength using the three packaging
methods were 13.8, 18.3, and 14.1%, respectively. When stored in a sealed environment
for 90 days, the decreases in the finished BMSC 28-day compressive strength using the
three packaging methods were 17.3, 14.1, and 17.9%, respectively; when stored in a wet
environment for 90 days, the decreases in the finished BMSC 28-day compressive strength
were 43.4, 43.3, and 32.0%, respectively. The results showed that the storage conditions and
packaging methods had a more significant effect on the early compressive strength of the
finished BMSC; the effect on the late compressive strength was relatively small, and the
appropriate storage time was 90 days. Combined with the results for flexural strength, it
can be seen that it was appropriate to use ordinary woven bags to store finished BMSC in a
natural environment and sealed environment, the mechanical properties of which were
better than those of the peritoneal woven bags and plastic and paper compound bags. In a
wet environment, plastic and paper compound bags were required for encapsulation.

—&— | .Ordinary Woven Bag =—@=—2.Peritoneal Woven Bag =& 3 Plastic and Paper Compound Bag
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60

A.Natural Environment | B.Sealed Environment C.Wet Environment
1 1 1 1 1 1 1
90 120 30 60 90 120 30 60 90 120
Storage Time (d)

Figure 11. The 1-day compressive strength of finished BMSC with different packaging methods and
storage conditions.
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Figure 12. The 28-day compressive strength of finished BMSC with different packaging methods and
storage conditions.

3.5. Mechanism of the Effect of Packaging Method and Storage Environment on the Activity
of MgO

Figure 13 shows the analysis of the mechanism of MgO activity in different packaging
and storage conditions. Combined with the above research data and the schematic diagram
in Figure 13, in the natural environment and sealed environment, the ordinary woven
bag was favorable to the exchange of moisture and carbon dioxide inside and outside
the bag compared with the peritoneal woven bag and plastic and paper compound bag,
which reduced the possibility of moisture absorption and carbonization of the MgO. The
peritoneal woven bags and plastic and paper compound bags had good sealing, which
was not conducive to internal moisture and carbon dioxide discharge, where light-burned
MgO is more prone to moisture absorption and carbonization. Therefore, in the natural
environment, BMSC packaged in ordinary woven bags was more conducive to ensuring
the mechanical properties of the BMSC. In the wet environment, moisture and carbon
dioxide contents were high, and ordinary bag pores allowed a lot of moisture and carbon
dioxide inside, causing MgO hydrolysis or carbonization. Plastic and paper compound
bags and peritoneal woven bags had better airtightness than ordinary woven bags and
could better prevent moisture and carbon dioxide from entering, thereby reducing the
potential for light-burned MgO reactions with water and carbon dioxide. Therefore, in a wet
environment, plastic and paper compound bag and peritoneal woven bag encapsulation
are more advantageous for storing light-burned MgO and BMSC.
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Figure 13. Mechanism of action of storage environment and packaging method on the effect of
MgO activity.

4. Conclusions

In the sealed environment, the loss of a-MgO content in the light-burned MgO was
smaller, which was favorable to the hydration reaction of BMSC. In the wet environment,
the loss of a-MgO content was greater. In the natural environment, the change in the a-MgO
content of the light-burned MgO was between the two. The setting time of BMSC was
closely related to the a-MgO content in the light-burned MgO. The change in the a-MgO
content was smaller in the sealed environment, and the increase in the BMSC setting time
was smaller. This is favorable to ensuring construction efficiency.

In the natural and sealed environments, the packaging method and storage age had a
more significant effect on the early mechanical strength of BMSC but a smaller effect on its
28-day mechanical strength. In the natural environment, the light-burned MgO or BMSC
stored in ordinary woven bags could be stored for 90 days; in the wet environment, the
light-burned MgO or BMSC stored in plastic and paper compound bags could be stored for
less than 30 days.

In natural and sealed environments, BMSC can be packaged in ordinary woven
bags, which is more conducive to water exchange and reduces the possibility of moisture
absorption and carbonization. This is more economical for engineering applications. The
performance of plastic and paper compound bags in wet environments is more excellent
compared with that of ordinary woven bags and peritoneal woven bags, which can better
prevent water and carbon dioxide from entering the bag, ensuring its mechanical properties.



Materials 2024, 17, 3628 150f 16

Author Contributions: Y.W.: Writing—original draft preparation, Data collation; P.S.: Methodology,
Formal analysis; Q.Y.: Supervision, Writing—review and editing; N.Z.: Project management, Concep-
tualization, Funding acquisition, Writing—review and editing. All authors have read and agreed to
the published version of the manuscript.

Funding: The financial support from the National Natural Science Foundation of China (no. 52108222)
for the current research is gratefully acknowledged.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
article. All data included in this study are available upon request by contact with the correspond-
ing author.

Conflicts of Interest: We declare that none of the work contained in this manuscript is published in
any language or currently under consideration with any other journal, and there are no conflicts of
interest to declare. All authors have contributed to reading and approving this submitted manuscript
in its current form.

