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Abstract: As a relatively new type of eco-friendly material, magnesium oxysulfate (MOS) cement 23 

offers a sustainable alternative to Portland cement. However, its poor water resistance poses a 24 

significant challenge to its wider applications. White carbon black (FS) predominantly consists of 25 

SiO₂ and exhibits a low degree of crystallinity. This study investigated the mechanism by which 26 

FS enhances the strengths and water resistance of MOS cement, using a range of characterisation 27 

techniques (NMR, HR-TEM, XPS, etc.). FS actively participated in the hydration of MOS cement 28 

by consuming the OH⁻ released by MgO hydration or Mg(OH)₂, therefore transforming them into 29 

magnesium silicate hydrate gel, while also influencing the content of the 5Mg(OH)₂·MgSO₄·7H₂O 30 
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phase, which exhibited adsorption of magnesium silicate hydrate gel on its surface, resulting in an 31 

intertwinement at the nanoscale between it and the magnesium silicate hydrate gel and increased 32 

in both compressive and flexural strength, as well as demonstrating compatibility. Additionally, 33 

the magnesium silicate hydrate gel provided partial protection against the decomposition of 34 

5Mg(OH)₂·MgSO₄·7H₂O phase upon water immersion. As the proportion of MgO/Mg(OH)₂ 35 

participating in the reaction varied, the resulting magnesium silicate hydrate exhibited 36 

corresponding shifts in its Mg/Si composition. The ongoing production of magnesium silicate 37 

hydrate gel under water immersion led to a 75.76% increase in the compressive strength of MOS 38 

cement, with the resulting gel's structure progressively approaching that of talc (T:O:T). A 39 

mechanism model of synergetic hydration of MOS cement with FS is proposed to elaborate on the 40 

findings. 41 

Keywords: Magnesium oxysulfate cement; White carbon black; Phase composition; Water 42 

resistance; Magnesium silicate hydrate gel 43 

 44 

1 Introduction 45 

As global warming accelerates, reducing carbon dioxide emissions from industrial activities 46 

has become a crucial strategy for mitigating or altering the increasing global warming trend, 47 

particularly due to the significant negative impacts of temperature rise on crop production and 48 

human livelihoods [1]. Cement and concrete play a pivotal role in infrastructure development, 49 

with their production contributing approximately 8% of global CO2 emissions resulting from 50 

human activities [2]. Producing Portland cement involves calcining limestone at temperatures 51 

close to 1450 °C to obtain clinker, an energy-hungry process that is also responsible for large-scale 52 

CO₂ release [3]. However, the raw materials used to produce magnesium oxide-based cement need 53 

a much lower calcination temperature, indicating a lower carbon footprint under certain 54 

conditions. 55 

Magnesium oxysulfate (MOS) cement represents a new class of eco-friendly binders, 56 

conventionally made from lightly calcined MgO, epsom salt, and water-a formulation consistent 57 

with the low-carbon cement strategy [4]. However, the phases within MOS cement, including the 58 

3Mg(OH)2·MgSO4·8H2O phase, the Mg(OH)2·MgSO4·5H2O phase, and others, which contribute 59 

to its strength gain, exhibit instability at room temperature, thereby restricting its potential 60 
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engineering applications [5]. Introducing specific chemical additives into the MOS cement mix is 61 

recognized as an efficient method to enhance both compressive strength and resistance to water 62 

degradation [6]. When citric acid (CA) is incorporated into MOS cement hydration, it promotes 63 

the formation of an additional 5·1·7 phase, contributing to significant mechanical strengthening 64 

[7]. In the case of tartaric acid, the extension of setting time encourages the growth of the 5·1·7 65 

phase while hindering Mg(OH)₂ precipitation, which collectively improves the final compressive 66 

strength [8]. With a 1% addition, boric acid delayed the onset of setting in MOS cement to 73 min, 67 

relative to the shorter period recorded for the unmodified counterpart. The retarded initial setting 68 

stems from boric acid's ability to suppress the hydration temperature, slowing the overall reaction 69 

and allowing more time for the crystalline 5·1·7 phase to grow [9]. Sodium malate binds 70 

magnesium ions, thereby inhibiting the formation of Mg(OH)₂ and encouraging the growth of the 71 

5·1·7 crystalline phase, which ultimately leads to enhanced flexural strength and water resistance 72 

in the resulting cementitious matrix [10]. Similar to weak acids, their salts also govern the 73 

hydration process of MOS cement by fostering the generation of the 5·1·7 crystalline phase, 74 

which in turn enhances the resulting composite's mechanical performance and water stability 75 

[11,12]. That said, when manufacturing magnesium oxysulfate cement, an overly high proportion 76 

of LBM is sometimes used, resulting in unstable moisture resistance in particular environments 77 

[10,11]. Incorporating mineral admixtures into MOS cement proves to be an effective approach 78 

for improving the situation. 79 

Flue gas desulfurization gypsum serves as a substitute for magnesium sulfate in 80 

manufacturing MOS cement. It has been observed that flue gas desulfurization gypsum provides 81 

the spatial framework necessary for 5·1·7 phase nucleation, an effect that promotes M-S-C-H gel 82 

generation while simultaneously moderating the hydration temperature of cement. This is 83 

instrumental in elevating the engineering properties and water stability of the resulting MOS 84 

cement composite [13]. The addition of phosphogypsum to MOS cement effectively suppresses 85 

Mg(OH)₂ growth while promoting 5·1·7 phase development, ultimately improving the binder's 86 

water resistance [14]. Hydromagnesite reacts with the residual MgO within the MOS cement 87 

matrix, promoting the formation of magnesium carbonate. This reaction contributes to the increase 88 

in the strength of the MOS cement and enhances its stability upon immersion in water [15]. Steel 89 

slag is reused through carbonation in the production of MOS cement, leading to the formation of 90 

Jo
urn

al 
Pre-

pro
of



an amorphous Ca-Mg-C phase. This phase refines the pore structure of MOS cement, yielding a 91 

denser matrix and markedly improved water resistance [16]. The carbonation behavior of 92 

magnesium slag, when integrated into MOS cement composites, generates reaction products that 93 

promote magnesium silicate hydrate gel formation. This, in turn, exhausts the Mg(OH)₂ and MgO 94 

present in the matrix, resulting in superior water resistance performance [17]. Ground granulated 95 

blast furnace slag contributes to enhanced water resistance in MOS cement through accelerated 96 

MgO depletion and magnesium silicate hydrate gel formation, thus making it possible to fabricate 97 

a cement with improved long-term durability [18]. Driving the depletion of Mg(OH)₂ or remaining 98 

MgO within the matrix enhances both the mechanical strength and waterproofing performance of 99 

