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ARTICLE INFO ABSTRACT
Keywords: Magnesium oxysulfate (MOS) cement is widely used in facade panels and building components,
Magnesium oxysulfate cement but its broader application is limited by inadequate water resistance. This study incorporated Al

Amorphous aluminum hydroxide
5Mg(OH)2-MgSO4-7Hz0 phase
Mechanical properties

Water resistance

(OH)s into MOS cement to improve its mechanical properties and water resistance and, more
importantly, to elucidate the underlying hydration-regulation mechanism. The effects of Al(OH)s
were systematically investigated through mechanical testing, water immersion, phase and ther-
mal analyses, pore structure characterisation, solid-state ’Al NMR, SEM, and HR-TEM. MOS
cement containing 3% Al(OH)s achieved a 28-d compressive strength of 81.6 MPa, 10.8% higher
than that of the control. After 56 d of water immersion, the specimen containing 6% Al(OH)s
exhibited the highest compressive strength of 59.1 MPa, representing a 12.3% improvement over
the control. Mechanistically, AI(OH)s participated in the hydration process by consuming OH"
released during MgO hydration, thereby suppressing Mg(OH). formation and regulating the
content and crystal growth of the strength-bearing 5Mg(OH)2-MgS0O4-7H20 (5-1-7) phase.
Meanwhile, amorphous aluminium hydroxide formed and became distributed within the matrix
and interwoven with the 5-1-7 phase at the nanoscale. The coupled evolution of these hydration
products refined the pore structure and densified the cement matrix, compensating for the
reduction in 5-1-7 phase content and enhancing mechanical performance. After water immersion,
the 5-1-7 phase underwent partial transformation accompanied by the formation of plate-like and
flower-like basic magnesium sulfate phases. Amorphous aluminium hydroxide associated with the
5-1.7 phase mitigated water-induced deterioration, contributing to improved strength retention.
These findings reveal that Al(OH)s enhances MOS cement through coupled regulation of OH-
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availability, hydration-product evolution, and microstructural densification, providing a mech-
anistic basis for designing water-resistant MOS cement.

1. Introduction

Portland cement, produced by calcining limestone at approximately 1450 °C, contributes around 8% of global anthropogenic
carbon emissions and has dominated the construction industry for several decades [1]. Climate change, driven by greenhouse gas
emissions such as COz and CHa, with CO:z being the most significant contributor, has increased awareness of its environmental impact
[2]. In response, low-carbon cementitious materials have attracted growing attention as potential alternatives [3-5]. Among these,
MgO-based cements, including magnesium silicate cement and magnesium oxysulfate (MOS) cement, are considered promising due to
their relatively low calcination temperature when producing MgO from magnesite or dolomite, resulting in reduced carbon emissions
compared with Portland cement [2,6]. Within MgO-based systems, the use of MOS cement has been on the rise for manufacturing
lightweight boards for decorative and fire-resistant purposes [7].

MOS cement is generally created from light-burned magnesium (LBM) combined with a magnesium sulfate solution and consists
primarily of hydration phases described by xMg(OH),-yMgS04-2H20 [2]. However, the presence of excessive MgO in the matrix
adversely affects the softening coefficient due to microstructural changes associated with MgO hydration, thereby limiting its practical
application. To address this issue, various additives have been introduced, promoting the nucleation and generation of the 5Mg
(OH),-MgS04-7 HyO (5-1-7) phase, which enhances strengths and water resistance within a certain range. The 5-1-7 phase, being more
stable than metastable phases such as 3Mg(OH)2-MgS04-8H20 (3-1-8) phase, is the predominant hydration product in the MOS cement
matrix [8-11]. The presence of citric acid (CA) in cement triggers the nucleation of needle-like 5-1-7 phases, thereby reducing porosity
and improving mechanical strength through better particle interconnection [2,9]. Tartaric acid slightly inhibits Mg(OH), formation by
generating a hydration film on active MgO (a-MgO), resulting in a prolonged setting time and increased strength [10]. Similarly,
phosphoric acid or calcium citrate enhances the amount and coarseness of the 5-1-7 phase, refining engineering performance and
softening coefficient [11]. The use of boric acid can extend hydration time, as well as enhance the content of the 5-1.7 phase,
particularly in systems with high a-MgO content [12]. Moreover, additives such as ammonium citrate tribasic regulate ion concen-
trations (H* or OH"), inhibit MgO hydration, and facilitate the growth of 5-1-7 phase, thereby reducing porosity and improving both
engineering properties and water resistance [13]. The incorporation of sodium malate and trisodium citrate enhances performance by
increasing gel pore content through the filling effect of the 5-1.7 phase [14,15]. Despite these improvements, the softening coefficient
and volume stability of MOS cement remain strongly influenced by residual MgO, which continues to hinder its wider application
[16-18]. Therefore, alternative strategies beyond conventional chemical additives are required. One promising approach involves the
introduction of gel phases into MOS cement to regulate microstructure and enhance engineering performance.

Previous studies have demonstrated that incorporating ferric sulfate delays the nucleation and generation of the 5-1-7 phase, and
the formation of Fe(OH)s gel contributes to a denser matrix and improved volume stability [16]. The addition of admixtures such as
pulverised fuel ash or silica fume results in the creation of magnesium silicate hydrate gel, enhancing compressive strength and raising
the softening coefficient to levels exceeding 0.95 [18,19]. Similarly, the inclusion of desulfurization gypsum facilitates the production
of magnesium-sulfate-calcium hydrate gel, improving particle bonding and water resistance [20]. The use of hydromagnesite facili-
tates the generation of MgCO3-Mg(OH),-3 H20, which consumes excessive MgO and enhances both mechanical properties and soft-
ening coefficient [21]. These findings highlight the effectiveness of gel-phase regulation in improving MOS cement performance.

