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Table 1 Results of chemical analysis of raw materials w/%
Materials MgO SiO, Al,O3 Fe,03 CaO K,0 Na,O TiO, LOI
Serpentine 37.65 39.88 0.54 7.91 0.32 0.02 0.10 0.02 13.25
Olivine 47.17 41.14 0.23 9.82 0.08 0.01 0.04 0.01 1.50
Sepiolite 25.05 59.36 1.79 0.43 0.39 0.57 0.25 0.08 12.00

w is mass fraction; LOI is loss on ignition.
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Fig. 1 XRD patterns of raw materials
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Fig. 2 Particle size distribution of raw materials
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Table 2 Chemical composition of waste acid  w/%
Cl SO3 Al,O3 Fe,03 MoO3 Na,O

21.99 61.33 2,77 1251 0.77 0.63
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Table 3 Residue and Mg(OH):2 precipitation obtained from 100 g of raw materials m/g

Residue mass after drying or calcining

Precipitation

Raw materials 50 'C,24h 50 'C,48h Calcining at 1000 C after drying at 50 “C for 48 h mass Dry mass
Serpentine 52.24 41.19 29.09 32.15 61.24
Olivine 47.33 43.8 3151 22.43 53.94
Sepiolite 68.12 60.55 41.78 26.01 67.79

m is in mass.
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Fig. 3 TG curves of residues prepared from serpentine, olivine,

and sepiolite after drying at 50 C for 48 h
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Table 4 Composition of residue and precipitation w/%
Type Materials SiO, MgO SO3 Al,O3 Fe,03 CaO K,0 Na,O TiO,
Residue Serpentine 89.68 2.78 3.97 1.09 1.34 1.06 0.01 0.05 0.02
Olivine 95.74 1.35 1.33 0.25 0.92 0.16 0.02 0.08 0.15
Sepiolite 95.69 1.72 1.45 0.65 0.20 0.15 0.22
Mg(OH). Serpentine 0.52 98.22 0.52 0.06 0.64 0.04
Olivine 2.03 96.82 0.32 0.21 0.19 0.12 0.01 0.30 0.01
Sepiolite 0.38 98.69 0.05 0.60 0.08 0.20

5 BHESIET SiO2 1 MgO Bz 3
Table 5 Productivity of SiO2 and MgO in the precipitation
and residue

Mass from 100 g of raw

. Productivity/%
Materials materials/g
SiO, MgO Sio, MgO
Serpentine 26.09 22.17 65.41 58.89
Olivine 30.17 15.47 73.33 32.79
Sepiolite 39.98 17.94 67.35 71.61
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Table 6 Relative concent of different silicon sites of M-S-H pastes obtained from deconvolution demonstration of 2°Si SSNMR

spectra
Curing . 1% Unreacted silica I/ %
Minerals Q%/Q?
temperature QL QY Q? Q3% Q3 Q3 Q*
Filter Serpentine 314 68.6
residue Olivine 318 68.2
Sepiolite 30.9 69.1
20C Serpentine 4.7 8.0 437 253 11.2 7.1 0.84
Olivine 6.0 8.2 417 347 9.4 0 1.06
Sepiolite 2.4 43 34.8 45.1 3.2 10.2 1.39
50 C Serpentine 4.6 7.8 411 326 10.1 3.8 1.04
Olivine 5.8 7.3 43.8 35.6 75 0 0.98
Sepiolite 2.2 42 389 43.7 5.1 5.9 1.25
80 C Serpentine 4.3 7.1 43.6 359 7.9 1.2 1.00
Olivine 41 6.1 46.4 37.1 6.3 0 0.94
Sepiolite 0.7 5.4 419 43.9 8.0 0.1 1.24

| is relative intensities for the Q".

BEFEPIREMN 20 ‘CFHE 80 C, M-S-H #4K}
-102 4b Q3 {5 T omEE Rk i, Horh 80 ‘CFRP A%
S5 LT A i k. XTH 3 Rk R &R, 20 C
550 C41F P4 M-S-H ) QX5 S5 Em T
WS M ARR, RPHAKIFERE HAL.