MOS cement. Mineral admixtures, through their hydration activity, can promote the 100 

transformation of these leftover phases into a gelling product, offering an effective pathway for 101 

further enhancement. 102 

Promoting M-S-H gel formation in MOS cement matrices using magnesium slag or silicic 103 

acid has been documented as an effective means of property enhancement, yet both materials are 104 

hampered by either unstable sourcing (being industrial by-products) or high cost [17,19]. 105 

Considering this, it is essential to explore stable or low-cost materials for enhancing the 106 

performance of MOS cement to facilitate its practical application in engineering fields. White 107 

carbon black (FS), an industrial material with a high specific surface area, shows potential 108 

hydration reactivity in a highly alkaline environment and, more importantly, features low cost, a 109 

reliable source and stable properties. This reactive behaviour creates an avenue for exhausting 110 

leftover MgO within the binder matrix. In this study, FS was incorporated into the MOS cement 111 

manufacturing process. An investigation into the hydration products, strength, and pore size 112 

distribution of cement was conducted to elucidate the mechanisms driving gains in strength and 113 

water resistance, thus providing a promising route for elevating its engineering performance. 114 

 115 

2 Materials and methods 116 

2.1 Materials 117 

FS and LBM used for this study were acquired from Wanhua Tianhe Co., Ltd. in Shandong 118 

and Liaoning provinces, respectively. The chemical compositions of FS and LBM are given in 119 

Table 1; LBM comprises 63.2% by mass active MgO (a-MgO) based on the hydration method [7]. 120 
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The data indicate that FS consists mainly of Si-bearing minerals. Citric acid (an analytical reagent 121 

(AR)) and MgSO₄·7H₂O were sourced from Xilong Co., Ltd. 122 

Table 1 Chemical compositions (wt%) of LBM and FS 123 

 

Components MgO Al2O3 SiO2 K2O CaO Fe2O3 Na2O Others 

LBM 93.2 0.33 3.76 0.01 1.74 0.53 - 0.43 

FS 0.02 0.58 97.40 0.02 0.07 0.06 0.87 0.98 

Fig. 1 presents the XRD pattern and FTIR spectra of FS, while Fig. 2 shows its SEM image. 124 

Table 1 details the chemical composition of FS, which contains a substantial amount of SiO2, i.e. 125 

reaching 97.40% by mass. Based on the data from Fig. 1(a) and Fig. 2, it can be concluded that a 126 

portion of the SiO2 exists in an amorphous form. In Fig. 1(b), the signals at 806 cm⁻¹ and 1104 127 

cm⁻¹ correspond to the symmetric and anti-symmetric stretching modes of Si–O–Si bonds, 128 

respectively. Meanwhile, the bands at 3421 cm⁻¹ and 1631 cm⁻¹ arise from the O–H stretching 129 

vibration and the H–O–H bending mode, in that order [19]. The signal observed at 970 cm-1 is 130 

ascribed to the stretching vibration absorption of Si-OH groups, providing evidence that a portion 131 

of the SiO2 present was not in its crystalline form, which corresponds to the phenomenon observed 132 

in Fig. 1(a). 133 

  

Fig. 1 XRD pattern and FTIR spectra of FS 134 
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Fig. 2 SEM image of FS 135 

2.2 Sample preparation 136 

To ensure homogeneous dispersion of FS within the MOS cement matrix, the LBM and FS 137 

powders were first dry-mixed thoroughly before the gradual addition of the magnesium sulfate 138 

solution, followed by mechanical mixing. This mixing sequence was adopted to minimise FS 139 

agglomeration and promote uniform distribution throughout the paste. As shown in Fig. 2, FS 140 

particles exhibited a strong tendency to agglomerate owing to the presence of surface functional 141 

groups (Fig. 1(b)). Direct addition of FS into the salt solution could therefore result in local 142 

particle aggregation and non-uniform dispersion, whereas dry pre-mixing enabled intimate contact 143 

between FS and LBM particles, leading to a more homogeneous paste and improved 144 

reproducibility. The mix proportions were selected based on both previous studies and practical 145 

considerations. The molar ratios of MgO, MgSO₄ and H₂O were adopted from our previous work, 146 

in which the formation of the 5·1·7 phase and the corresponding mechanical performance of MOS 147 

cement were optimised [19]. Silicic acid contents ranging from 0 to 8 wt.% of LBM were 148 

previously reported to improve the mechanical properties of MOS cement [19]. However, the 149 

relatively high cost of silicic acid limits its practical application in large-scale production. In the 150 

present study, FS was selected as a more economically viable alternative. Unlike silicic acid, FS 151 

does not directly supply soluble silicate species but participates in the hydration process by 152 

consuming OH⁻, thereby facilitating the formation of M-S-H gel and promoting microstructural 153 

densification. Since the optimum silicic acid dosage reported previously was below 5 wt.% of 154 

LBM [19], the FS dosage was selected in the range of 0–7 wt.% to determine whether a 155 

comparable or improved enhancement could be achieved while accounting for the different 156 
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reaction mechanism and reactivity of FS. 157 

To isolate the influence of FS on the hydration behaviour and microstructural evolution of 158 

MOS cement, all mixtures were prepared as cement pastes without the incorporation of sand or 159 

other aggregates. Consequently, the system consisted only of LBM, FS, CA, and magnesium 160 

sulfate solution, allowing the effects of FS on hydration, phase evolution, and mechanical 161 

properties to be evaluated without interference from aggregate-related factors. 162 

For the control specimen, the molar ratio of a-MgO to MgSO4·7H2O was maintained at 8.0, 163 

and the molar ratio of MgSO4·7H2O to H2O was fixed at 7:13. The FS proportion was varied in 164 

increments of 2% by mass, beginning at 1% and increasing up to 7% of the LBM’s weight, with 165 

the corresponding sample codes of MOSFS2 (1% by mass FS), MOSFS3 (3% by mass FS), 166 

MOSFS4 (5% by mass FS) and MOSFS5 (7% by mass FS). MOSFS1 without 0% FS was 167 

designated as the control sample (see Table 2). Upon completion of a 120-second stirring period, 168 

the slurry was placed into 40 mm cubic moulds and 40 × 40 × 160 mm³ prismatic moulds, 169 

yielding samples designated for strength evaluation, respectively. The samples underwent an 170 

initial 24-hour cure at ambient temperature, after which they were demolded and moved to a 171 

climate-controlled chamber set to 20 ± 2 °C and 60 ± 5% relative humidity for an additional 27 d 172 

of sustained conditioning. Upon completion of the procedure, the specimens were removed and 173 

placed in water at ambient temperature to assess their water resistance. 174 

 175 

Table 2 Formulations of MOS cement pastes 176 

Specimens 
Molar ratios FS CA 

a-MgO/MgSO4 MgSO4/H2O  (calculated based on the LBM weight) 