Amorphous aluminium hydroxide is known to form under moderately alkaline conditions and can significantly influence the
mechanical characteristics of aluminate-based cements [22,23]. Notably, the pore solution pH of MOS cement is generally below 12.0
[6], providing a chemical environment in which aluminium-bearing species may undergo transformation during hydration. In hy-
draulic cement systems, amorphous aluminium hydroxide derived from calcium aluminates contributes to improved water resistance
and durability [22]. In calcium sulfoaluminate cement, increased formation of amorphous aluminium hydroxide leads to a denser
matrix and enhanced performance [23-25]. Despite its recognised importance in other cementitious systems, the role of amorphous
aluminium hydroxide in MOS cement remains poorly understood. AI(OH)3 is amphoteric and can react under both acidic and alkaline
conditions. In acidic media, it dissolves through proton-assisted reactions to release aqueous Al-bearing species, whereas under suf-
ficiently alkaline conditions, it can interact with OH™ to form soluble aluminate species, predominantly AI(OH).". This amphoteric
reactivity provides a specific rationale for introducing Al(OH)s into MOS cement. During MgO hydration, the evolving pore solution
contains OH~ and its alkalinity is closely associated with the formation of Mg(OH)2 and the 5Mg(OH)2.-MgS04-7H20 (5-1-7) phase.
Therefore, AI(OH)s may participate in the hydration process by interacting with the evolving OH™ environment, thereby modifying the
formation and crystalline development of hydration products and potentially promoting the formation of amorphous
aluminium-bearing species. Previous studies have shown that the mechanical performance of MOS cement can be improved by
regulating the formation of the 5-1-7 phase, suppressing excessive Mg(OH)2 formation, introducing gel-forming components, and
refining the pore structure. Building on these approaches, we further discuss the amphoteric reactivity of AI(OH)s and its potential
interaction with the evolving OH"-containing pore solution generated during MgO hydration. Under sufficiently alkaline conditions, Al
(OH)s can interact with OH" to form soluble aluminate species, predominantly Al(OH)a", thereby potentially modifying the local
chemical environment governing hydration-product formation and crystalline development. On this basis, the present study in-
vestigates the effects of AI(OH)s on the mechanical properties, water resistance, hydration-product assemblage, pore structure and
microstructural evolution of MOS cement. Particular attention is given to elucidating how Al(OH)s participates in hydration and
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Table 1

Chemical compositions (wt%) of LBM.
Component MgO Al,03 Si0, K0 CaO Fe,03 others
LBM 93.3% 0.42 3.57 0.02 1.73 0.54 0.42

regulates the formation and crystalline development of Mg(OH)- and the 5-1-7 phase. The findings provide new insight into the
hydration-regulating role of AI(OH)s and offer a potential strategy for enhancing the mechanical performance and water resistance of
MOS cement.

2. Materials and Methods
2.1. Raw materials

Sourced from Haicheng in Liaoning Province, China, light-burned magnesia (LBM) was utilised in this paper and produced by the
calcination of magnesite. Using hydration methods [6], the active MgO (a-MgO) proportion in LBM was identified to be 63.8%.
Presented in Table 1 is the chemical composition of LBM. Al(OH)3 and citric acid (CA) were sourced from Yifeng Co., Ltd. (Ningxia,
China), each with a purity higher than 99.8%. Citric acid (CA) was used at a dosage of 0.5% based on the weight of LBM. Acquired from
Nanfeng Co., Ltd. in Shanxi, China, MgSO4-7H-0 has a purity exceeding 99.9%.

Figs. 1 and 2 present the XRD patterns, TG-DTG curves, and SEM image of AI(OH)3. The measured mass loss of AI(OH)3 was 34.5%,
corresponding to the characteristic decomposition of gibbsite [26]. As shown in Figs. 1 and 2, the Al(OH)3 used in the study exhibited
good crystallinity and was predominantly composed of gibbsite.

2.2. Specimen preparation

A control specimen, denoted as MOSAH1, was prepared without AI(OH)s. For the modified specimens, AI(OH)3 was incorporated as
a percentage of LBM mass, with dosages ranging from 3 wt% to 12 wt% at 3 wt% intervals. The specimens were labelled MOSAH2 to
MOSAHS5, respectively. Molar ratio of MgSOa. to a-MgO was established at 0.125, with the H20 to MgSO.-7H-0 ratio maintained at
0.077. To prepare the MgSOa solution, MgSOa4-7H-0 crystals were dissolved in distilled water and allowed to sit at room temperature
for 24 h before using it. The predetermined amounts of LBM and AI(OH)s were first placed in the bowl of a standard planetary mixer.
The selected molar proportions were based primarily on previous systematic studies of the effects of MgO/MgSO4 and MgS0O./H20
ratios on the hydration and pore-structure evolution of MOS cement. Tang et al. [26]. reported that, although variation in the
MgO/MgSOs ratio did not substantially affect the crystallinity of the principal hydration products, the mixture proportions signifi-
cantly influenced hydration kinetics and pore structure. In particular, an MgO:MgSO4:H-0 molar ratio of 8:1:20 resulted in relatively
lower porosity and pore volume together with higher hydration heat release, indicating a denser microstructure and more rapid
hydration development [6,9,26]. This ratio has also been adopted in previous studies of modified MOS cement systems, including MOS
cement incorporating fly ash [27]. Therefore, the 8:1:20 ratio was selected as a well-established reference formulation with favourable
hydration and microstructural characteristics, allowing the specific influence of AI(OH)s on hydration, phase evolution, mechanical
properties, and water resistance to be systematically evaluated. The MgSOa solution was then gradually added over 60 s during mixing.
The mixer was subsequently paused for 60 s to manually scrape material adhering to the sides and bottom of the bowl to ensure
homogeneity, followed by a further 180 s of mixing. Immediately after mixing, the fresh MOS paste was cast into pre-assembled and
lubricated steel moulds (40 x 40 x 160 mm®). The filled moulds were then transferred to a curing chamber and maintained at room
temperature for the first 24 h. After demolding, the samples were kept for curing at a constant 20 & 1 °C and 60 + 5% relative hu-
midity. After 28 days, certain samples were placed in water to assess their resistance to moisture. Distilled water was used for the
water-immersion tests to minimise interference from external ions and to isolate the intrinsic water-resistance behaviour of MOS
cement. In particular, the absence of externally introduced Ca** minimised the potential formation of gypsum (CaSOs-2H-0) through
reaction with SO+*" released from the cement matrix, thereby avoiding additional phase transformations that could interfere with the
evaluation of the stability of the 5-1-7 phase. The pH of the distilled water was measured as 7.1 using a PHS-3C pH meter (INESA,
Shanghai, China). For the pH measurements of MOS cement, 1.0 g of powdered sample with a particle size below 75 pm was dispersed
in 10 mL of ultrapure water. The suspension was stirred for approximately 24 h and subsequently filtered through a 200 nm mem-
brane. The pH of the resulting filtrate was measured using a PHS-3C pH meter (INESA, Shanghai, China).