Bernard 25116481 Masse 2B 7148 H M-S-H2Si
BRI A2 #-78.3. 80, —85.5. -92.7.
-94.7 #1-96.7 ({1155 7 AL Qlav Qb Q% Q%
Q3% Al Q3 REMRERZEM . 3R 6 FdlE R, Y IEIEF
BT QU B IR, TESE AR T
M-S-H M R P AR S A, HIERTE OGP IR
. XEFRFTEIRFES Q¥Q? LLEAT 0.84~
1.35, KT EMREERGE M EISAE 2, MIAKILEA R
Mg/Si t>1 B ARG CCHR[18] ) 3E Q¥/Q? th=2 {X
BT Mg/Si E<0.8 fI1A ).

IESCHROI AL G R, i #-92.7 1 Q%
B BB N e SUR R PV RFETER) T O BUEARSS
F,-96.7 I Q3 A5 S MM N FIH AR T:0: T A4

o BT KA QSR E ST Q& i,
VLI BT IE AR M-S-H A J 3B L A 858 K 2 7] 3% 42
75 2 B T W SO TR P 25 R RRAE o SCRR AR
ESE Mg 7E M-S-H AH 1 LAz 5 88 806 1 Mg 1 BC
PR — 0 0S, Bl TR IR T S, Q3 (M5 5 0 B
A1 (Mg3(SisO10)(OH)) Y 2 1 EAR M) I ES, X
Pt B KA BT R Mo/Si(FEie R R Mg/Si Bt
AT 0.9~1.1 Z[A BT B "M-S-H 75 & 1%
O, AR, BEEFRPERE A QR E S (W
N IS (Mga(Siz0s)(OH)a) B 1: 1 2R 45 #9) 1
N, XS TR SCH B LG A T T JEOREE R
1) Mg/Si th(1.4), $EEFFPUEREIE T M-S-H A
(1) Mg/Si bt B P b H2 0 J5RH I 46 1) Mg/Si ELEL,

FIE, HTRaCARZERBREREES THEA, X
—RrE S B 9 FER IR R G H AR R R
(R Mg(OH)2 TRy /b) S A #EH9 in(Si—-OH it
FRIETTHRIR ) B0 20 B 45 AR TLEpE, 3 — 20 15 B
THREFEAREE M-S-H A &K & 5 & e 8o



5 53 &5 11 1Y) KOG SR AR R RREE W KA R BRI EER R .+ 3175 -

RGERAR

VR TR £ B M-S-H A QYQ2 B & T
HoASRIER M-S-H A8, X5 B OB AT R RH
DU T A S A IO RE R A i« 20 °C FR97 1A M-S-H
A Q% SR B T HAM ), FIREEA %
MR AN, AR B, XA
HIEAL M-S-H A Mg/Si s, R 7 XRD
S H B R M-S-H ik 3 B B B 45 R

SEE AR B FA A 78, Mg(OH). 5%k
BV RS InK FE R B Mg? 5 H,SIO,
AWM, WE RN EZEL, Mg?h
H,SiO; B8, M-S-H AHYNK SR ZHTK K,
M-S-H Ml A B R A R, 75 28 d TE LA Q2(BE
PRFT QRUEIR)YAER M-S-H B /4%, R A74E

bR R Ui Si—OH(QY). #2741l B FEAI 1 S Nk
thig, MR Mo? ¥ B 46 5 I RLE 26, Fe 2T il
A RIS JZIRERI T M-S-H B -
25 M-S-H BIERE. RanEMTIREdE
M-S-H #PREMb BT 5 B LI 12, BEE R4 I
] () KRN FR YR FE T, M-S-H 4T 3 R 2
BAR EIRFE I 3 ARSI 3 d SREE T T 12 MPa,
& ETE ] Mg(OH) FliE K 1l 4 ) M-S-H, H:3%
I 28 d {UFR1E 2~4 MPa [5E R, X2 il T AR
SR AT FH PR A B Mg(OH)2 7E 7K H I A 2 S35 1y
FRBEA MRS,  HIE A AR e e M =
FREIIEPESL, {3 F e SUFA A SRRk % 00 s B Rl
sE R R S S B DBESRAN P(E 1)E X,
Y E VAR A E S EUR R kD

wn
(=]