MOSFS1 8.0 0.35 - 0.5% 

MOSFS2 8.0 0.35 1% 0.5% 

MOSFS3 8.0 0.35 3% 0.5% 

MOSFS4 8.0 0.35 5% 0.5% 

MOSFS5 8.0 0.35 7% 0.5% 

 177 

2.3 Methods 178 

Specimen mechanical properties were measured per the GB/T 17671-2021, employing an 179 

electronic servo testing apparatus (CMT5105). The values of strength were drawn from the 180 
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average of six samples. X-ray diffraction (XRD) was employed to conduct the phase composition, 181 

using an AL-Y3500 diffractometer operated from 5° to 80° 2 theta with a step interval of 0.02° 182 

and a scanning speed of 0.03 s/step. Solid-state 29Si NMR spectra were acquired on a Bruker 183 

400M spectrometer. SU8600 (SEM) was acquired to investigate the micromorphology and 184 

elemental composition of the hydration products in MOS cement. Lattice spacing of the hydration 185 

products was measured using high-resolution transmission electron microscopy (TEM, Talos 186 

200S). Thermal stability of the hydration products was evaluated with a thermal analyser 187 

(TG-DSC, SDT 650) under argon, applying a heating ramp of 5 °C/min over the temperature span 188 

of 45–1100 °C. The pore structure of cement was evaluated via mercury intrusion porosimetry 189 

using a Micromeritics Autopore V 9605. Elements' binding energy was analysed using an AXIS 190 

SUPRA+ (XPS), with the binding energy scale referenced to the C 1s peak at 284.8 eV. 191 

 192 

3 Results 193 

3.1 Strengths 194 

As illustrated in Fig. 3, the strengths of MOS cement blended with FS were measured at 195 

multiple curing ages. The MOS cement’s compressive strength increased with age owing to the 196 

influence of FS. The compressive strength of MOSFS5 reached 45.5 MPa after 1 d of air curing, 197 

which was 28.5% greater than that of the reference sample MOSFS1. By day 7, the compressive 198 

strength of MOSFS5 had surpassed the control's value by 23.2%, with this particular blend 199 

yielding the peak result in both comparisons. MOS cement’s compressive strength also grew with 200 

FS addition, which was especially effective in promoting early-age strength gain. After 28 d of 201 

curing, MOSFS4’s compressive strength achieved the highest value (78.8 MPa), exceeding 202 

MOSFS5 and MOSFS1 by 2.5% and 19.7%, respectively. Blending FS into MOS cement 203 

preparation contributed favourably to the progression of its compressive strength. Flexural 204 

strength changes in MOS cement exhibited a pattern like that of compressive strength. FS served 205 

as a crucial factor in promoting the short-term flexural strength development of cement. The 28-d 206 

flexural strength reached a maximum of 18.9 MPa for MOSFS4, representing a 34.1% 207 

improvement over MOSFS1. FS contributed substantially to the performance enhancement of 208 

MOS cement. 209 
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Fig. 3 Strengths of cement: (a) compressive strength; (b) flexural strength 210 

3.2 Phase composition 211 

The X-ray diffraction results of MOS cement following air curing over a range of time 212 

periods are displayed on Fig. 4. In comparison to Fig. 1(a), significant diffraction peaks 213 

corresponding to FS are absent in Fig. 4, likely due to the limited FS content in the MOS cement 214 

matrix, potential FS involvement in the hydration process leading to its depletion, or a 215 

combination of both. The observed diffraction peaks of calcite suggested its presence in the MOS 216 

cement matrix, likely stemming from the raw material used in the manufacturing of LBM. Fig. 4(a) 217 

demonstrates that the peaks at 2θ = 37.33°, 17.80°, and 9.44°, attributed to the (222), (200), and 218 

(-101) planes of the 5·1·7 phase (reference code: 04-019-9611), exhibited no significant 219 

discrepancy. However, the peak intensity at 2θ = 36.75°, corresponding to the (-206) crystal plane 220 

of the 5·1·7 phase, evolved with greater FS additions to the MOS cement matrix. Application of 221 

the Scherrer equation [20] (Scherrer constant = 0.943, X-ray source wavelength = 0.154056 nm) 222 

to the (-206) crystal plane yielded crystallite sizes of 32.89, 33.12, 32.99, and 31.27 nm for the 223 

5·1·7 phase in the MOSFS1, MOSFS2, MOSFS4, and MOSFS5 systems, respectively. 224 

Quantitative analysis of Fig. 4(a) showed that FS inclusion contributed to somewhat enhanced 225 

growth of the 5·1·7 phase along the (-206) plane. The MOS cement, cured for 28 d, showed 226 

Mg(OH)₂ (reference code: 01-071-5972) crystallite sizes at the (011) plane (2θ = 37.97°) of 22.35, 227 

25.15, 21.94, and 20.96 nm, corresponding to MOSFS1, MOSFS2, MOSFS4, and MOSFS5, 228 

respectively. Furthermore, the size of 5·1·7 phase crystallites corresponding to the (222) plane was 229 

determined to be 44.62, 45.80, 43.12, and 42.18 nm, respectively. No persistent increase in the 230 

Mg(OH)₂ crystallite size at the (011) plane was observed as the FS content in the MOS cement 231 

Jo
urn

al 
Pre-

pro
of



matrix was elevated. Similarly, no appreciable growth was observed in the crystallite dimensions 232 

of the 5·1·7 phase on the (222) plane. Additionally, the 5·1·7 phase within the matrix contributed 233 

significantly to the strength development, exerting a critical influence on the engineering 234 

behaviour of cement. In line with the mechanical property variations presented in Fig. 3, this 235 

implies that FS contributes to cement hydration, possibly assisting the existence of a new phase. 236 

  

Fig. 4 XRD patterns (a)1 d; and (b) 28 d 237 

The TG-DTG results for MOS cement blended with FS are depicted in Fig. 5. The weight 238 

loss of MOSFS1, MOSFS2, and MOSFS4 after 1 d of curing was 32.93%, 32.87%, and 31.79%, 239 

respectively. After 28 d, it increased to 34.88%, 34.20%, and 33.81%, respectively. As curing 240 

continued, the mass loss of the MOS cement also increased, indicating the generation of hydration 241 

products during the curing process. Compared to the mass loss observed in the control sample 242 

MOSFS1, which did not contain FS, the addition of FS resulted in a reduction in hydration 243 

products in both MOSFS2 and MOSFS4. Within the matrix, the decomposition temperatures of 244 

the 5·1·7 phase are shown in schemes (1) to (2) [21,22]. 245 

5Mg(OH)2·MgSO4·7H2O → 5Mg(OH)2·MgSO4 + H2O          ~ 200 °C (1) 