References

1.  Wu, C; Yu, H,; Dong, ].; Zheng, L. Effects of Material Ration, Fly Ash, and Citric Acid on Magnesium Oxysulfate Cement. ACI
Mater. J. 2014, 111, 291-297.

2. Miao, M.; Wu, C,; Tan, Y.; Yu, H. Mechanistic Study of the Effects of Magnesia Reactivity on Setting and Hardening of Basic
Magnesium Sulfate Cement. J. Adv. Concr. Technol. 2020, 18, 678-688. [CrossRef]

3. Chen, W,; Wu, C,; Zhang, H.; Zhang, W.; Chen, B.; Jiang, N. Study of Alternating Current Impedance of Basic Magnesium Sulfate
Cement. Mater. Sci. Forum 2017, 896, 97-103. [CrossRef]

4. Chuayjuljit, S.; Rupunt, T.; Karnjanamayul, T. Composites of Polypropylene/Pottery Stone/Magnesium Oxysulfate. Adv. Mater.
Res. 2012, 488, 643-647. [CrossRef]

5. Gomes, C.E.M.; Camarini, G. Magnesium Oxysulfate Fibercement. Key Eng. Mater. 2014, 600, 308-318. [CrossRef]

6. Wei, Z.; Gu, K.; Chen, B.; Wang, C. Comparison of Sawdust Bio-composites Based on Magnesium Oxysulfate Cement and
Ordinary Portland Cement. J. Build. Eng. 2023, 63, 105514. [CrossRef]

7. Hu, Z.; Guan, Y,; Chang, J.; Bi, W.; Zhang, T. Effect of Carbonation on the Water Resistance of Steel Slag—Magnesium Oxysulfate
(MOS) Cement Blends. Materials 2020, 13, 5006. [CrossRef] [PubMed]

8. Li, X;; Han, J.; Liu, Y,; Dou, Z.; Zhang, T. Summary of Research Progress on Industrial Flue Gas Desulfurization Technology. Sep.
Purif. Technol. 2022, 281, 119849. [CrossRef]

9. Pandey, R.A,; Biswas, R.; Chakrabarti, T.; Devotta, S. Flue Gas Desulfurization: Physicochemical and Biotechnological Approaches.
Crit. Rev. Environ. Sci. Technol. 2005, 35, 571-622. [CrossRef]

10. Guo, H; Shen, F; Jiang, X.; Gao, Q.; Ding, G. Effects of MgO Additive on Metallurgical Properties of Fluxed-Pellet. . Cent. South
Univ. 2019, 26, 3238-3251. [CrossRef]

11.  Urwongse, L.; Sorrell, C.A. Phase Relations in Magnesium Oxysulfate Cements. J. Am. Ceram. Soc. 1980, 63, 523-526. [CrossRef]

12.  Deng, D. Theoretical and Applied Research on Improving the Properties of Magnesium Alkali Salt Cements. Diploma Thesis,
Railway Campus of Central South University, Changsha, China, 2005. (In Chinese).

13.  Runcevski, T.; Wu, C.; Yu, H.; Yang, B.; Dinnebier, R.E. Structural Characterization of a New Magnesium Oxysulfate Hydrate
Cement Phase and Its Surface Reactions with Atmospheric Carbon Dioxide. J. Am. Ceram. Soc. 2013, 96, 3609-3616. [CrossRef]

14. Dinnebier, R.E.; Pannach, M.; Freyer, D. 3Mg(OH),-MgSO,-8H,O: A Metastable Phase in the System Mg(OH),-MgSO4-H,0. Z.
Fiir Anorg. Und Allg. Chem. 2013, 639, 1827-1833. [CrossRef]

15. Sicakova, A.; Terpakova, E. Effect of Alternative Raw Materials on Resistance of Concrete to Chemical Actions. J. Civ. Eng. Archit.
2011, 5, 943-949.

16. Kurdowski, W.; Kurdowski, W. Mineral Additions for Cement Production. In Cement and Concrete Chemistry; Springer:
Berlin/Heidelberg, Germany, 2014; pp. 533-583.

17.  Kurdowski, W.; Kurdowski, W. Special cements. In Cement and Concrete Chemistry; Springer: Berlin/Heidelberg, Germany, 2014;
pp. 603-659.

18. Behim, M.; Cyr, M,; Clastres, P. Physical and Chemical Effects of El Hadjar Slag Used as an Additive in Cement-Based Materials.
Eur. J. Environ. Civ. Eng. 2011, 15, 1413-1432. [CrossRef]

19. Kaminskas, R.; Cesnauskas, V.; Kubiliute, R. Influence of Different Artificial Additives on Portland Cement Hydration and
Hardening. Constr. Build. Mater. 2015, 95, 537-544. [CrossRef]

20. Whittaker, M.; Zajac, M.; Haha, M.B.; Bullerjahn, F.; Black, L. The Role of the Alumina Content of Slag, Plus the Presence of

