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Analysis of Hydration Kinetics in Ferrous Extraction Tailing of Nickel

Slag—ordinary Porland Composite Binder System
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Abstract : Ferrous extraction tailing of nickel slag (FETNS) is the secondary tailings of ferronickel slag (FNS)
after ferrous extraction treatment. This paper tests the hydration heat of the FETNS-original portland cement
composite binder system using isothermal conductive calorimetry and constructs a hydration kinetics model using the
Krstulovic=Dabic model. Both macroscopic and microscopic methods are employed to investigate the basic
properties, reaction products, and element leaching of the composite binder system. The results indicate that the
hydration kinetics model can accurately reflect the impact of FETNS on the hydration reaction. The incorporation of
FETNS reduces the reaction rates and extent of crystal nucleation and growth, phase interface reactions, and

diffusion during the hydration process. The addition of FETNS decreases the leaching of reactive elements, delays
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the setting of the composite binder system, inhibits the formation of hydration reaction products, increases the

content of harmful pores in the system s internal structure, and significantly reduces the early compressive strength.

Key words: ferrous extraction tailing of nickel slag; waste management ; hydration reaction ; cement ; mechanical

properties
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Tab.1 Mix proportion
%5 K% FETNS/% IK1% KB LE 1%
FO 100 — 30 0.3
F10 90 10 30 0.3
F20 80 20 30 0.3
F30 70 30 30 0.3
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TEARAE IR, U T 0~4 CHY VKA 28 -1,
EL & e szt . A 2B R 4l K Ye i R A sk K
HICE T 60 “CHEF 44 24 h, 1T XRD 23047 .
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T4 % 4 20 °C/min.
1.2.5 sL&HmlaX

F AR A% R 2 43 B3 (LF-NMR) 730 A7 &2 45
SR IR 0 AL B A5 AL, R 95 N A 35 A W) Me-
soMR23-060-1 %37 4% i Je 41 3 B AN, Kk s 1A 1 3 54
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PRI, FETNS B 2, B A IREEA R NS 57
WK A 5 7 5 A TRCAR B 3% e 2L B/ 1) B
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Tab.2 The induction period and acceleration period
duration of FO~F30

%' T/h T,/h Ty/h T,-T/h T,-Ty/h
FO 3.01 4.42 1171 1.41 7.29
F10 3.13 4.91 12.27 1.78 7.36
20 3.00 4.81 12.21 1.81 7.40
F30 3.09 4.92 12.34 1.83 7.42
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Tab.3 Hydration kinetics parameters of composite
binder system with different FETNS contents

H5 K| K; K} a, @, a-a
FO 254 00357 0.00704 000091 0.102 0.164 0.062
FI0 221 0.0277 0.00697 0.00106 0.101 0231 0.130
F20 194 0.0266 0.00663 0.00089 0.092 0.225 0.133
F30 111 0.0261 0.0580 0.00082 0.075 0221 0.146
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Fig.7 Hydration reaction rate fitting curves under different FETNS contents
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Fig.9 XRD pattern of filter residue after 1 440 min leaching
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Fig.10 Macroscopic properties of FETNS-OPC composite

binder system

KW FETNS [ 5 0 16 PEAAR . 24 FETNS 810 =
INTF10% B, FEX 5 G e 2R 1 7K Ak 1 5 i A
AN CHBRER KT 20% J5 , 1A R i 1 243 B
D AR ZR R 7R AR N TR RRAIG, RS s ] 4R

KI10(b) A E G W EEAR RAEFRY 3.7 F1 28 d i)
AP SR . i & 10(h) vl AL, B FETNS Bt & 1Y
B, A B R AE 3 AN U A0 BT 5 1 ) e B
HORTRIRRBE B9 R . 3297 3 d i, F10 . F20 Fil F30 A9 9T
T 5% JF 458 FO 43 591 F B 9.36% . 33.33% F1 52.43%. 33
P17 A, F10,F20 F1 F30 BI470 T 50 B 558 FO 43 T B
—0.25% .20.49% F129.16%. 324 28 d i, F10,F20 Al
F30 1Yt 58 FE 55 FO 43 50 T B 9.79% . 13.00% Fi
16.69%. Ht & 5 i 11 50 45 3R R B FETNS fY 5.
RN IE RN . 24 FETNS B Ui K T 20% ), e
TR B 0K Ak B g AR B A1, A I I Ca(OHD .
IKACRERR 55 (C—S—H) 54 (Aft) KoK AL RERR R
515 (C—A—S—H) /K Ak ™ ) 0850 W] i i b . 34



559 ) RS T G B R — 2 e R R K TR A TS TR R K AL BN 12 207
28 dJ5 F30 WL IR EEL FO H R T 16.71%, %W WL H N S AW S5, R 28 S 4 ) an 1] 11 & 12

B & 7 B i 90 2E K, K AR R AR R TR B 1Y
Ca(OH),, % T FETNS A4 52 15 1 .