5Mg(OH)2·MgSO4 → MgO + MgSO4 + H2O                  300 ~ 450 °C (2) 

Prominent peaks were identified at approximately 405 °C, indicative of the decomposition of 246 

Mg(OH)₂, and at around 430 °C, which is connected with the loss of water from the compound 247 

5Mg(OH)₂·MgSO₄. The peaks appeared at temperatures above 500 °C, attributed to the presence 248 

of MgCO₃ and CaCO₃ introduced by the raw materials. The peak shift observed near 405 °C in Fig. 249 

5(a) implies a decreased Mg(OH)₂ content in the FS-modified MOS cement, most notably in 250 

MOSFS4. FS, when added to the MOS cement manufacturing process, exhibited the potential to 251 
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restrain Mg(OH)₂ generation at the early hydration stage. As shown by the DTG curves, a change 252 

at roughly 430 °C points to the fact that FS did not contribute to any substantial growth in the 253 

creation of 5Mg(OH)₂·MgSO₄. This further suggests that the concentration of the 5·1·7 phase did 254 

not significantly rise (see DTG curves of MOSFS2) and may have even decreased due to the 255 

introduction of FS (see DTG curves of MOSFS4). Unlike Fig. 5(a), Fig. 5(b) presents DTG curves 256 

with a noticeable change around 405 °C, demonstrating that the Mg(OH)₂ content in the hydration 257 

products elevated as curing advanced, stemming from the continued hydration of remaining MgO. 258 

However, the DTG curve of MOSFS4 indicated that the Mg(OH)₂ content was lower than that in 259 

MOSFS1, likely due to the excess content of FS, which continued inhibiting Mg(OH)₂ formation. 260 

The proportion of Mg(OH)₂ was correlated to the FS dosages in MOS cement. Additionally, the 261 

change in 5Mg(OH)₂·MgSO₄ content, obtained from the DTG data at approximately 430 °C, 262 

indicated that FS negatively affected the generation of the 5·1·7 phase. The M-S-H gel (see Figs. 6 263 

and 8) had an impact on the loss in mass within the 45–200 °C; meanwhile, the alteration in the 264 

DTG profiles due to the breakdown of 5Mg(OH)₂·MgSO₄ signified a fluctuation in the amount of 265 

the 5·1·7 phase. 266 

  

Fig. 5 TG-DTG curves of MOS cement containing FS after curing for (a) 1 d; and (b) 28 d 267 

3.3 NMR 268 

Fig. 6 displays the 29Si NMR spectra of MOS cement with FS, cured in air for various 269 

periods. As curing progresses, the 29Si peaks, reflecting the diverse chemical environments of Si 270 

atoms, undergo distinct changes. Qn represents multiple types of silicon-oxygen tetrahedra [23,24]. 271 

As illustrated in Fig. 6, the calcium silicate hydrate structure features Q1, Q2, Q3, and Q4 272 

representing the end-group silicate tetrahedron, the chain-type unit, the layered or branched-chain 273 

configuration, and the three-dimensional network arrangement, respectively [25,26]. In the 274 
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components used to produce MOS cement, there were no silicate minerals (e.g., tricalcium silicate, 275 

dicalcium silicate), indicating that the peaks of Qn are not associated with calcium silicate hydrate 276 

gel. Additionally, the characteristic peak of the M-S-H gel, Q3b, appeared at around 94.0 ppm in 277 

Fig. 6 [19,27,28]. During the fabrication of MOS cement, the detected Q⁴ peaks corresponded to 278 

the addition of FS, which exists primarily in its amorphous form (see Fig. 1(a)). The presence of 279 

calcium silicate hydrate cannot explain variations in peak behaviour over the curing period. The 280 

presence of FS strongly stimulated the creation of M-S-H gel in the cement system. 281 

Table 3 presents the ²⁹Si chemical shift values (ppm) along with their respective peak 282 

intensities (%) for MOSFS4. Over the course of curing, the relative peak intensities of Q4 283 

diminished, suggesting that FS was gradually consumed throughout curing. Q² peaks pointed to 284 

the chain-like organisation within the M-S-H gel, while Q³ revealed its layered form [29]. The 285 

peaks at Q³a were attributed to a serpentine-type (T:O) structure within the M-S-H gel. On the 286 

other hand, the peaks identified at Q³b and Q³c pointed to a structural arrangement more 287 

reminiscent of talc (T:O:T) [30,31]. Using the I(Q³)/I(Q²) intensity ratio, the relative proportions 288 

of layered (Q³) and chain-like (Q²) M-S-H gel structures were assessed. Scheme (3) was employed 289 

to determine the degree of polymerisation of the M-S-H gel [23,28,32] 290 

CD = [3I(Q3b)+3I(Q3a)+2I(Q2)+I(Q1)]/3[3I(Q3b)+3I(Q3a)+I(Q2)+I(Q1)] (3) 

After 1, 7, and 28 d of curing, the M-S-H gel in MOSFS4 exhibited I(Q³)/I(Q²) ratios of 1.09, 291 

2.14, and 0.91, and polymerisation degrees of 0.75, 0.83, and 0.72, respectively, pointing to a 292 

change in the layered M-S-H gel content as curing progressed. Cleavage of the Si-O-Si bond in 293 

the silicon-oxygen tetrahedron resulted in a decrease in I(Q3)/I(Q2) [19]. In the MOS cement 294 

matrix, the M-S-H gel structure tended to transition into a chain-like form, suggesting that the 295 

layer M-S-H gel structure within the MOS cement exhibited lower stability compared to the 296 

chain-like M-S-H gel. Additionally, as curing continued, I(Q3c) also increased, suggesting that the 297 

M-S-H gel structure with talc (T:O:T) became more pronounced. FS participated in the MOS 298 

hydration and enhanced the generation of M-S-H gel. Figs. 4 and 5 collectively indicate that FS 299 

had a detrimental impact on 5·1·7 phase growth, but the FS-containing samples demonstrated a 300 

beneficial influence on strength development, which points to the crucial contribution of M-S-H 301 

gel to the hardening of cement. 302 
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Fig. 6 29Si NMR spectra of MOSFS4 cured in air for (a) 1 d; (b) 7 d; and (c) 28 d 303 

Table 3 Relative 29Si chemical shifts (ppm) and peak intensities (%) of MOSFS4 cured in air for 304 

various periods 305 

Specimen

s 

Q1 Q2 Q3a Q3b Q3c Q4 

Center Area Center 
Are

a 
Center 

Are

a 

Cent

er 
Area 

Cent

er 
Area 

Cente

r 
Area 

MOSFS4 

(1 d) 
-76.84 2.48 -84.92 

13.4

2 
-90.84 7.13 

-94.7

7 
2.23 

-97.8

7 
5.27 

-119.