Additional Sulfate on the Hydration and Microstructure of Portland Cement-Slag Blends. Cem. Concr. Res. 2014, 66, 91-101.
[CrossRef]


https://doi.org/10.3151/jact.18.678
https://doi.org/10.4028/www.scientific.net/MSF.896.97
https://doi.org/10.4028/www.scientific.net/AMR.488-489.643
https://doi.org/10.4028/www.scientific.net/KEM.600.308
https://doi.org/10.1016/j.jobe.2022.105514
https://doi.org/10.3390/ma13215006
https://www.ncbi.nlm.nih.gov/pubmed/33172057
https://doi.org/10.1016/j.seppur.2021.119849
https://doi.org/10.1080/10643380500326374
https://doi.org/10.1007/s11771-019-4249-6
https://doi.org/10.1111/j.1151-2916.1980.tb10757.x
https://doi.org/10.1111/jace.12556
https://doi.org/10.1002/zaac.201300128
https://doi.org/10.1080/19648189.2011.9723352
https://doi.org/10.1016/j.conbuildmat.2015.07.113
https://doi.org/10.1016/j.cemconres.2014.07.018

Materials 2024, 17, 3628 16 of 16

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.
33.

Patil, B.B.; Kumbhar, P.D. Strength and Durability Properties of High Performance Concrete Incorporating High Reactivity
Metakaolin. Int. . Mod. Eng. Res. 2012, 2, 1099-1104.

Hashem, FS.; Amin, M.S; El-Gamal, S.M.A. Improvement of Acid Resistance of Portland Cement Pastes Using Rice Husk Ash
and Cement Kiln Dust as Additives. J. Therm. Anal. Calorim. 2013, 111, 1391-1398. [CrossRef]

Karakurt, C.; Topgu, I.B. Effect of Blended Cements Produced with Natural Zeolite and Industrial By-Products on Alkali-Silica
Reaction and Sulfate Resistance of Concrete. Constr. Build. Mater. 2011, 25, 1789-1795. [CrossRef]

Imbabi, M.S.; Carrigan, C.; McKenna, S. Trends and Developments in Green Cement and Concrete Technology. Int. ]. Sustain.
Built Environ. 2012, 1, 194-216. [CrossRef]

Topcu, IB,; Boga, A.R. Effect of Boron Waste on the Properties of Mortar and Concrete. Waste Manag. Res. 2010, 28, 626-633.
[CrossRef]

Cakar, O. Experimental Analysis of Properties of Recycled Coarse Aggregate (RCA) Concrete with Mineral Additives. Constr.
Build. Mater. 2014, 68, 17-25. [CrossRef]

Wu, C.; Miao, M.; Yu, H. Mechanism of the Effect of MgO Activity and Molar Ratio on the Strength of Basic Magnesium Sulfate
Cement. J. Constr. Mater. 2022, 25, 360-366. (In Chinese) [CrossRef]

Li, Y. Study on the Effect of Magnesium Oxide Activity on Water Resistance and Carbonation Properties of Magnesium Oxysulfate Cement;
Chonggqing University: Chongqing, China, 2022. (In Chinese)

Pan, Z.; Zhao, C. Dehydration/Hydration of MgO/H,O Chemical Thermal Storage System. Energy 2015, 82, 611-618. [CrossRef]
Unluer, C.; Al-Tabbaa, A. Impact of Hydrated Magnesium Carbonate Additives on the Carbonation of Reactive MgO Cements.
Cem. Concr. Res. 2013, 54, 87-97. [CrossRef]

Greco, E,; Ciliberto, E.; Verdura, P.D.; Lo Giudice, E.; Navarra, G. Nanoparticle-Based Concretes for the Restoration of Historical
and Contemporary Buildings: A New Way for CO, Reduction in Architecture. Appl. Phys. A 2016, 122, 524. [CrossRef]
GB/T175-2023; Common Portland Cement. National Standard of the People’s Republic of China: Beijing, China, 2023.
GB/T17671-2021; Test Method of Cement Mortar Strength (ISO Method). National Standard of the People’s Republic of China:
Beijing, China, 2021.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s10973-012-2458-4
https://doi.org/10.1016/j.conbuildmat.2010.11.087
https://doi.org/10.1016/j.ijsbe.2013.05.001
https://doi.org/10.1177/0734242X09345561
https://doi.org/10.1016/j.conbuildmat.2014.06.032
https://doi.org/10.3969/j.issn.1007-9629.2022.04.005
https://doi.org/10.1016/j.energy.2015.01.070
https://doi.org/10.1016/j.cemconres.2013.08.009
https://doi.org/10.1007/s00339-016-0056-1

	Introduction 
	Materials and Method 
	Raw Materials 
	Experimental Methods and Test 

	Results and Analysis 
	Influence on the Activity of MgO 
	Effect of MgO Activity on BMSC Setting Time 
	Effects on the Mechanical Properties of the Prepared BMSC 
	Effects on the Mechanical Properties of the Finished BMSC 
	Mechanism of the Effect of Packaging Method and Storage Environment on the Activity of MgO 

	Conclusions 
	References