S -

S
(=)

_— N
(=

Compressive strength/MPa
)
(=
Compressive strength/MPa

(=]

20C

50 C R
40r [_JsoC . 37 6p L 398

30 734.6 3271
301 278
25
201
20 64
10
0 1 1 n I

480

0 42.743.5
80 C 5.6 12
338
287 302
23 24.31
52
2‘_‘_‘
3d 7d

14d 28d 3d 7d

Age/d
(a) Serpentine

(b) Olivine

<
455 E 50 gt
= [ lsoc
540+ [soc
=
% 30 + " 283
Qé 20 hsat-t
210
g
§ ol AL LB
14d 28d 3d 7d 14d 28d
Age/d Age/d
(c) Sepiolite

K12 JEHEA Mg(OH)2 WP RAEAN G F 7747 3. 7. 14, 28d MIHTEIRE
Fig. 12 Compressive strength of residue and Mg(OH)2 mortar cured at different temperatures at 3, 7, 14 d and 28 d

FAEL TR 035E B9 Mg(OH) 18062 5 3579 MgO il
#I M-S-HBR, AR SEEE B B FHUTRE R Mg(OH):2
il 45 1) M-S-H SR B m I sR s . R, TR &
JIRTF =S M-S-H T Mg(OH). ) RE ¥ RE

Kl 13 B Amg(El 8) Stk saE 2 IEF G, HP
Si-OH I BRFR LR 5 A oG, R, 5
DSC(&l 10) 14 |- 750~900 “C it i #1 (%t 57 M-
S-H E& e A), HEREH2EAMERR(A 14).

55 ® Expermental data
< 50 | - - Fitting curve, y=14.03x-44.94, R'=0.44 -
E 45 : .l n
gl) aor l. L} ..l./’ i
g 35+ n - -n
2 30| o ~
2 L] "
% 25 F ,l’./ . ]

- L}
g‘ 20 | . . ;
S5t " .
L}
10 C 1 1 1 1 1
45 5.0 5.5 6.0 6.5 7.0

(Aws—Aw,)/%
Bl 13 Aws—Aw & 72 5 R TR 2 8] 16 &

Fig. 13 Mass of Aws—Awz vs compressive strength

50 |—=— Serpentine, 20 'C
+—e— Serpentine, 50 C °
45 a— Serpentine, 80 'C

w B
wm O
T T

Compressive strength/MPa
W
(=)

pox 4 Olivine, 20 C
25 ¢ d —<— Olivine, 50 C
P o > Olivine, 80 C
20 i —*— Sepiolite, 20 C
15 F —e— Sepiolite, 50 ‘C
—o— Sepiolite, 80 C

10 1 1 1 1 1

5 10 15 20 25
Heat release/(J-g™")

K14 750~900 "CZ IFJF) s BB B SR BB 2 AN ARG 2R
Fig. 14 Heat released between 750-900 ‘C vs compressive
strength

18 FH B S 52 (M S0« RIONEA A A 3
JRk ) 2% B0 SR RS BN E 43 il R 157, 162 mm
A181 mm. —f&IE, KR AR ) &
M-S-H, LR MgO if42& Mg(OH)2 ¥/ mA
WOKFANA RESLBLR AR, HO2 {8 Mg(OH)2 I
R R —2, flln, SiO,: Mg(OH), A 1:1



- 3176 - QEIENEEi )

J Chin Ceram Soc, 2025, 53(11): 3168-3178

2025 4

PR EAEKE L 1.2 DU i s el AR SEE
RIMANIBOKFA, iSRRI H R T 1) BR¥EHE
IR 57K B (28~32%) FEAIGIENE 75 /K &5 2) Mg(OH)2
To T AKACKE K s 3) 8 5 7S s Tl 12 N 55 9 7K 751 %
M-S-H A% I HI/E A -