62 
69.48 

MOSFS4 

(7 d) 
-76.82 3.23 -83.67 

16.2

4 
-90.61 

15.4

3 

-94.2

0 
11.04 

-98.2

2 
8.29 

-119.

27 
45.77 

MOSFS4 

(28 d) 
-76.75 5.81 -84.73 

26.6

6 
-90.03 8.73 

-95.7

7 
4.49 

-98.1

0 
11.15 

-111.

91 
43.16 

 306 

3.4 Pore structure 307 

The pore structure of cement is depicted in Fig. 7, while the corresponding pore size 308 

distribution is shown in Fig. 7(a). The porosity of MOSFS1, MOSFS2, and MOSFS4 was 33.87%, 309 

29.12%, and 25.60%, respectively, while the average pore sizes of MOSFS1, MOSFS2, and 310 

MOSFS4 were 53.82, 38.73, and 36.03 nm, respectively. MOSFS4 exhibited the highest gel pore 311 
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content (< 10 nm) of 6.05%, compared to MOSFS1 and MOSFS2 (see Fig. 7(c)). FS significantly 312 

lowered the porosity of the MOS cement and enhanced the generation of supplementary gel pores. 313 

To some extent, the proportion of such pores indicated the quantity of gel formed in the binder 314 

system [20]. The results show that the proportions of pores smaller than 50 nm in MOSFS1, 315 

MOSFS2, and MOSFS4 are 31.87%, 45.52%, and 47.72%, respectively. In contrast, the 316 

proportions of pores larger than 50 nm decrease correspondingly with increasing FS dosage. In 317 

cement-based materials, pores smaller than 50 nm generally have a limited adverse effect on 318 

mechanical properties and are commonly associated with a denser hydration product network, 319 

whereas pores larger than 50 nm act as preferential pathways for crack propagation and water 320 

ingress, thereby reducing both mechanical performance and water resistance. 321 

The increase in the proportion of pores smaller than 50 nm, together with the corresponding 322 

reduction in larger pores, indicates that the incorporation of FS effectively refines the pore 323 

structure and promotes microstructural densification. This pore refinement contributes not only to 324 

the improvement of compressive strength but also to the enhanced water resistance of MOS 325 

cement by reducing the connectivity of capillary pores and limiting water penetration. 326 
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Fig. 7 Pore structure of MOS cement: (a) pore size distribution; (b) pore area; (c) pore contents 327 

with different sizes 328 

3.5 XPS 329 

As depicted in Figs. 8 and 9, the XPS data of FS-bearing MOS cement were obtained after 330 

curing for varying lengths of time. In Fig. 8(a), the peaks located at 1303.47, 1304.63, and 331 

1305.72 eV were identified as MgO/Mg-OH, Mg-SO₄, and Mg-CO₃, respectively [34,35]. Fig. 8(c) 332 

depicts the Si 2p spectral features, linked to SiO₂, which result from incorporating LBM into the 333 

MOS cement during production (see Table 1). The contribution from additional FS was also 334 

reflected in the Si 2p peaks in Fig. 9. However, in Figs. 9(b) and 9(d), a new Mg 1s peak was 335 

observed, indicating the generation of new chemical bonds involving Mg2+ during the curing 336 

process of cement. A similar pattern was also noted in Fig. 9(e), with the emergence of a new Si 337 

2p peak. In comparison to Fig. 8, the observed shifts in the Mg 1s and Si 2p peaks offered a hint of 338 

the formation of a compound between Mg²⁺ and Si⁶⁺. Such findings gave indirect backing to what 339 

was observed in Fig. 6, namely that M-S-H gel was produced within the hardened cement. In Figs. 340 

9(c) and 9(e), the areas of the Si 2p peaks at 101.75 eV and 101.97 eV accounted for 19.48% and 341 

32.72%, respectively. The rise in new peaks demonstrated that prolonged curing led to increased 342 

FS involvement in the hydration of MOS cement, which promoted M-S-H gel formation, aligning 343 

with the trend observed in Fig. 6. As shown by comparing Fig. 8(b) and Fig. 9(d), increased FS 344 

concentration in the cement brought about a decline in the Mg 1s binding energy, together with a 345 

shift of the Si 2p binding energy toward lower values. This effect was ascribed to the elevated 346 

M-S-H gel content, as reflected by the comparatively greater binding energies of Mg 1s and Si 2p 347 

shown in Figs. 9(b) and (c). FS consumption during the MOS cement curing process triggered 348 

changes in the M-S-H gel content, subsequently resulting in variations in the binding energy of 349 

Mg 1s and Si 2p. 350 
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Fig. 8 XPS data of MOSFS1: (a) XPS spectra; (b) Mg 1s; (c) Si 2p 351 

 

 

Jo
urn

al 
Pre-

pro
of



 

 

 

 

Fig. 9 XPS data of MOSFS4: (a): XPS spectra; (b), (d): Mg 1s; (c), (e): Si 2p 352 

  353 

3.6 SEM and HR-TEM 354 

The SEM images in Fig. 10 depict MOS cement following 28 d of curing in air. The crystals 355 

visible at Points 1 (illustrated in Fig. 10(a)) and 5 (illustrated in Fig. 10(b)) were assigned to the 356 

5·1·7 phase according to their elemental composition from EDS and their morphology. Plate-like 357 

crystals were observed at Points 2, 3, and 4, exhibiting an elemental ratio similar to that of the 358 

5·1·7 phase, as presented by the EDS results. However, these plate-like crystals exhibited a 359 

different morphology compared to the 5·1·7 phase, more closely resembling the morphology of 360 

the 3Mg(OH)₂·MgSO₄·8H₂O phase, which was also characterised by a plate-like structure [36]. 361 

The presence of weak acids during MOS cement production caused the 3Mg(OH)₂·MgSO₄·8H₂O 362 

phase to convert into the 5·1·7 phase, which consequently became the dominant strength-bearing 363 

component in the matrix [19]. According to the EDS results, the plate-like crystals could not be 364 

Jo
urn

al 
Pre-

pro
of



identified as the 3Mg(OH)₂·MgSO₄·8H₂O phase. Instead, they were more likely a form of basic 365 

magnesium sulfate whisker, distinct from the 5·1·7 phase, described by the formula 366 

aMg(OH)₂·bMgSO₄·cH₂O. Fig. 10(c) shows that Si exhibited a homogeneous dispersion across 367 

the MOS cement matrix surface, as indicated by element mapping. The observation of silicon on 368 

the 5·1·7 phase surface at Point 5 further suggests FS involvement in the matrix structure's 369 

formation, as shown in Fig. 7. In contrast to Fig. 10(c), Fig. 10(d) showed an area where element 370 

Si was enriched, which differed from the distribution observed in Fig. 10(c), suggesting that the 371 

partial FS introduced into the MOS cement was not uniformly distributed throughout the matrix. 372 

