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Abstract: To achieve high-value utilization of titanium-bearing blast furnace slag( TBBFS) , this study

employed high-calcium content TBBFS as a calcium source, oxalic acid as an acid activator, and borax
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as a retarder to prepare slag-based calcium oxalate cement(COC )via an acid-base reaction. The effects
of the mass ratio of TBBFS to oxalic acid [m (TBBFS)/m (OA) ] and the retarder dosage on the
mechanical properties and hydration process of COC were systematically investigated. The results
showed that at a m (TBBFS)/m (OA) ratio of 6 and a retarder dosage of 0.5%, the prepared COC
exhibited an initial setting time of 11.32 min and compressive strength of 27.05 MPa (28 d) ,
demonstrating both favorable workability and mechanical performance. The main hydration products
were identified as CaC,0,+2H,0 and amorphous silicic acid/silica. The hardening mechanism involves
a multi-step synergistic phase-formation process. First, the acidic environment created by the
dissolution of oxalic acid promotes the release of Ca* and SiO,> ions from calcium silicate. These ions
then react with oxalate (C,0,” ) and hydrogen ions (H") to form the primary binding phase (CaC,0,*
2H,0) , while the resulting amorphous silicic acid or silica gel contributes to toughening and pore-
filling. Meanwhile, chemically inert calcium titanate (CaTiO,) particles are uniformly distributed
throughout the matrix, functioning as reinforcing micro-aggregates. This hierarchical composite
structure achieves a synergistic enhancement in strength, toughness, and durability through the orderly
formation and cooperative interaction of different phases at the microscale.
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Table 1 Chemical composition of titanium-bearing blast furnace slag( TBBFS)
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Fig. 1 XRD pattern of TBBFS
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Fig. 2 Effect of different m(TBBFS)/m(OA) on

heat release rate and cumulative heat of hydration

SRR AR LR IR IS 0 SCHE . SR, 24 m(TBBFS)/
m(OA)VE— R 2 7: 1 [ 8: 1,28 AR 43 )
F% 25 22.45 F117.35 MPa. H 3= 2L Al 15 45 4 I8
BEAAE B UL o MR TR L S A A IR, A PR
) C,0,7 Toik 5w H Y Ca® 78 40 I I A= 2 6 22 1)
CaC,0, 2H,0 IR BEAH . HOCHH K AL 7= W) A vl /b
Joik AR RN Y TBBFS kr S 4IL 2 08 1 i 45 1, 5
HOMR SR L. BT Bk, M RIE R
53 B R B N LA B2 5t R K A= 40, R B R A
FE IO EE A , 8 € m (TBBFS)/m(OA)=6:1, LA#fi
AT RRAT S DL B 1241 B

2.2.2 ZEA B COC 4L R 3% & Fo ik 45 B 18] 49
%ot [E%E m(TBBFS)/m(0A)=6:1,/KIKt 4 0.15,
LB (BX) B84 COC-6 1 He k45 i a] 5 it
JEBRJE IR, S5 50N E 3b i . FEE BX B (w)
M 0% 38 28 3%, FELSINE] B 7.2 min ££K % 20.5 min,
M BX B (w)h 0.5% i, COC IR HL 4515 138 14 15 5]



XX

XUARH, A5 W R A R A /K YR P AR S L RN ML 5

(a) A Em(TBBES)/m(OA)R COCHL I #2 FE i 50
30

I l3d 27.05
251 W74 2245
F 254
£ 201 I 1735
J§ 15 1406 | I I
o I I
1 I
2 101 I I
6.15
T I
‘il I
" |‘. AUINRTINAN Y
COC-4 COC-5 COC-6 COC-7 COC-8

(b) ZREFB B X COC-67 5 e gk 45 i 1A Fr) S i

304 F 13d L 24
1 il I FA7d 5,
254 F 1284d .
! L
< 1736,/ g
& 20 I g
= I il . 15.44 J 1 Llie =
% 154 14 |9 =
2 1 I 1 &
=] bl
B 104 1 1134 F12
3 . I, I, T,
q, -8
: I ' 3I.0