Kl 15 2 LL 3 M #i 4 (1) M-S-H #PRHibH ik
et 2. M 15 AT LA, S 25 D
Ui R AR RERR E/K PR 4 1 L%, a2 A MgO
FE K] £ (1) M-S-H A BRI 5T 50, i pRiX
—ZERWREE— R AT EH 28%~32%/K57,
XEB KA ARG N T /Kb =2 MgO 7KL 7R
BLK4r, 11 Mg(OH), AR KALK 3 =& Mg(OH).
1A Z Bk 2 MgO JKALFEZIK 2508

6 F — Olivine
Sepiolite
5¢ Serpentine /

3
(=
—
S 4r
oh '~
__23 -505'.;. = Serpenting]
E - °\° 14 * Sepiolite
= 3 S04} 4 + Olivine
o 4 Sosl \
£ 2t e
I <S02F
s 2o1} Sy
1h g :
Zool o v 0wy s
A 3 57 911131517192123
Age/d
0 L 1 1 1 1 1 1 1
3 5 7 9 I 13 15 17 19 21 23

Age/d

Kl 15 ZKACEERG BE R Rb WS 4
Fig. 15 Shrinkage of magnesium silicate hydrates mortars

W gr ) )R P L BoR, KACRT 11 d, Wi
MR AT 0.004/d, FLBEIIA FFEZNE. Bk 11 d
5 P R TR, B 21 d R R
R3] 0.001/d £ 4

3 i

1) KH HCI(6.20 mol/L)F1 HzS04(7.77 mol/L)
TRA TR WA RO R SCh . MR S, 3R
1341 = 96%H] Mg(OH)2 5 SiO, 7 & > 89% it ik
PR . FRERAL AT T 20~30 pm, Mg(OH)2
BiEZ) 65 pm.

2) KAL) M-S-H A e S DY 144 58 5 2 B
FEA iR E(20~80 °C) Je ) A (3~28 d)IEK T2 T
TERCLL Q2 F1 Q3 9 E I JE IR A5 14 (Q3/Q?%=0.84~1.35),
LR B HC A PR B S T e SO (T - O ).

3) M-S-H Jikib 3 d HiL K5 JEIL 12~18 MPa,
28 d B BT B 40 MPa, I R TR I 1) v v

J¢ Mg(OH), ) = i B

4) Jo TR KGRI SEELRD R R 4F sl i, X453
TR [ G 7K 2 K Mg(OH), T H KAFEK, 1H[F
It S8 b R i

SE 0k

[1] GARTNER E, SUI T B. Alternative cement clinkers[J]. Cem Concr
Res, 2018, 114: 27-39.

[2] JIAY,ZHANGJ B, ZOU Y X, et al. Development and applications of
MgO-activated SiO, system: Achieving a low carbon footprint: A
review[J]. Green Energy Resour, 2024, 2(2): 100072.

[3] LIZH,ZHANG T S, HU J, et al. Characterization of reaction products
and reaction process of MgO-SiO—H.0 system at room temperature[J].
Constr Build Mater, 2014, 61: 252—-259.

[4] LI1Y, LUO X, LIN H, et al. The impact of environmental humidity on
the mechanical property and microstructure of magnesium silicate
hydrate cement[J]. Constr Build Mater, 2024, 425: 135966.

[5] LIN H, PAN B, LI Y, et al. The effect of Mg(OH), on hydrated
magnesium silicate cement under different curing conditions[J]. Constr
Build Mater, 2024, 445: 137799.

[6] TRAN H, SCOTT A, DHAKAL R. Mechanical and durability
properties of magnesium silicate hydrate binder concrete[J]. Mag Concr
Res, 2020, 72(13): 693-702.

[71 ZHANG T T, LIANG X M, LI C M, et al. Control of drying shrinkage
in magnesium silicate hydrate (m-s-h) gel mortars[J]. Cem Concr Res,
2016, 88: 36-42.