2.3. Experiment methods

The evaluation of the strengths of MOS cement was carried out following the GB/T 17671-2021. For this assessment, a YES—2000
electronic servo-controlled apparatus was employed, applying a load at 1.6 kN/s. The strength of each sample was calculated as the
average value obtained from six replicate measurements. Independent-samples t-tests were performed for intergroup comparisons of
compressive strength. Employing a DX—2700BH diffractometer, phase identification was completed through X-ray diffraction (XRD).
Experimental data were captured within a 2-theta range of 5° to 85°, utilising a step size of 0.02°, as well as a counting time of 0.03 s
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for every increment. In addition, a Bruker 400 M spectrometer was used to conduct solid-state 27 Al nuclear magnetic resonance (NMR)
spectroscopy, which focused on analysing the atomic-level chemical environment.

Microstructure and elemental distribution were examined using scanning electron microscopy (SEM, GeminiSEM 300) combined
with energy-dispersive X-ray spectroscopy (EDS). HR-TEM (Talos 200S) provided additional insights into crystallographic charac-
teristics, such as lattice spacing. Thermal characteristics were evaluated by employing simultaneous thermogravimetric analysis and
differential scanning calorimetry (TG-DSC) with an STA449F5 instrument. In a nitrogen atmosphere, measurements were taken while
gradually increasing the temperature from 45 to 1100 °C at a rate of 5 °C/min. FT-IR spectra were collected using a Nicolet iS50
spectrometer over the wavenumber range of 400-4000 cm™ using the KBr pellet method. Finally, MIP was employed by a Micro-
meritics Autopore V 9605 device to assess the pore structure of hardened pastes.

3. Results
3.1. Strengths

In Fig. 3, the strengths of Al(OH)s-modified MOS cement are displayed. Incorporating Al(OH)s, as illustrated in Fig. 3(a), resulted in
a significant enhancement of the compressive strength of MOS cement. After 3 days of curing, MOSAH2 reached the peak compressive
strength of 45.3 MPa, while MOSAHS5 recorded the lowest value of 31.1 MPa. After 28 days of curing, the compressive strength of
MOSAH2 reached 81.6 MPa, which was the highest among all specimens and 10.8% greater than that of MOSAH1. These observations
imply that the incorporation of an appropriate amount of AI(OH)3 enhanced the compressive strength of MOS cement. Fig. 3(b)
demonstrates the effects of AI(OH)3 on the cement’s flexural strength. With greater AI(OH)s addition, the flexural strength exhibited an
initial upward trend followed by a downward turn. After the specimens had cured for 28 days, MOSAH3 showcased the maximum
flexural strength of 21.5 MPa, which signifies a 37.8% rise in comparison to MOSAH1, while MOSAHS reported a flexural strength of
17.5 MPa. The results confirm that flexural strength in MOS cement benefits most from an optimal AI(OH)s addition.

3.2. Hydration products

The XRD patterns displayed in Fig. 4 represent MOS cement containing Al(OH)s that has undergone air curing for varying time
periods. Distinct diffraction peaks of gibbsite were observed, indicating that gibbsite within the MOS cement matrix was not entirely
involved in the hydration reaction. In Fig. 4(a), the peak at 20 = 37.97°, identified as the (011) lattice plane of Mg(OH)., was barely
visible, likely owing to the comparatively low crystallinity of Mg(OH)2. Inclusion of Al(OH)3 did not enhance the creation of Mg(OH),,
even after 3 days of hydration. At the end of the 28-day curing regime, the intensity of the Mg(OH), diffraction peak at 26 = 37.97°
decreased with increasing Al(OH)3 content. Besides, the crystal dimensions of Mg(OH); along the (011) plane were calculated using
the Scherrer equation, which utilised a constant of 0.943 and an X-ray wavelength of 0.154056 nm [26-28]. Having undergone 28
days of curing, the crystal sizes of Mg(OH)2 in MOSAH1, MOSAH2, MOSAH3, and MOSAH5 were 37.3, 31.9, 30.8, and 27.9 nm,
respectively. Because the generation of Mg(OH); primarily relies on the MgO’s hydration, and the higher levels and larger sizes of Mg
(OH); are usually detrimental to the engineering characteristics of MOS cement [29], these findings suggest that A1(OH)3 suppressed
the development of Mg(OH), crystals, thus affecting the mechanical properties of MOS cement. The sizes of the crystals in the 5-1-7
phase at the (222) plane were determined for MOSAH1, MOSAH2, MOSAH3, and MOSAHS5 after three days of curing, with mea-
surements recorded at 37.9 nm, 43.6 nm, 44.5 nm, and 46.3 nm, respectively. After 28 days of curing, the corresponding values were

5-5-1-7 Phase 5-5-1-7 Phase
(a) P - Periclase (b) Ladn P- Perlc?ase
LA, B - Brucite B - Brucite .
M - Magnesite | oA M - l\/.Iagn.esne
AL G - Gibbsite G - Gibbsite
LA LA
5 P
G
5
LMA..«, LS i Lo “NM“ | MOsAHS

5
B
MOSAH2 l ] B L MOSAH2
MOSAHI . B ! B Pk MOSAHI

;

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
260/(°) 20/(%)

L =\ W
Mw - ) mosams | ||, MWMAL_ Mo
L) 1

Fig. 4. XRD spectra of MOS cement subjected to curing for (a) 3 days and (b) 28 days.
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44.6, 44.5, 44.8, and 40.2 nm, respectively. The data reveal that the addition of AI(OH)s accelerated 5-1-7 crystal growth during the
initial hydration period of MOS cement.