The relative element ratios at Points 6 and 7 exhibited a significant difference in Si content. 373 

Comparison of the EDS results from Points 6, 7, and 8 (see Fig. 10(e)) suggested that this 374 

difference was likely due to the presence of forsterite, which was derived from the LBM produced 375 

by the calcination of magnesite. The EDS results, presented in Figs. 10(f) and 10(g), reveal similar 376 

relative element ratios of Si, suggesting that the presence of Si was consistent and not incidental, 377 

whether on the crystal surfaces (Points 9 and 11) or the gel-like surfaces (Points 10 and 12). Given 378 

the findings presented in Fig. 6, the silicon detected on the crystalline and gel-like surfaces 379 

resulted from the generation of M-S-H gel. Additionally, the M-S-H gel absorbed on the surface of 380 

the 5·1·7 phase provided further insights into the influence of FS on the crystal growth of the 381 

5·1·7 phase (see Fig. 4). By integrating Fig. 7 with Figs. 10(c) and 10(f), the formation of M-S-H 382 

gel within the pores and matrix of the MOS cement was observed, which contributed to enhancing 383 

its densification. 384 
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Fig. 10 SEM images: (a), (b): MOSFS1; (c), (d): MOSFS2; (e), (f), (g): MOSFS4 385 

The HR-TEM images in Fig. 11 depict MOSFS4. Elemental mapping and d-spacing 386 

evaluation indicated that the lattice spacing of the observed particles matched the 5·1·7 phase at 387 

the (222) plane, verifying their classification as this phase. No appreciable variation in the 388 

interplanar distance of the 5·1·7 crystal was observed upon introducing FS into MOS cement. 389 

Additionally, element mapping revealed an area of Si enrichment that was located close to the 390 

5·1·7 crystal. The behaviour captured in Fig. 11 mirrored observations from Figs. 10(f) and 10(g), 391 

wherein silicon was identified on the 5·1·7 crystal's surface. This elemental enrichment reinforced 392 

the notion that M-S-H gel had partially gathered on the 5·1·7 phase, a result attributable to FS 393 

engaging in the hydration reactions of MOS cement. 394 
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Fig. 11 HR-TEM image of MOSFS4 395 

3.7 Water resistance 396 

The compressive strength and TG-DTG curves of water-immersed MOS cement are 397 

presented in Fig. 12. Upon 14 d of submersion, the strength values were 45.8 MPa for MOSFS1 398 

and 55.1 MPa for MOSFS4, marking a 20.30% enhancement (see Fig. 12(a)). With water 399 

immersion duration extended to 90 d, the compressive strengths of MOSFS1 and MOSFS4 were 400 

32.6 and 57.3 MPa, respectively, with MOSFS4 exhibiting a 75.76% higher compressive strength 401 

than MOSFS1. Moreover, the compressive strength of MOSFS5, at 54.3 MPa, was lower than that 402 

of MOSFS4. An increase in the FS dosage in MOS cement did not result in an enhancement of its 403 

compressive strength. As curing continued, the benefits of FS positively influencing the evolution 404 

of compressive strength became more obvious. Fig. 12(b) shows the mass change data of cement 405 

after 90 d of water immersion. Mass losses of MOSFS1, MOSFS2, and MOSFS4 were 35.37%, 406 

35.86%, and 35.96%, respectively. The shift in the DTG curves around 430 °C indicates a lower 407 

content of 5Mg(OH)₂·MgSO₄ in the MOS cement containing FS. Additionally, the greater loss 408 

observed from MOSFS2 and MOSFS4 between 45 °C and 200 °C, compared to MOSFS1, 409 

suggests a higher amount of water loss within this temperature range. The DTG curve profile of 410 

MOS cement recorded between 45 and 200 °C corresponds to the dehydration of bound water 411 

from the 5·1·7 phase (scheme 1 in section 3.2). Analysis of the DTG curves, specifically the 412 

changes observed between 45 °C and 200 °C and around 430 °C, indicates that FS contributed to 413 

the reduction of the 5·1·7 phase (see Fig. 5). The contribution of M-S-H gel to the mass change of 414 
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cement across the 45–200 °C region also provided circumstantial evidence for its occurrence 415 

within the hardened matrix. Heating the M-S-H gel led to a pronounced mass loss from 45 to 416 

200 °C, primarily because of water existing in the gel, which existed in adsorbed or bound forms 417 

[24,37-39]. The decomposition of M-S-H gel occurred within the temperature range of 440 to 418 

650 °C [23,24]. However, the DTG signals assigned to M-S-H gel in the 45–200 °C range 419 

displayed only one distinct peak. The evidence from Figs. 10(f) and 10(g), together with the 420 

reduced proportion of the 5·1·7 phase in MOSFS1 indicated by the mass loss comparison between 421 

Fig. 5(b) and Fig. 12(b) over the 45–200 °C interval, leads to the conclusion that the surficial 422 

M-S-H gel provided a certain protective function. Meanwhile, as shown by the DTG curves 423 

between 45 and 200 °C, the amount of M-S-H gel was more pronounced in MOSFS4 compared 424 

with the other two specimens. The DTG curves at approximately 405 °C revealed that MOS 425 

cement incorporating FS contained less Mg(OH)₂ than MOSFS1. Even after water immersion, the 426 

additive effectively suppressed brucite formation, thereby improving the material's water 427 

resistance. This variation in hydroxide content underscored the favourable influence of FS on the 428 

engineering performance of the cementitious system. 429 

 

 

Fig. 12 Compressive strength and TG-DTG curves of cement: (a) compressive strength; (b) 430 

TG-DTG curves 431 

Fig. 13 displays the XPS spectra of MOSFS4 following 90 d of immersion in water. A fresh 432 

peak at 1299.96 eV emerged in Fig. 13(a), mirroring the behaviour noted in Fig. 9, which implies 433 

that FS had an impact on the hydration product composition. The peak at 103.91 eV in Fig. 13(c) 434 

was attributed to Si-O. The proportion of the Si 2p peak located at 102.47 eV reached 61.24%, 435 

surpassing the corresponding value in Fig. 9, which suggests that the new phase continued to 436 
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evolve after the cement was submerged in water. Combining the Si 2p and NMR spectra, the 437 

continuous consumption of FS during the curing period was confirmed. 438 

  

 

 

Fig. 13 XPS data of MOSFS4 after 90 d of water immersion: (a) XPS spectra; (b) Mg 1s; (c) Si 2p 439 

Fig. 14 shows the 29Si NMR spectra of MOSFS4 after 90 d of water immersion, from which 440 

the I(Q1), I(Q2), I(Q3), and I(Q4) were determined as 0.7%, 24.1%, 35.7%, and 39.5%, respectively. 441 