[8] DHAKAL M, SCOTT A N, DHAKAL R P, et al. Structural and
durability properties for magnesia alumina silicate concrete[J]. Constr
Build Mater, 2022, 340: 127725.

[9] SREENIVASAN H, BERNARD E, SANTOS H S, et al. A critical
review of magnesium silicate hydrate (M-S-H) phases for binder
applications[J]. Cem Concr Res, 2024, 178: 107462.

[10] MARSISKE M R, DEBUS C, DI LORENZO F, et al. Immobilization
of (aqueous) cations in low pH M-S-H cement[J]. Appl Sci, 2021, 11(7):
2968.

[11] WANG L, CHEN L, CHO D W, et al. Novel synergy of Si-rich
minerals and reactive MgO for stabilisation/solidification of
contaminated sediment[J]. J Hazard Mater, 2019, 365: 695-706.

[12] ABDEL-GAWWAD H A, ABD EL-ALEEM S, ZAYED A.
Stabilization of hazardous lead glass sludge using reactive magnesia via
the fabrication of lightweight building bricks[J]. J Hazard Mater, 2021,
403: 124017.

[13] Z=JE1E. MgO-SiOz-H,0 JiikkfA £ i [ SHL K2 B HIFJE[D]. [ -
HRg TR, 2015,

LI Zhaoheng. Reaction mechanisms and application study of MgO-
SiO-H,0 cementitious system[D]. Guangzhou: South China University of
Technology, 2015.

[14] SCOTT A N, OZE C. Constructing Mars: Concrete and energy
production from serpentinization products[J]. Earth Space Sci, 2018,
5(8): 364-370.

[15] SIMONI M, WOO C L, ZHAO H, et al. Reaction mechanisms, kinetics,
and nanostructural evolution of magnesium silicate hydrate (M-S-H)
gels[J]. Cem Concr Res, 2023, 174: 107295.

[16] BERNARD E, LOTHENBACH B, LE GOFF F, et al. Effect of



53 HH 11 M PN

GRS R BRI MR IR W 8 KA BRI RER K .« 3177 -

magnesium on calcium silicate hydrate (C-S-H)[J]. Cem Concr Res,
2017, 97: 61-72.

[17] BERNARD E, LOTHENBACH B, RENTSCH D, et al. Formation of
magnesium silicate hydrates (M-S-H)[J]. Phys Chem Earth Parts A/B/C,
2017, 99: 142-157.

[18] NIED D, ENEMARK-RASMUSSEN K, L’HOPITAL E, et al
Properties of magnesium silicate hydrates (M-S-H)[J]. Cem Concr Res,
2016, 79: 323-332.

[19] ZHANG T T, CHEESEMAN C R, VANDEPERRE L J. Development
of low pH cement systems forming magnesium silicate hydrate
(M-S-H)[J]. Cem Concr Res, 2011, 41(4): 439-442.

[20] SONAT C, UNLUER C. Development of magnesium-silicate-hydrate
(M-S-H) cement with rice husk ash[J]. J Clean Prod, 2019, 211:
787-803.

[21] FERE Y. AP BE IR AR A ] 5 K AT R B /K JE [D). KGE: K&
HTR2E, 2016.

DU Yannan. Preparation of hydrated magnesium silicate cement with
fly ash instead of silica fume[D]. Dalian: Dalian University of Technology,
2016.

[22] MM, ESLA. WEPE MgO BRI R HE-Fe AR 2 S AR 7327
PEBE S MI0). EEMELAAR, 2018, 35(5): 1288-1297.

CHEN Shuo, WANG Lijiu. Acta Mater Compos Sin, 2018, 35(5):
1288-1297.

[23] HANS WEDEPOHL K. The composition of the continental crust[J].
Geochim Cosmochim Acta, 1995, 59(7): 1217-1232.

[24] DE RUITER L, AUSTRHEIM H. Formation of magnesium silicate
hydrate cement in nature[J]. J Geol Soc, 2018, 175(2): 308-320.

[25] FABzE, FiAN, TR, AR KGR FIBSCA IIREERT ). 4k
IR 5244, 1997, 25(4): 384-388.