00 05 10 15 20 25
w(BX)/%

K13 m(TBBFS)/m(OA) 5ZEHEERE H XS
COC B[R 58 3 K BB 25 11 [B] 1) 52 1)
Fig. 3 Effects of m(TBBFS)/m(OA)and retarder dosage on

compressive strength and setting time of COC
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Fig. 4 XRD analysis of COC prepared with
different m(TBBFS)/m(OA) and phase evolution
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(a) SEMEI4

+
WA 2(A2)

F(d) Ti

El7 COC-6(/SEME% K Si. Ca, Ti. O. CICEKEDS i
Fig. 7 SEM image and EDS elemental distribution of Si, Ca, Ti, O, and C in COC-6

PR K BE Z I B A Al 7 B O B RE R BE I 2.4 EEALANIEE

(= HIH4EE,2022) o 7RSI R B B, RERR S % FT ERESR R o b, I L R B K T fr) A
7E TBBFS FURL 4 2 11 AR 32 20l , BB b g AR BILRI nT Rhad i P 8 RSS2y in DAL RE o 72 S 400 o
T PR T I v T B N A8 T R TR RIBG Jis rE Ak m h BBE, OA TR R IR I/ i . 2 TBBFS M0k, fff 2
Pl FERINZIEIN T o e MR B, L, b HH 5 G0 (BRO) . fEmIEH5E T, TBBFS 1
JZ P P DR R f B F8 5 B i 1Rk A (o A0 ) i R TR HH Ca™ 5



8 iRz (HARHERR H3E30)

XX &

#2  COC-6Ff b FF1iE 7 H (1) EDS 43 #7

Table 2 EDS analysis at characteristic locations

of sample COC-6 w/%

JLHR Al A2 A3 A4
C 8.75 9.31 16. 77 8. 44
47. 04 46.5 49. 34 55.59

Mg 0.13 5.00 4.92 1.51
Al 0. 65 6.11 5.16 1. 80
Si 0. 00 23.70 11. 61 2.52
Ca 20. 74 5.67 6.01 14. 08
Ti 22. 46 3.25 5.54 14. 69
Fe 0.24 0. 46 0. 65 0.00
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Fig. 8 Schematic diagram of the COC hardening mechanism



XX

D UPNE I P B SN 3 Y Ny s 9 R 9

B i TR h A VA i R Ca** 5 Si0,, #E T 4> B 5
C,0," B H' R I, 5E Ja A2 WA A 32 8 7R 3 4 i)
R 45 7K &) (CaC,0,-2H,0) Al LA 144 5 42 75 18 1
BTG E TG RERS — AL REBERS . [, A2 M A Bk
1% 55 (CaTiO N fF R A BHE 51 23 A T 3 ik v, 2 5

SE 3k

BABE, EH, TR, A5, 2023, BE UK BEM RHE 25 5 432 K
MALER R firf ANERELY ] 07 MRk 22412, 8 (6) - 856-867.

AT A%, 2025, 35 BRE pr s v BR IR 4 20 B A OC Y SE AL W5
(D] bt U B R

AR, 2019, 5 i R AR B R fb A BB M R o SR
X4 Jm AL SR D] BB BB TR

221 TF, sk, I, 45,2022, 36T MICP s HERY ) N s U
XK U A A3 B R ORI [T ], v il R 224l ( A SRR
SRR (RE30) ,61(4) : 133-141.

EHIFLT RS, 2016, —Fhl it FL Bk 22 F iR 2h1b 27 58 5 b1kt
JH I : CN106007430A[P]. 2016-10-12.

E I RAE, 2018, — Rt B4k 27 5 5 FORR Eh B R 0 Pl
KN FH:201810156911.1[P]. 2018-02-11.

FDUT XU IR R, 2003 15 7 35 1 5 Sk B R X
BRI PERE RS2 (B3O [T il R =22 (A R
FHERR) ,42(S1) : 107-110.