Compared to the I(Q4) calculated from Fig. 6, a decrease in I(Q4) was observed, indicating that the 442 

FS had been continuously consumed, in agreement with the findings presented in Fig. 13. The 443 

I(Q3a), I(Q3b), and I(Q3c) were 8.8%, 7.8%, and 19.1%, respectively. The degree of polymerisation 444 

of M-S-H gel in MOSFS4 after 90 d of water immersion was calculated to be 0.45, lower than the 445 

value observed in Fig. 6, with an I(Q3)/I(Q2) ratio of 1.48, indicating a reduction in the proportion 446 

of M-S-H gel with the chain-like structure. The polymerisation degree of M-S-H gel decreased 447 

upon water immersion, consequently encouraging the generation of additional layered gel 448 

structures in the MOS cement. Furthermore, the ratios of I(Q3b) and I(Q3c) relative to I(Q3) rose, 449 

pointing to a greater share of the talc-like (T:O:T) M-S-H gel configuration. The variation in the 450 
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Mg-Si ratio altered the distribution of I(Q3), which consequently impacted the structural integrity 451 

of this gel's layered framework [40]. Exposure to water promoted the integration of additional 452 

MgO or Mg(OH)₂ into the gel-forming process, thus raising the fraction of M-S-H gel possessing 453 

a lamellar architecture. 454 

 

Fig. 14 29Si NMR spectra of MOSFS4  455 

Fig. 15 presents SEM images of MOSFS4 after water immersion. Elemental mapping 456 

indicated that Si was distributed on the surface of the MOS cement matrix, with significant 457 

enrichment observed in certain areas. In addition, the detection of Si on the 5·1·7 phase implied 458 

that the evolution of incompletely formed M-S-H gel might have proceeded along this route. This 459 

observation aligned with the findings presented in Fig. 10. 460 

 

Fig. 15 SEM images of MOSFS4 after 90 d of water immersion 461 

4 Mechanism of FS in regulating the hydration of MOS cement 462 
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FS participated in the hydration process of MOS cement and modified the evolution of the 463 

hydration products, thereby influencing the development of both mechanical properties and water 464 

resistance (Figs. 3 and 12(a)). The proposed hydration mechanism is schematically illustrated in 465 

Fig. 16. Owing to its predominantly amorphous structure and high reactivity (Fig. 1(a)), FS readily 466 

participated in the hydration process of MOS cement. 467 

During hydration, MgO derived from LBM reacted in the presence of citric acid (CA) to 468 

produce the 5Mg(OH)₂·MgSO₄·7H₂O (5·1·7) phase together with Mg(OH)₂ as the principal 469 

hydration products. As hydration progressed, the alkalinity of the pore solution continuously 470 

evolved. MgO hydration commenced at the particle surface, producing OH⁻ ions (Scheme 4 and 471 

Fig. 16), which played a crucial role in the formation of the 5·1·7 phase [19]. Under alkaline 472 

conditions, the amorphous silica in FS gradually dissolved to form HSiO₃⁻ species, which 473 

subsequently reacted with Mg²⁺ to produce M-S-H gel [19,41]. The consumption of OH⁻ during 474 

FS dissolution altered the local hydration environment and partially suppressed the formation of 475 

the 5·1·7 phase (Figs. 4 and 5), whose formation depends on the self-assembly of Mg²⁺, OH⁻ and 476 

SO₄²⁻ under the regulation of CA [7]. The SEM observations further support this mechanism, as 477 

M-S-H gel was detected on the surface of the 5·1·7 phase (Fig. 10(f)). 478 

Besides MgO, Mg(OH)₂ may also contribute to M-S-H gel formation through its dissolution 479 

(Scheme 5) [42,43]. However, because the solubility of Mg(OH)₂ remains relatively low under 480 

alkaline conditions [44], its contribution is expected to be less significant than that of MgO. 481 

Previous studies have similarly shown that MgO is more effective than Mg(OH)₂ in promoting 482 

M-S-H gel formation [24,32,45]. Nevertheless, the variation in Mg(OH)₂ content observed in Fig. 483 

5 suggests that Mg(OH)₂ may participate in the hydration process to a limited extent. 484 

MgO + H2O → MgOH+
(surface) + OH- → MgOH+·OH-

(surface) → Mg2+ + 2OH- (4) 

Mg(OH)2 ⇌Mg2+ + OH- (5) 

Introducing FS into the manufacturing process of MOS cement exerted a notable influence 485 

on the formation of the 5·1·7 phase and Mg(OH)₂, particularly the 5·1·7 phase, which was 486 

essential for strength gain in the cementitious matrix. By influencing the hydration products, FS 487 

revealed the essential contribution of M-S-H gel to the mechanical behaviour of the hardened 488 

MOS cement matrix. As shown by the pore structure analysis (Fig. 7), increasing the FS dosage 489 

increased the proportion of pores smaller than 50 nm from 31.87% in MOSFS1 to 47.72% in 490 
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MOSFS4, indicating significant pore refinement and a denser cement matrix. Combined with the 491 

TG–DTG, XRD, and SEM results, this finding suggests that the formation of M-S-H gel 492 

effectively enhanced the compactness of the MOS cement matrix and contributed to the observed 493 

improvement in mechanical properties. 494 

Furthermore, although the incorporation of FS partially inhibited the formation of the 5·1·7 495 

phase, which is the principal strength-bearing hydration product in MOS cement, the formation of 496 

M-S-H gel and the accompanying matrix densification compensated for the reduction in the 497 

content and crystal size of the 5·1·7 phase. Consequently, the combined effects of pore refinement, 498 

M-S-H gel formation, and microstructural densification promoted the overall mechanical 499 

performance of MOS cement. 500 

Dispersed Si element on the surface of the MOS cement matrix, where a notable 501 

accumulation of Si was observed (see Fig. 10(d)), suggested that the effect was not solely 502 

attributable to FS, but rather indicated a potential role of M-S-H gel formation in enhancing the 503 

matrix density (see Fig. 7). In addition, the sustained consumption of FS promoted the mechanical 504 

property enhancement of the composite (see Figs. 6 and 14). Following water immersion, the 505 

remaining MgO within the matrix transformed into Mg(OH)₂ (see Fig. 12(b)), which subsequently 506 

deteriorated the durability of the hardened paste. However, as FS was consumed, Mg(OH)₂ 507 

formation was effectively suppressed, while the I(Q3a) of M-S-H gel was concurrently elevated. 508 

The I(Q3)/I(Q2) of M-S-H gel varied with the Mg/Si ratio of the precursor materials, with values 509 

declining once the Mg/Si ratio rose above 0.8 [46]. During the manufacturing of MOS cement, the 510 