The TG-DTG profiles of MOS cement after diverse curing periods are provided in Fig. 5. Reactions (1) to (2) describe the
decomposition of the 5-1-7 phase at different temperatures [30,31]. The DTG curves exhibited a notable shift around 395 °C, which is
ascribed to Mg(OH)2 decomposition.

5Mg(OH),-MgSO4-7H,0 — 5Mg(OH)2-MgSO,4 + 7Hz0 ~ 200 °C @
Mg(OH),-MgS04 — 5MgO + MgSO4 + Ho0 ~ 420 °C )

From the TG data, the loss in mass recorded for the AI(OH)s-modified MOS cement was reduced relative to the plain control,
pointing to a certain inhibitory effect of AI(OH)s on hydration product development. Within the 45-200 °C region, variations in the
DTG profiles point to a diminished 5-1-7 phase content in cement incorporating AI(OH)s. Interpretation is also supported by the change
in the DTG peaks around 420 °C. Thus, Al(OH)3 inhibited the generation of the 5-1-7 phase. Besides, the decomposition temperature of
a crystal is positively related to its crystallinity [32]. As shown in Fig. 5(a), the peak changes associated with the crystal water loss from
the 5-1-7 phase suggested that, after 3 days of curing, the crystallinity of the 5-1-7 phase in the control specimen was relatively low. As
shown in Fig. 5(b), the peaks associated with 5-1-7 phase decomposition almost overlapped after 28 days of curing, implying similar
crystallinity levels across samples, in agreement with the findings in Fig. 4. The data imply that AI(OH)s: modulated the crystalline
development of the 5-1-7 phase during curing. Alterations in the DTG curves at approximately 395 °C, resulting from Mg(OH)-
decomposition, revealed a decreased Mg(OH): proportion in MOS cement with Al(OH)s addition. Furthermore, the decomposition
peaks of Mg(OH), shifted to lower temperatures in the Al(OH)s-modified specimens (Fig. 5(b)), indicating a lower crystallinity, in
agreement with the calculated results depicted in Fig. 4(b). Therefore, AI(OH)s incorporation hindered the nucleation and develop-
ment of Mg(OH)z within the MOS cement matrix.

Fig. 5 also shows the variation in mass loss of MOS cement within the temperature range of 249-302 °C after curing for different
periods. When comparing Figs. 5(a) and 5(b), the mass loss difference for the control specimen in this temperature range was 26.5%,
whereas the corresponding values for the AI(OH)s-containing specimens did not follow the same trend. In particular, the mass loss
differences for MOSAH2 and MOSAH5 were 5.6% and 6.2%, respectively, which were relatively close. Although the additional
contribution of Al(OH)3 to mass loss should be considered, the observed changes in mass loss difference did not correspond directly to

the mix proportions. These results suggest that AI(OH)3 may have undergone phase transformation during curing, thereby reducing the
mass loss of cement in this temperature region.

3.3. FTIR

The FTIR spectra obtained from MOS cement samples with different AI(OH)s levels after 28 days of curing are shown in Fig. 6. The
signals observed at 3645 and 3712 cm™ were attributed to the stretching vibrations of MgO-H bonds in Mg(OH)2 [28,30]. The 01(SO4)
and v3(S0.4) vibrations produced peaks at 990 and 1109 cm™! , respectively. O-H bending and stretching vibrations in water gave rise to
the bands at 1651 and 3400 cm™ , and the feature at 1443 cm™ stemmed from O-C-O stretching in COs>". Signals observed at 568 and
3525 cm™ were relevant to Al-O and O-H stretching modes, respectively, characteristic of AlOs octahedral units and gibbsite [33-35].
O-H stretching vibrations associated with AlOg octahedral coordination or AlO4 tetrahedral coordination can also give rise to peaks at
3656, 3470 or 3553 cm~![34]. The pronounced broadening of the peak at 3645 cm™! in the presence of Al(OH)3 suggests that AlO4
tetrahedral coordination may have been present to a certain extent. However, distinct peaks attributed to AlO4 or AlOs were not
observed, which may be due to the relatively lower content of amorphous aluminium hydroxide.
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Fig. 5. TG-DTG curves of MOS cement: (a) 3 days; (b) 28 days.
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3.4. Pore characteristics

The pore characteristics of MOS cement cured for 28 days are shown in Fig. 7. The porosity values of MOSAH1, MOSAH2, and
MOSAH4 was 29.9%, 27.8%, and 29.4%, respectively, while the corresponding average pore sizes were 70.46, 54.95, and 66.49 nm,
and median pore sizes were 180.71, 112.60, and 161.50 nm, respectively. Among these specimens, MOSAH2 exhibited the lowest
porosity and the smallest average and median pore sizes. The results point to a positive contribution of AI(OH)s toward a denser matrix
structure in MOS cement. Pores under 10 nm accounted for 2.65%, 3.06%, and 2.74% in MOSAH1, MOSAH2, and MOSAH3,
respectively, offering an indirect measure of the gel phase present. This is also consistent with variation in pore areas, as gels generally
exhibit a relatively large surface area. With large-pore (>100 nm) fractions of 66.96%, 46.39%, and 63.68% for MOSAH1, MOSAH2,
and MOSAHS3, it is evident that A1(OH)s curtailed the presence of such pores in the MOS cement matrix. Since pores under 10 nm tend
to favour the strength performance of MOS cement, in contrast to the adverse effects of pores exceeding 100 nm [28,36], the data
imply that AI(OH)s upgraded the pore system and encouraged matrix densification, which in turn boosted the mechanical strength.
While MOSAH3 possessed marginally lower porosity than MOSAH2, it exhibited the largest volume of gel pores smaller than 10 nm.
This structural characteristic accounted for the improved water resistance of MOSAHS3 to a certain extent.