L B[R] R0 R 5 B i B0 45 S 3 2 B FETNS
(1)U 52 17 6 1 AR, BB IE T 7K Ak 8l 1 24 1R 43 B 45
W BRILZ AN, FETNS R HLH T 8 1 19 5 190 5 10 33
P, 2 R SEBR N H o6 LT R R R BRI
FETNS [ 8 N 10%.

2.4 RS

KT 2 RUE 2.3 1 6 B A R EEAR R ok Ak
FR =) R SR s/ RS AR, I TG-DTG A1 LF-
NMR F-E, B0 3240 28 d Jn B2 & IR & iy
IKA B 7 ) AN AR AL B o3 A 15 O, R SEM

100
95
Sl
K
R\E_\:
I
= 85
80
75 1 1 1 1
0 200 400 600 800 1000
T/
(a) B AR e R I 22
FO =-m=e=e= F10

DTG/(%-min™")

E 13 Fs .

P 11 () AT %0, URE A DTG #2624 B 34
R W AR | 43 ) 3 N C—S—H A A4 58 2 I K i
(50~200 °C) . Ca(OH), 1Y 4 fif I (350~450 °C) Fll
CaCO, 4 Ji H2 451 2k 14 (600~800 “C)™". i 7E & 11 (a)
B R O R 2R AE 50~200 CHY BRI E T
TR R PR ARAL = G & i Hod  FO U F10 . F20 AT F30
FE I IR RS B R R R A O 7.73%
5.711% .5.19% F14.21% , = WA 52 A BB AR 2 b AR il
IKAR R P2 4 6 B e FETNS 548 5 19 184 hn i v/
R4 & AR 22 (%) 2 N PEBE FETNS 348 i i 3 i
M FEAIR

0.5

0.0

-1.0

CaCO,JF H: 5 R0

a0k Ca(OH), 3 fif i
(:—S—Ilﬂ%’sﬂ’iﬁmkﬂ:% .
0 200 400 600 800 1000
EEIC
(b)DTG Hi2k
-=== F20 F30

A 11 FETNS-OPC & & #4Rk & 69 TG-DTG th 2%
Fig.11 TG-DTG curves of FETNS-=OPC composite binder system

KART R FLB A 4 Fh 2. L EAL (FLiR<
20 nm) /> E AL (FLF2 K 20~50 nm) A EFL(FLEEH
50~200 nm) F1 £ FFL (FL4£>200 nm). (& 12 7] %1,
Bl % FETNS B A& B0, 26 BB R N T F
LR F LAY & ] b A E LR 2 E AL
TR . i TG IR A5 A AT A, 2 FETNS B Qi
A I R R AR B KA D, IF HoR T FETNS
(KL EE R T OPC, LR RIS N5 0 948 & R
FURCN DS . AR T PR AR R PN ) S
AL S5 SR J0 1k 70 o Ab , S B E LM A E AL
(gD A EALM 2 E L S B .

€13} FETNS-OPC & & I 1k R 76 28 d #% 3]
PITEOTE A . FR & 13 AT, 24 FETNS A9 85 A8 /)N

20

0~20 nm
20~50 nm
50~200 nm
> 200 nm

17.784

16.656

14.522 5

FLBR /%

%'
B 12 FETNS-OPC Z &M B4k & a9 LI A
Fig.12 Pore distribution of FETNS-OPC composite

binder system



208 PN S QRS )

2025 4F

I, 5245 JE R AR 2R 1) o 3 T FE AR B C—S—H BE I
BEAE , AR LT8R SR ORE , B ARLAT 4778 TR 1
i B (4 FLR HR . Bt FETNS B4R A 38 i, 3 5 %
THT A S5 UKL | 255 B LI i W] i 19 22, 2354 7 5
BER B, FUCGR BT FETNS AR g inam ) 1725
JE BT 2R R K A S

(c)F20 ()F30
B 13 FETNS-OPC 5L &S0k £ 2 28 d i 1 69 LT
Fig.13 The micro-morphology of FETNS—-OPC composite
binder system at 28 d

3 &R

AR S AE A S i AR S SRl T 2 A
FETNS-OPC & 4 i & 14 5 119 7K AL F4F Krstulovie—
Dabic 51, g 7 KAk 8l 1 # R o H7 B2 e R 3R
B LK AL S R et 3 s 2 I i R R
LT BEHR T A A IS BE R 2 1 1k BB AR Ak S LR, H 32
BRI -

1) 45 A% T k45 L3R W] FETNS 9 5L 2
N6 AR . B FETNS 2240 & A9 38, FETNS-
OPC 4 I BEAAR 2 9 5 ORI ) A 4 i Ak
A T R R R KA R N R B R B R R .
4 KD AR 43 47 & B, FETNS X &2 45 I 1k &
KAE B Y NG 1. D By B 347 A= 52 0 . FETNS
R B 38 IR T NG TR D [ B 14 52 I 88 356 1

Vi FEE .