LU Zhongyuan, WAN Pu, SU Guanglan, et al. J Chin Ceram Soc, 1997,
25(4): 384-388.

[26] RIM G, MARCHESE A, STALLWORTH P, et al. #Si solid state MAS
NMR study on leaching behaviors and chemical stability of different
Mg-silicate structures for CO, sequestration Chem Eng J, 2020, 396:
125204.

[27] TERRY B. The acid decomposition of silicate minerals part I.
Reactivities and modes of dissolution of silicates[J]. Hydrometallurgy,
1983, 10(2): 135-150.

[28] #hJR, BERAVE, MM, 45, TAbJRER TP mmR M AL I A) B 5 [ Ut
RIVIR[I]. Fifs &8, 2022, 46(5): 652-664.

SUN Qi, HUANG Songtao, YANG Limei, et al. Chin J Rare Met, 2022,
46(5): 652-664.

[29] &=5%, MR, XIBE, 4. FRE LRI K EEAFMIURE]. $RT
FE2A3R, 2018, 18(H4T1] 1): 24-34.

LI Chong, ZHOU Jun, LIU Yao, et al. Chin J Process Eng, 2018,
18(Suppl 1): 24-34.

[301 5%, IR R 3R RRVR 28 A 1] 4% DU K S AL BRI IR BT JE[D]. $3FH:
SR, 2008.

LIU Liang. Experimental study on preparation of manganese chloride
tetrahydrate by leaching rhodochrosite with low concentration waste
hydrochloric acid[D]. Guiyang: Guizhou University, 2008.

[31] CHRISTY A A. Effect of heat on the adsorption properties of silica
gel[J]. Int J Eng Technol, 2012: 484-488.

[B21E#kse, KR, KFT, & wERA RS0 RAAL,
2024, 53(7): 1532-1535.

WANG H, ZHANG Z, ZHANG Y, et al. Appl Chem Ind. 2024, 53(7):

1532-1535.

[33] SONG Q, HE Q, NIE J, et al. The properties of magnesium silicate
hydrate prepared from the magnesium silicate minerals in the earth’s
crust[J]. Building, 2024, 14(5): 1188.

[34] #L/NRE, FIFE. SCT Fe(OH)s WA ML M sSLIa it L[], LEHH,
2004, 25(6): 51.

DU Xiaowang, XIANG Hui. J Chem Educ, 2004, 25(6): 51.

[35] FEAZER. K Fe(OH)s M P MIMERR[D]. 2 RIMIE R 4k (H
SREMEERR), 2001, 7(3): 2.

XUE J. J Anging Teach coll. 2001, 7(3): 2.

[36] LI Z H, YU Q J, CHEN X W, et al. The role of MgO in the thermal
behavior of MgO-silica fume pastes[J]. J Therm Anal Calorim, 2017,
127(3): 1897-1909.

[371 BREW D R M, GLASSER F P. Synthesis and characterisation of
magnesium silicate hydrate gels[J]. Cem Concr Res, 2005, 35(1):
85-98.

[38] MA Y F, LI W W, JIN M, et al. Influences of leaching on the
composition, structure and morphology of calcium silicate hydrate
(C-S—H) with different Ca/Si ratios[J]. J Build Eng, 2022, 58: 105017.

[39] ZHANG S S, LIAO N, LI Y W, et al. M- S-H formation in MgO-SiO,
slurries via wet milling for magnesia based castables[J]. Ceram Int,
2021, 47(8): 10880-10886.

[40] CHABROL K, GRESSIER M, PEBERE N, et al. Functionalization of
synthetic talc-like phyllosilicates by alkoxyorganosilane grafting[J]. J
Mater Chem, 2010, 20(43): 9695-9706.

[41] PARK D G, DUCHAMP J C, DUNCAN T M, et al. Preparation of
forsterite by pyrolysis of a xerogel: The effect of water[J]. Chem Mater,
1994, 6(11): 1990-1995.