3.5. NMR

Fig. 8 presents the 2 Al NMR spectra of MOSAHS3 after curing for different periods. AlOg octahedral coordination, AlOs pentahedral
coordination, and AlO4 tetrahedral coordination are generally assigned to chemical shifts of approximately 10, 35, and 65 ppm,
respectively [37]. The weak signals corresponding to AlOs pentahedral coordination and AlO4 tetrahedral coordination help explain
the absence of prominent related peaks in Fig. 6. In cement-based materials, AlOg octahedral coordination is generally associated with
AFt, AFm, or well-crystallised aluminium hydroxide, whereas the peaks at approximately 35 and 65 ppm are characteristic of
amorphous aluminium hydroxide [37]. The peak intensity at approximately 10 ppm for MOSAH3 before water immersion was higher
than that after water immersion, indicating a higher content of well-crystallised aluminium hydroxide before immersion. Thus, water
immersion altered the content of well-crystallised aluminium hydroxide in the MOS cement matrix. Following 56 days of water im-
mersion curing, the peaks at approximately 35 and 65 ppm, assigned to amorphous aluminium hydroxide, became weaker, indicating
a change in its content after immersion.

3.6. Microscopic morphology

The morphological features of MOS cement at different AI(OH)s addition levels are shown via SEM in Fig. 9. The needle-like crystals
observed in the MOSAH1 matrix (Fig. 9(a)), which were identified as the 5-1-7 phase, showed an absence of detectable Al. In Fig. 9(b),
the 5-1-7 phase on the matrix surface was observed, indicating that this phase developed not only within the pores but also on exposed
surfaces. In the MOSAH3 matrix, an Al atomic content of 8.38% was detected on the surface of 5-1-7 crystals grown on the matrix
surface (Fig. 9(b)), which is sufficiently high to be considered significant. Based on the crystal morphology and EDS results, the
detected phase was not AlI(OH)s itself, suggesting that Al species was likely present in the form of amorphous aluminium hydroxide
adsorbed on the surface of the 5-1-7 crystals. A distinct enrichment of Al was also observed on the surface of the MOSAH3 matrix (Fig. 9

—— MOSAH3

curing in water for 56 days
AIV' ' ——MOSAH3
curing in air for 28 days

&/ppm

Fig. 8. 2’Al NMR spectra of MOSAH3 collected after air curing for 28 days and after immersion in water for a further 56 days, respectively.
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(c)), where no obvious crystalline morphology was identified, which differed from the feature shown in Fig. 9(d). In Fig. 9(e), com-
parison of the EDS results at Point 1 and Point 2 also confirmed the presence of Al on the surface of the MOSAH5 matrix. These findings
further confirm that the features seen in Fig. 9(b) and Fig. 9(c) were systematic rather than incidental, consistent with the NMR results
of Fig. 8. Thus, the addition of Al(OH)s promoted amorphous aluminium hydroxide formation and contributed positively to the
strength’s performance of cement.
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Fig. 10. HR-TEM images of MOSAH3.

Figs. 10 and S1 provide an HR-TEM view of MOSAHS3 cured for 28 days under ambient conditions. Elemental mapping revealed that
the observed crystal corresponded to the 5-1-7 phase and simultaneously showed significant Al enrichment. Fig. 10 reveals a p-spacing
of 0.2407 nm for the crystal, which aligns with the (222) crystallographic plane of the 5-1-7 phase noticed at 20 = 37.33°. This further
confirms that the observed crystal was the 5-1-7 phase. At the same time, the observed 5-1-7 crystal exhibited a layered structure
composed of numerous smaller crystals, and part of its surface was covered by amorphous material. In addition, a distinct amorphous
region enriched in Al was identified in Fig. 10. Although this amorphous phase cannot be conclusively identified as amorphous
aluminium hydroxide, it nevertheless provides supporting evidence for its presence.

3.7. Water resistance

As shown in Figs. 11(a) and S3, the compressive strength of MOS cement varied with water immersion duration; Fig. 11(b) displays
the corresponding TG-DTG curves after 56 days of water curing. After water curing, the compressive strength of all MOS cement
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Fig. 11. TG-DTG curves and compressive strength of MOS cement after water immersion.

specimens decreased to varying degrees. With greater AI(OH)s addition, the immersed compressive strength rose to a maximum and
then fell. After 56 days of water curing, the highest strength of 59.1 MPa was observed in MOSAH3, exceeding the reference specimen
by 12.3%, in contrast to MOSAHS5, which attained only 45.1 MPa. These results indicate that an appropriate dosage of AI(OH)3 had a
beneficial effect on the compressive strength of MOS cement. According to TG measurements taken after 56 days of water curing,
MOSAH1 showed a greater mass loss than both MOSAH2 and MOSAHS, reflecting a more substantial quantity of hydration products
formed in its matrix. Around 420 °C, the degradation peaks of 5Mg(OH).-MgSO4 induced a displacement in the DTG traces, with the Al
(OH)s-modified specimens exhibiting a minor drift to elevated temperatures compared with the reference. This suggests that the crystal
size or crystallinity of 5SMg(OH)2-MgSO4 in MOS cement containing AI(OH)3 was greater than that in the control specimen. Similarly,
the DTG peaks in the temperature range of 45-200 °C shifted slightly to higher temperatures, particularly for MOSAHS5. This shift,
attributed to crystal water loss from the 5-1-7 phase during heating, is consistent with the phenomenon observed around 420 °C. These
changes in the DTG curves agree with the observations in Fig. 5, suggesting that the 5-1-7 phase retained relatively larger crystal size
after immersion, which contributed to the retention of compressive strength.

The differences in the performance of MOS cement at varying AI(OH)s dosages were closely associated with the evolution of hy-
dration products and microstructure. The mechanical properties of MOS cement were primarily governed by the coupled contributions
of the strength-bearing 5-1-7 phase and amorphous aluminium hydroxide. However, the contents of these two products did not evolve
synchronously because of their distinct formation mechanisms. Although both processes were closely related to OH™ availability, the
formation of amorphous aluminium hydroxide involved the consumption of OH- through the participation of AI(OH)s in the hydration
process. In contrast, the formation of the 5-1.7 phase involved the self-assembly of Mg?*, OH-, and SO.*" species under the
complexation effect of CA. Consequently, increasing the AI(OH)s dosage altered the balance between 5-1-7 phase formation and
amorphous aluminium hydroxide generation, resulting in different optimum dosages for compressive strength, flexural strength, and
water resistance. The variations in the 5-1-7 phase content were supported by the DTG results (Figs. 5 and 11), while the pore structure
results (Fig. 7) further demonstrated that AI(OH)s modified matrix compactness and pore-size distribution. Therefore, the dosage-
dependent mechanical response of MOS cement arose from the coupled evolution of hydration products and pore structure rather
than from changes in a single phase.