Mg/Si was considerably higher than 0.8. Based on the I(Q3)/I(Q2) calculated from Figs. 6 and 14, 511 

which were 1.09, 2.14, 0.91, and 1.48 at different curing stages, the content of MgO and Mg(OH)2 512 

involved in the generation of M-S-H gel varied with curing time. Upon contact with water, a-MgO 513 

within the LBM rapidly hydrated, releasing OH⁻ into the system, which facilitated the dissolution 514 

of FS. The consumption of a-MgO and the establishment of solubility equilibrium for Mg(OH)₂ 515 

subsequently influenced the formation of M-S-H gel, leading to changes in the Mg/Si of the 516 

M-S-H gel. Pore solution pH value in MOS cement progressively stabilised with extended curing 517 

[19].  518 

The lower I(Q3)/I(Q2) values observed for M-S-H gel within cement at 28 d of curing could 519 

be explained by the persistent consumption of a-MgO, which did not generate enough hydroxyl 520 
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ions to accelerate FS dissolution. The results shown in Figs. 6 and 9 provided partial support, 521 

suggesting that the rate of FS consumption decreased. When Fig. 10(b) is compared with Fig. 5(b), 522 

the greater Mg(OH)₂ content observed in the MOSFS1 matrix points to residual MgO hydration 523 

having accelerated FS consumption, consequently boosting M-S-H gel formation and raising both 524 

the layered gel fraction and the Mg/Si value. FS, as a potential material providing the Si source, 525 

exhibited a positive effect on the water resistance of MOS cement. However, it should be noted 526 

that an excessive amount of FS does not apply to MOS cement. The strength evolution of MOS 527 

cement is sustained by both the M-S-H gel within the matrix and the 5·1·7 phase. While too much 528 

FS hindered the development of the latter, a suitable proportion effectively harmonised gel 529 

production with phase growth. Besides, FS featured low cost and stable properties, laying a solid 530 

foundation for its industrial application in high-performance MOS cement modification. 531 

Compared with other siliceous materials, such as fly ash, silicic acid, and magnesium slag, 532 

FS contains a higher proportion of amorphous silica, resulting in greater pozzolanic reactivity 533 

[17,19,47]. Although these materials can also participate in hydration under appropriate conditions, 534 

fly ash and magnesium slag generally contain calcium-bearing phases and other impurities that 535 

may influence the hydration chemistry of MOS cement. In particular, calcium-containing phases 536 

may promote gypsum formation during water immersion, which destabilises the 5·1·7 phase, 537 

increases porosity, and consequently reduces the water resistance of MOS cement [48]. In contrast, 538 

the high-purity amorphous silica in FS provides a more direct route for promoting M-S-H gel 539 

formation while minimising undesirable side reactions. 540 

From a practical perspective, FS is produced using a mature manufacturing process with 541 

stable quality and consistent composition, making it suitable for reproducible cement production. 542 

Although its unit cost is higher than that of industrial by-products such as fly ash or magnesium 543 

slag, it remains considerably less expensive than high-purity silicic acid. Moreover, the optimum 544 

dosage of FS identified in this study is relatively low (1–7 wt.% of LBM), which limits its 545 

contribution to the overall material cost. In addition, FS-modified MOS cement can be 546 

manufactured using conventional mixing and curing procedures without requiring additional 547 

processing equipment or specialised manufacturing conditions, further enhancing its practical 548 

feasibility. 549 
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Fig. 16 Proposed hydration and strengthening mechanism of white carbon black (FS) in 550 

magnesium oxysulfate (MOS) cement 551 

 552 

5 Conclusions 553 

FS played the role of an active inducer, accelerating the transition of MgO/Mg(OH)₂ to 554 

M-S-H gel during the full curing period of the MOS cement. Unlike passive inhibition (e.g., 555 

increasing the density of MOS cement to prevent water from entering the matrix), FS actively 556 

participated in the hydration process of MOS cement, thereby aiding in the prevention of strength 557 

reduction caused by residual MgO hydration and altering the composition of the hydration 558 

products. These findings improve the understanding of the synergetic hydration of MOS with FS. 559 

Based on the experimental outcomes and the scientific investigation into the governing 560 

mechanisms, the following conclusions may be reached: 561 

1. FS played a positive role in the progression of the engineering properties of cement. At a 5% 562 

by mass, the compressive and flexural strength of MOS cement reached 78.8 MPa and 18.9 MPa, 563 

respectively, both of which were the highest observed among all samples. After 90 d of water 564 

immersion, the compressive strength of MOS cement containing 5% FS by mass reached 57.3 565 

MPa, exceeding that of the control specimen by 75.76%. 566 

2. By actively engaging in the hydration reactions, FS incorporation into MOS cement 567 

densified the matrix, modified the evolution of the 5·1·7 phase and Mg(OH)₂, and stimulated the 568 

production of M-S-H gel. This effect can be attributed to FS’s interaction with OH⁻ released 569 

during the MgO hydration process, which promoted its deposition on the surface of the 5·1·7 570 

phase. This deposition resulted in a close interweaving of the 5·1·7 phase and M-S-H gel at the 571 

nanoscale, highlighting the compatibility between the 5·1·7 phase and M-S-H gel. This interplay 572 

restrained the development of the 5·1·7 phase yet provided a shielding effect that reduced its 573 
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dissolution to some degree. With rising FS content, the detrimental effect on the crystallite size of 574 

both the 5·1·7 phase (at the (222) plane) and Mg(OH)₂ (at the (011) plane) grew more significant, 575 

emphasising the essential contribution of M-S-H gel to the engineering property evolution of 576 

MOS cement within a specific dosage range. 577 

3. FS consumption remained continuous throughout curing, encompassing both air curing 578 

and water immersion. During the various curing stages, the rate of FS consumption varied 579 

significantly, resulting in changes in the compositions of the M-S-H gel. Consequently, the 580 

proportion of M-S-H gel in different structural forms, including chain-like and layer structures, 581 

also varied. Exposure to water promoted a higher content of M-S-H gel with a T:O:T layered 582 

configuration in the hardened MOS cement. MgO and Mg(OH)₂ both participated as reactants in 583 

generating this phase, which helped reduce the volumetric expansion from ongoing MgO 584 

hydration and thus lessened the resulting decline in mechanical performance. 585 
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• FS served as an active inducer, facilitating the transformation of MgO/Mg(OH)₂ into 

magnesium silicate hydrate gel. 

• FS increased MOS cement matrix density and influenced the formation of the 5·1·7 

phase and Mg(OH)₂, and facilitated the generation of M-S-H gel by actively 

participating in the hydration process. 

• The structure of the magnesium silicate hydrate gel within magnesium oxysulfate 

cement progressively resembled that of talc (T:O:T) after water immersion. 

• The mechanism of the synergetic hydration of MOS cement with FS is revealed. 
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