[42] WALLING S A, KINOSHITA H, BERNAL S A, et al. Structure and
properties of binder gels formed in the system Mg(OH)~SiO—H0 for
immobilisation of Magnox sludge[J]. Dalton Trans, 2015, 44(17):
8126-8137.

[43] ROOSZ C, GRANGEON S, BLANC P, et al. Crystal structure of
magnesium silicate hydrates (M-S-H): The relation with 2:1 Mg-Si
phyllosilicates[J]. Cem Concr Res, 2015, 73: 228-237.

[44] TONELLI M, MARTINI F, CALUCCI L, et al. Structural
characterization of magnesium silicate hydrate: Towards the design of
eco-sustainable cements[J]. Dalton Trans, 2016, 45(8): 3294-3304.

[45] H M, IR, KRR A ERR BRI WO S5 M (3], Tk IR 5 2
i, 2022, 50(8): 2221-2229.

XIAO Jianmin, HU Yaru. J Chin Ceram Soc, 2022, 50(8): 2221-2229.

[46] MA H Q, ZHANG S C, FENG J J. Physicochemical properties of
MgO-silica  fume
temperatures[J]. J Build Eng, 2022, 50: 104124.

[47] MASSE S, ZANNI H, LECOURTIER J, et al. 2Si solid state NMR
study of tricalcium silicate and cement hydration at high temperature[J].
Cem Concr Res, 1993, 23(5): 1169-1177.

[48] BERNARD E, LOTHENBACH B, CHLIQUE C, et al
Characterization of magnesium silicate hydrate (M-S-H)[J]. Cem Concr
Res, 2019, 116: 309-330.

[49] KUENZEL C, ZHANG F, FERRANDIZ-MAS V, et al. The
mechanism of hydration of MgO-hydromagnesite blends[J]. Cem Concr
Res, 2018, 103: 123-129.

[50] ZHANG J B, ZHANG T T, YUAN C L, et al. Influence of MgO
chemical activity on the drying shrinkage of the MgO-SiO~H,O
system[J]. Constr Build Mater, 2024, 453: 139108.

cementitious materials exposed to high



- 3178 - CHERR 25 2430 J Chin Ceram Soc, 2025, 53(11): 3168-3178 2025 4

Preparation of Magnesium Silicate Hydrate by Dissolving Magnesium Silicate Minerals with
Waste Acid

SONG Qiang?, HE Qian?, NIE Jiao!, SONG Tiantian?, ZHOU Hong?, HU Yaru?!, CHEN Yanxin', DENG Yang®, CHENG Fuan'
(1. College of Materials Science and Engineering Xi‘an University of Architecture and Technology, Xi'an 710055, China;
2. Shaanxi Building Materials Technology Group Co., Ltd., Xi'an 710018, China; 3. Shaanxi Fuping Eco-Cement Co., Ltd.,
Weinan 711709, Shaanxi, China)

Extended Abstract

Introduction Magnesium silicate hydrate (M-S-H) attracts significant attention as an alternative to traditional portland cement due
to its unique properties, including reduced energy consumption during preparation. However, its synthesis typically requires MgO
from calcined magnesite, which undermines the environmental benefits it provides. This study addresses these limitations by
proposing a waste valorization strategy: recycling waste acid to dissolve naturally abundant magnesium silicate minerals (serpentine,
olivine, and sepiolite) for M-S-H production. By combining acid waste management with mineral resource utilization, this approach
not only avoids the energy-intensive MgO production process but also eases the ecological hazards caused by acid disposal.