Compressive strength is particularly sensitive to matrix compactness, load-bearing phase assemblage, and larger pore defects. At a
relatively low Al(OH)s dosage (3%), the balance among suppression of Mg(OH)2 growth, regulation of the 5-1-7 phase, formation of
amorphous aluminium-bearing species, and pore refinement was most favourable for compressive load bearing, resulting in the
highest compressive strength. In contrast, flexural strength is more sensitive to crack initiation, crack propagation, and interfacial
continuity. A moderately higher Al(OH)s dosage (6%) may promote a greater amount and broader distribution of amorphous
aluminium-bearing species associated with the matrix and 5-1-7 phase, thereby improving stress transfer and resistance to crack
propagation despite changes in the amount of the crystalline 5-1-7 phase. Similarly, water resistance depends not only on initial matrix
strength but also on resistance to water ingress, residual MgO hydration, and destabilisation of the 5-1-7 phase during immersion. The
denser microstructure and increased contribution of amorphous aluminium-bearing species at 6% Al(OH)s therefore provided a more
favourable balance for strength retention under water exposure. Accordingly, the different optimum dosages reflect the distinct
sensitivities of compressive strength, flexural strength, and water resistance to phase assemblage, pore structure, interfacial charac-
teristics, and water-induced degradation.

The SEM micrographs of MOS cement subjected to 56 days of water curing are shown in Fig. 12. Flat-like and flower-like crystals
were observed in the MOSAH1 matrix. According to EDS results (Points 1, 2 and 3), these crystals exhibited an elemental composition
similar to that of the 5-1-7 phase (see Fig. 12 (a)). In addition, the sulfur content indicated that the observed crystals were neither Mg
(OH), nor MgO. In Fig. 12(b), the distribution of Mg, O, and S in the flat-like crystal located at the pore edge was similar to that of the
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Fig. 12. SEM images of MOS cement: (a), (b) MOSAH1; (c) MOSAH3.

detected 5-1-7 phase. In general, the 5-1-7 phase is needle-like in morphology, while the flat-like and flower-like crystals observed here
differed from the typical morphology of the 5-1-7 phase. The post-immersion TG-DTG results indicate substantial changes in the low-
temperature dehydration behaviour of the MOS cement, particularly the marked weakening of the peak near 90 °C associated with
crystal-water loss from the 5-1-7 phase. This provides evidence that the 5-1-7 phase underwent partial destabilisation or trans-
formation during water immersion. The flat-like and flower-like crystals observed by SEM contained Mg, O, and S and differed
morphologically from the typical needle-like 5-1-7 phase. Their morphology showed some similarity to previously reported 3-1-8
crystals [38]. When comparing the DTG traces in Fig. 5 and Fig. 11(b) for 5-1-7 phase decomposition within 45-200 °C, the peak at
approximately 90 °C was found to be substantially reduced after immersion, to the point of being barely discernible. The DTG curve
changes indicate that a portion of crystal water was released from the 5-1-7 phase during water immersion, as summarised in Reaction

3):
5Mg(OH),-MgS04-7H20 — aMg(OH),-bMgSO4-cH20 + dH20 3)

12
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These observations suggest that the flat and flower-like crystalline formations were intimately connected to the partial dissolution
of the 5-1-7 phase following water exposure. In Fig. 12(c), the observed feature resembled that shown in Fig. 9(c), where a certain
amount of Al was present on the matrix surface, suggesting that amorphous aluminium hydroxide remained in the matrix after water
immersion. Beyond improving the water resistance of MOS cement, this finding verified that the Al detected on the surface of the MOS
cement matrix was present by design rather than by chance

4. Mechanistic role of AI(OH)3 in the hydration, microstructure and performance development of MOS cement

Al(OH)3 was an amphoteric hydroxide that can react with both acids and alkalis. It exists in several crystalline forms, including
amorphous aluminium hydroxide, gibbsite, bayerite, boehmite, and others [37,39]. Based on Figs. 1 and 2, the Al(OH)3 used in this
study was identified as gibbsite. Owing to its characteristics, AI(OH)3 was able to participate in the MgO hydration reaction. The
nucleation and growth of strength phases within MOS cement are driven by MgO hydration and accompanied by changes in the
alkalinity of the pore solution. The primary hydration reactions occurring in the MOS cement system are summarised by Reactions (4)
and (5) [40]. The hydration behaviour of MOS cement was critically governed by CA, which hindered Mg(OH): precipitation and
enhanced 5-1-7 phase crystallisation through complexation. Crystal size calculations based on Fig. 4 revealed that the addition of Al
(OH)s suppressed the growth of Mg(OH): crystals while increasing the crystal size of the 5-1-7 phase. The results, presented in Fig. S2,
show that the pH value decreased with increasing AI(OH)s dosage. This supports the proposed mechanism that AI(OH)s interacts with
OH- in the MOS cement system, thereby altering the alkalinity of the pore solution and influencing the formation and growth of
hydration products. Since the same amount of CA was used in all mixtures, these changes cannot be attributed to CA alone. Considering
the data in Figs. 9-11, which demonstrates the generation of amorphous aluminium hydroxide, AI(OH)s can be inferred to have
directly participated in the hydration reactions. Changes in the 5-1-7 phase and Mg(OH); contents shown in Fig. 5 provide further
support for this interpretation. Hydration of MgO begins at its surface and is accompanied by the release of OH". CA attached to the
hydrated MgO surface and acted as a multidentate ligand for metal ions, thereby accelerating the self-organisation of SO4*, OH", and
other constituents into the 5-1.7 phase [9,41]. OH" is involved in the formation of hydration products. Consequently, changes in pore
solution alkalinity begin as soon as MgO hydration starts. The dissolution of gibbsite is mainly driven by alkalinity, and its reaction
with OH" leads to the existence of AI(OH)4[42,43]. The consumption of OH" affects hydration product formation and suppresses the
rapid rise in alkalinity. Because strength phases require OH' for their formation, this mechanism explains the reduction in the contents
of these phases observed in the TG-DTG curves.