BEAAS BT, A L 2007, 5 Be 2k 5 by BRI Xt 7K Y A4 11
T3 R AP RE B2 AT (9530 [T ] v Ll R 22 4l
(FASRBLFEM) , 46(S1): 91-92.

WeE, A F, Bt A, 2010. = B W K YR 52 5 I BERT RHA
R ARAAUVRBITFE [T ] AT A BBl , 27(3) : 54-58.

AMBARD A J, MUENINGHOFF L, 2006. Calcium
phosphate cement: Review of mechanical and biological
properties[ J]. J Prosthodont, 15(5): 321-328.

HUANG X, WU H, LU D, 2021. Preparation of novel chemi-
cally bonded ceramics with steel slag and potassium
hydrogen oxalate[J]. ] Hazard Mater, 403 : 124042.

JINGJ F, GUO Y F, WANG S, et al, 2022. Recent progress
in electric furnace titanium slag processing and utiliza-
tion: A review[J]. Crystals, 12(7): 958.

LIU Y, KUMAR S, KWAG J H, et al, 2013. Magnesium
ammonium phosphate formation, recovery and its appli-
cation as valuable resources: A review [J]. J Chemical
Tech & Biotech, 88(2): 181-189.

LUO Z, MA'Y, HE H, et al, 2021. Preparation and charac-
terization of ferrous oxalate cement—A novel acid-base

cement[J]. J Am Ceram Soc, 104(2): 1120-1131.

Py BRI SRAE ] o X — W 2R - S P AL T — 1 A
FUHY 22 G A A G A AR AR ROV TR A
Fe It 5 B B Im] , S0 1A RL R B D S T A
PR [R5 52 1, BT 7K PR 5 19 72 W 7~ P g
HRWBEEN.

MA H, XU B, LI Z, 2014. Magnesium potassium phosphate
cement paste: Degree of reaction, porosity and pore
structure[ J]. Cem Concr Res, 65: 96-104.

ROY D M, 1987. New strong cement materials: Chemically
bonded ceramics| J]. Science, 235(4789): 651-658.
SANDERSON P, NAIDU R, BOLAN N, et al, 2015. Chemi-
cal stabilisation of lead in shooting range soils with phos-
phate and magnesium oxide: Synchrotron investigation

[J]. J Hazard Mater, 299: 395-403.

SCHUMACHER M, REITHER L, THOMAS J, et al, 2017.
Calcium phosphate bone cement/mesoporous bioactive
glass composites for controlled growth factor delivery[J].
Biomater Sci, 5(3): 578-588.

WAGH A S, 2016. Chemically Bonded Phosphate Ceramics:
Twenty-First Century Materials with Diverse Applica-
tions: Second Edition| M ]. Oxford, UK: Elsevier:35-49.

WILSON A D, NICHOLSON J W, 2005. Acid-base
cements: Their biomedical and industrial applications[M].
Cambridge, United Kingdom: Cambridge University
Press:203-205.

WUF, SUJ, WEILJ, etal, 2008. Injectable bioactive calcium—
magnesium phosphate cement for bone regeneration [J].
Biomed Mater, 3(4): 044105.

XIAWY, FENGY S, JINF, etal, 2017. Stabilization and
solidification of a heavy metal contaminated site soil
using a hydroxyapatite based binder [J]. Constr Build
Mater, 156 199-207.

XU B, MA H, HU C, et al, 2016. Influence of cenospheres
on properties of magnesium oxychloride cement-based
composites[J]. Mater Struct, 49(4): 1319-1326.

YE Q, ZOU L, LU M, et al, 2025. Pyrometallurgical extrac-
tion of titanium from titanium-bearing blast furnace slag:
Recently development and prospect[J]. Miner Eng, 234:
109734.

Z0OU J, LIU Z, GUO Q, 2023. Comprehensive utilisation of
blast furnace slag[ J]. Can Metall Q, 63(3): 927-934.

(REHE K k)