Methods The experimental involved three key stages: acid leaching, material preparation, and characterization. First, serpentine,
olivine, and sepiolite were subjected to dissolution in a mixed waste acid solution (HCI: 6.20 mol/L, H2SOs: 7.77 mol/L) at 90 °C for
3 h under continuous mechanical agitation. The solid-to-liquid ratio was maintained at 1 : 5 for acid leaching. After leaching, the
insoluble residues (mainly amorphous silica) were separated with a centrifuge (Thermo Scientific ST 16R). The obtained residues
were washed ultrasonically with deionized water 5 times to remove residual acid. Subsequently, the residue was dried in a vacuum
drying oven at 50 C for 24 h. The acid-leached filtrate was added into a 10 mol/L NaOH solution, with real-time pH monitoring until
reaching pH 11.5. The obtained suspension was left to settle at room temperature for 24 h. The white flocculent precipitate was
collected by vacuum filtration and dried at 100 ‘C for 24 h to obtain Mg(OH)2-rich powder. The dried residue was mixed with
Mg(OH)2 powder at a ratio of n(SiO2) : n(Mg0)=1.0 : 1.4, and blended with water with a water-to-solid ratio of 1 : 2 to form a paste.
The paste was sealed in glass tubes and cured in water baths at 20, 50 ‘C, and 80 °C for 3, 7, 14d, and 28 d, followed by vacuum
drying at 50 C for 24 h prior to characterization. Mortar samples with the same residue-Mg(OH)ratio were tested for compressive
strength, fluidity, and drying shrinkage according to Chinese national standards.

Results and discussion  The residues contain 89%-96% amorphous SiOz, and Mg(OH)2 precipitates exhibit 96% purity. Promoting
curing temperature significantly accelerates M-S-H formation. At the same age, the diffraction peak of Mg(OH)z2 is lower in samples
cured at higher temperature. TG curves reveal 3 distinct mass loss: 50-350 C (loss of physically bound water, Aw1), 350-450 ‘C
(Mg(OH)2 dehydroxylation, Awa), and 450-750 ‘C (Si—-OH dehydroxylation, Aws). The Amz content decreases with age and elevated
temperatures, indicating accelerated Mg(OH):2 reaction. A linear relationship between Amzand (Awz+Aws) is established. A decline is
observed in the slopes of fitting line, from 0.96 (20 C) to 0.80 (50 ‘C) and 0.76 (80 “C), which indicates that the contribution from
unreacted Mg(OH)2 decreases while the formation of M-S-H is promoted with increasing temperature. The broadening and
intensification of the exothermic peak near 850 ‘C (M-S-H recrystallization) in the DSC curve indicate enhanced maturation of
M-S-H with increasing curing temperature. 2°Si NMR spectra indicate elevated curing temperatures reduced the relative content of Q?,
confirming enhanced polymerization of silicon-oxygen tetrahedra in M-S-H phases, though infinite chain structures were not formed.
The diminished Q3 signal (corresponding to talc-type 2 : 1 layered structures) indicated a gradual decline in “transitional” M-S-H
(Mg/Si = 0.9-1.1), while increased Q% (serpentine-like 1:1 layers) reflected accelerated alignment of Mg/Si ratios with the raw
material's composition (1.4). M-S-H gels form via Mg?*/HsSiO4~ polymerization into Q%Q? networks with minor Q*, accelerated by
elevated temperatures to yield serpentine-like layer structure. The M-S-H mortars demonstrated remarkable early strength (12-18
MPa at 3 d). This was attributed to the high reactivity of amorphous SiO2 and the rapid dissolution of Mg(OH).. After 28 d,
compressive strength reached 40 MPa at 80 ‘C. The mortar exhibited superior fluidity (157-181 mm flow diameter) without any
superplasticizer, enabled by 28%-32% moisture in residues. However, excessive drying shrinkage was observed.

Conclusions The mixed waste acid effectively dissolved serpentine, olivine, and sepiolite, yielding Mg(OH)2 (=96% purity) and
SiOz-rich residues (>89% SiOz). The polymerization degree of silicon-oxygen tetrahedra in the resulting M-S-H phases increased with
rising curing temperature (from 20 ‘C to 80 ‘C) and extended curing time (from 3 d to 28 d), leading to the formation of
serpentine-like layered structures. The mortar exhibited high early strength (12-18 MPa at 3 d) and reached 40 MPa at 28 d, which is
attributed to the high reactivity of silica residues and rapid dissolution of Mg(OH)2. Although the inherent moisture in the residues
and the absence of water consumption by Mg(OH)2 contributed to excellent fluidity without adding superplasticizers, this
combination still causes significant shrinkage.
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