MgO + HoO — MgOH{urface) + OH — MgOH™-OH™ (syrface) = Mg(OH), ()
MgO + H,0 + MgSO4 — 5Mg(OH),-MgSO04-7H,0 (5)

The concentration of OH is closely correlated to the generation of Mg(OH),[28,29]. Consumption of OH" hinders the nucleation of
Mg(OH); crystals and limits the increase in Mg(OH), content. By hindering Mg(OH) precipitation, the system fosters the development
of the 5-1-7 crystalline phase. In this respect, AI(OH)3 plays a role similar to that of CA, although its effect is weaker. The change in OH"
concentration promotes the growth of the 5-1-7 crystal size but inhibits an increase in its total content, while still benefiting the MOS
cement’s mechanical properties development. Although the 5-1-7 phase is essential in the strength evolution process, the introduction
of Al(OH)3 also induces the generation of amorphous aluminium hydroxide, which modifies the crystal size of the hydration products
and partly compensates for the negative effects associated with the reduced 5-1-7 phase content. The increase in pores, smaller than
10 nm in Fig. 7, gives indirect evidence of this effect caused by the AI(OH)s. Given that saturated Mg(OH): at 298.2 K reaches a pH of
approximately 10.73 [44], it is this hydroxide that principally determines the pore solution pH of MOS cement. While Al(OH)3 is
present and the pH value exceeds 10, AI(OH)s; becomes the predominant dissolved aluminium species [44]. However, complete
dissolution of Al(OH)3 generally requires a pH above 13, which explains why residual Al(OH) crystals were still observed within the
matrix (Fig. 9). Formation of AI(OH); may be the basis for boehmite growth, which typically occurs within a pH range of 8-10 [39].
Since the pore solution pH of MOS cement decreases to 9.15 after 28 days of curing [29], this falls within the range favourable for
boehmite formation. Nevertheless, the results in Fig. 10 do not provide direct evidence for boehmite. Instead, the AlOs pentahedral and
AlOs tetrahedral coordination observed in the 2’Al NMR spectra support the formation of amorphous aluminium hydroxide. This is
likely related to the encapsulation effect of amorphous aluminium hydroxide, the relatively low pore solution pH of MOS cement, and
the relatively low concentration of dissolved AIPt[45,46].

Previous studies [6,9] have shown that CA promotes the formation of the 5-1-7 phase through complexation with Mg-bearing
species and regulation of the interfacial assembly of Mg?*, OH, and SO+** during MgO hydration. In contrast, AI(OH)s participates
in the evolving alkaline pore-solution environment through its amphoteric reactivity and can consume OH" through the formation of
soluble aluminate species. Therefore, the effects of CA and AI(OH)s are neither purely synergistic nor purely competitive; rather, their
interaction is dosage-dependent. At an appropriate AI(OH)s dosage, partial regulation of the OH~ environment suppresses excessive Mg
(OH): formation and modifies the crystalline development of the 5-1-7 phase, while the formation of amorphous aluminium-bearing
species and the associated microstructural densification compensate for, or outweigh, the reduction in the amount of the 5-1-7 phase.
This produces a net beneficial effect on mechanical properties and water resistance. At excessive Al(OH)s dosage, however, stronger
perturbation of the OH~ environment may overly suppress the formation of the 5-1-7 phase. At the same time, the larger amount of
residual crystalline AI(OH)s: may not contribute effectively to load-bearing hydrate formation and could introduce heterogeneous or
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mechanically weak regions within the matrix. Under these conditions, the beneficial effects of amorphous aluminium-bearing species
and pore refinement are insufficient to compensate for the loss of the principal strength-contributing 5-1-7 phase, resulting in reduced
strength.

After water immersion, amorphous aluminium hydroxide was still observed in the matrix (Fig. 12), although NMR results indicated
a reduction in its content, possibly owing to the dissolution of AI(OH)j. At the same time, the TG results presented in Fig. 11 suggest
that Al(OH)s restrained the generation of extra hydration products throughout water exposure, thereby partially offsetting the adverse
effect of residual MgO hydration. The above phenomenon provides a partial explanation for the better water resistance achieved in Al
(OH)s-containing MOS cement. Besides, the significant difference in the 5-1-7 phase decomposition peaks, attributed to the loss of
crystal water during temperature rise process (Fig. 5 and Fig. 11(b)), indicated that the 5-1-7 phase was unstable in water, which was
closely associated with the presence of flat-like or flower-like crystals observed in Fig. 12. The participation of A1(OH)s in MOS cement
hydration led to superior mechanical behaviour and improved water resistance.

At 3% Al(OH)s, MOSAH2 exhibited the lowest total porosity and smallest average pore size, providing the most favourable compact
matrix for compressive load bearing and resulting in the highest 28-d compressive strength. Increasing the Al(OH)s dosage to 6%
slightly increased total porosity relative to MOSAH2 but produced the largest fraction of pores smaller than 10 nm and maintained a
substantially lower fraction of pores larger than 100 nm than the control. Meanwhile, the characterisation results indicated increased
involvement of amorphous aluminium-bearing species and their close association with the 5-1-7 phase. These features may be more
beneficial to flexural performance, which is sensitive to local defects and interfacial continuity, and to water resistance, which depends
on resistance to water ingress and water-induced degradation of the 5-1-7 phase. Therefore, the dosage shift reflects a balance among
matrix compactness, pore-size distribution, 5-1-7 phase evolution, and amorphous aluminium-bearing phase formation. A lower Al
(OH)s dosage was optimal for compressive strength because it produced the densest overall matrix, whereas the 6% dosage provided a
more favourable combination of fine-pore development and water-resistant interfacial characteristics.

Overall, AI(OH)s affects MOS cement in several interconnected ways: it participates in hydration by consuming OH", inhibiting Mg
(OH): crystallisation, modulating 5-1-7 phase growth, and fostering amorphous aluminium hydroxide formation. Changes in the
growth of the 5-1-7 phase and Mg(OH): reinforce the conclusion that AI(OH)s was actively involved in MOS cement hydration. These
combined effects result in a denser microstructure, characterised by reduced porosity and smaller pore sizes, thereby enhancing both
compressive and flexural strength. Although the 5-1-7 phase plays a key role in the development of mechanical properties, the var-
iations in its content and crystal size (Figs. 4 and 5) provide clear evidence of the positive influence of AI(OH)s on the engineering
performance of MOS cement. In addition, amorphous aluminium hydroxide appears to be interwoven with, or adsorbed onto, the 5-1-7
phase, which may reduce the susceptibility of this phase to water erosion. The improved water resistance of MOS cement, together with
the microstructural features observed in SEM images, highlights the beneficial role of amorphous aluminium hydroxide within the
matrix. Furthermore, the relatively insoluble nature of amorphous aluminium hydroxide helps to mitigate the detrimental effects
associated with residual MgO hydration and the resulting volume instability under wet conditions. Therefore, Al(OH)s enhances both
the mechanical properties and water resistance of MOS cement through coupled effects on hydration chemistry, phase evolution, and
microstructural densification. The strength development of MOS cement was primarily governed by the composition and evolution of
its hydration products. The characterisation results confirmed that Al(OH)s participated in the hydration process and promoted the
formation of amorphous aluminium hydroxide (Fig. 8). However, this process simultaneously altered the formation of the 5-1-7 phase
(Fig. 5), which is the principal strength-bearing phase in MOS cement. Changes in the gel-pore fraction partially reflected the evolution
of gel-like products within the matrix. Increasing the Al(OH)s dosage promoted gel formation and was associated with an increased
contribution of amorphous aluminium hydroxide. Nevertheless, the mechanical performance was governed by the overall pore
structure rather than the gel-pore fraction alone. Although MOSAH3 exhibited an increased gel-pore fraction, the concurrent increase
in pores larger than 100 nm resulted in a lower compressive strength than that of MOSAH2 (Fig. 7). Furthermore, the DTG results after
water immersion (Fig. 11(b)), together with the HR-TEM observations (Fig. 10), suggested that amorphous aluminium hydroxide
interwoven with or deposited on the 5-1.7 phase provided a protective effect against water-induced deterioration. This effect
contributed to the improved water resistance of Al(OH)s-modified MOS cement.

A schematic diagram (Fig. 13) was proposed to provide a clearer and more insightful description of the proposed mechanism of how
Al(OH)3 influences the hydration, microstructure and performance development of MOS cement which illustrates the proposed causal
chain linking: (i) MgO hydration and OH" release; (ii) the interaction of Al(OH)s with the evolving alkaline pore solution; (iii) OH~
consumption and changes in local aluminium speciation; (iv) suppression of Mg(OH): formation and crystalline growth; (v) regulation
of the formation and crystalline development of the 5-1-7 phase; (vi) formation and interfacial distribution of amorphous aluminium-
bearing species; and (vii) subsequent pore refinement and matrix densification. As schematically illustrated in Fig. 13, the modification
mechanism of Al(OH)s differs from those reported for fly ash and magnesium slag [27,47]. AI(OH)s consumed OH" released during
MgO hydration, thereby buffering the increase in pore-solution alkalinity and suppressing the formation and crystal growth of Mg
(OH)2. Meanwhile, the altered OH- availability regulated the formation and crystal growth of the 5-1-7 phase and promoted the
formation of amorphous aluminium hydroxide. These coupled effects modified the hydration-product assemblage and pore structure,
ultimately governing the mechanical properties and water resistance of MOS cement. Previous studies have demonstrated that the
5-1-7 phase is unstable under highly alkaline conditions [48]. Therefore, the pH-regulating effect of A1(OH)s may provide a potential
strategy for improving the environmental adaptability of MOS cement, particularly for applications involving alkaline exposure.
Further investigation under simulated saline-alkali exposure conditions is required to verify this potential.
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Fig. 13. Schematic diagram of property evolution of MOS cement modified by AI(OH)a.

5. Conclusions

This study focused on the effects of AI(OH)s on MOS cement, covering both mechanical properties and water resistance, and delved
into the underlying mechanisms through which Al(OH)s engages in hydration and shapes the development of hydration products and
strength. The outcomes contribute novel understanding regarding the use of additives to boost the strength and application of MOS
cement. The principal conclusions are outlined below:

1. The MOS cement mixture with 3% AI(OH)s outperformed all others, delivering a compressive strength of 81.6 MPa at 28 days of
air curing. At a 6% Al(OH)s dosage, the flexural strength attained 21.5 MPa, marking a 37.8% improvement over the control specimen.
Following 56 days of water immersion, the MOS cement with 6% AI(OH)s delivered the maximum compressive strength of 59.1 MPa.
The data suggest that an optimal dosage of AI(OH)s effectively boosts both the strength and water resistance of MOS cement.

2. As MOS cement hydrated, the incorporated Al(OH)s generated amorphous aluminium hydroxide that coated the matrix and
became intimately interwoven with the 5-1-7 phase. Al(OH)s inhibited the growth of Mg(OH): crystals while promoting the growth of
the 5-1.7 phase through its participation in the hydration. A rise in the proportion of pores below 10 nm also suggested that AI(OH)s
contributed to matrix densification in MOS cement.

3. After exposure to water, the MOS cement matrix exhibited tabular and flower-like crystals, which were confirmed to be basic
magnesium sulfate whiskers. These crystals differed morphologically from the 5-1-7 phase and were closely associated with water
exposure, during which the metastability of the 5-1-7 phase triggered the release of crystal water and alterations in hydration product
content. In particular, the evolution of the 5-1-7 phase highlighted the positive role of amorphous aluminium hydroxide in mitigating
water-induced deterioration and promoting the retention of MOS cement properties.

4. The enhancement mechanism of Al(OH)s in MOS cement is governed by its regulation of the hydration process. Specifically, Al
(OH)s participates in hydration by consuming OH-, which alters the balance between Mg(OH): formation and 5-1-7 phase develop-
ment. This chemical regulation, together with the formation of amorphous aluminium hydroxide, provides a coupled effect of hy-
dration control and microstructural stabilisation. As a result, the improved mechanical performance and water resistance of MOS
cement arise from a synergistic interplay among ion regulation, phase evolution, and matrix stabilisation, rather than from a single
dominant factor.
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