2) % IR T, B FETNS B U g, 524
JEEEVR 2 Si L Ca  ALTT R BY% & N FE, I8 XRD
KL Ca(OH), FYATT 5 0 I 5 B AT , 2 B FETNS (1)
B T 52 A AR R KA RN, KA Eh T
SO HTAE R

3) 5 A SRR 2 e S I I Bt 5 FETNS 40 4
(A3 T ZE K | F1O F20 A1 F30 (149 BE 5 (3] ¢ FO 43
FIHER 5.19% . 20% F1 28.52%. 45 WEEEA R 7E 34
WS T B 8 A4 B 5 FETNS A 2k 14 18 Jon i ¢ 3R
R [ RR B 0 R B, LI — B 42 7 1 I o i
3 d I F30 42 FO A BT B FE T [ 52.43%. Fifi G 5%
PRI A IE K, FETNS 2 B — %2 A0 )5 301 52 R 64
28 d ¥ WIET F30 388 FO BB H 38 B T B 16.71%. TG—
DTG F1 LF-NMR &5 3£ B, FETNS i A5l 7 &
B IEEER Z KA = W 1 2 BRI T A 3R N R 4G
A 1 285 S

S 3Lk

(1] FEmEn, 2B, PR, S5 Tl AR 539 703 B A6 45

B i R WE Y 5 TR B[ ). Bk R R 38 4, 2019, 38(11) -
3456-3464.
WANG X L, LI Q Y, CHEN S C, et al. Application research and
prospect of industrial soild waste in new building materials [J] .
Bulletin of the Chinese Ceramic Society, 2019, 38 (11) : 3456—
3464 (in Chinese)

[2] YANGSZ,YAO X L,LIJ W,etal. Preparation and properties of
ready—to—use low—density foamed concrete derived from industrial
solid wastes[J]. Construction and Building Materials, 2021,287:
122946.

(3] AE RN IRV, 55 R a BRI S 2 B S B b

BHOTEFEHERE (T ], AR B2E4R , 2023,44(8) : 16-33.
CUL Z Y, LIANG L S, QIAO J Y, et al. Research progress in
preparation of new glass materials from metallurgical solid wastes
[J]. Transactions of Materials and Heat Treatment, 2023 ,44(8) :
16-33. (in Chinese)

[4] FU Y, QIAO H X, FENG Q, et al. Review of new methods for
resource utilisation of electrolytic manganese residue and its
application in building materials [J]. Construction and Building
Materials,2023,401:132901 .

[5] LIJJ,YILMAZ E,CAOS. Influence of industrial solid waste as

filling material on mechanical and microstructural characteristics



593

RE T8 B Pk R i — 5 Tl IR R K Y 5 5 I BEMR R K AL 3l g 27

209

(7]

[10]

[11]

[12]

[13]

of cementitious backfills[J]. Construction and Building Materials,
2021, 299: 124288.

T2, ALY, XURMA. A 5 5 DK SR A R S P
HIPFIRLI]. FEFURER, 2024, 27(10): 922-930.

SHI L Y, KUANG J Z, LIU S B. Review on potential and
mechanism of supplementary cementitious materials prepared by
tailings [ J ]. Journal of Building Materials, 2024, 27 (10) : 922—
930. (in Chinese)

SKIBSTED J, SNELLINGS R. Reactivity of supplementary
cementitious materials (SCMs) in cement blends[J]. Cement and
Concrete Research,2019,124:105799.
BG5S TTIRBER R R AR B
YRR BT ], MR, 2022,36(12) : 97-104.
WANG J B,HOU Z Y,ZHANG K F, et al. Experiment research
of mechanical properties on recycled aggregate concrete with
multiple cementitious materials system [J]. Materials Reports,
2022,36(12):97-104. (in Chinese)

LR, o L AREDE, 5E . RINBCBER X AL K e AR S5 &
AE TR EER ], M S, 2018, 32 (K ) 1) -
469-474.

MA H Q,YIC,ZHU H G, et al. Effect of auxiliary cementatious
materials on the hardened cement paste chloride binding: an
overview[J]. Materials Reports,2018,32(Sup.1) : 469-474. (in
Chinese)

ST, IV AIBRIR S ARV A R T SRR R
FEPERENITIT ). AR, 2024, 27(10) : 946-954.
SHI J X,SUN X H,ZHOU L B, et al. Fabrication and performance
of mine filling materials derived from red mud based full solid
wastes[ J]. Journal of Building Materials,2024,27(10) : 946-954 .
(in Chinese)

R 110, RS, G AR L SRR BER A R A UK
AR RERT TS BUR AT (] Bk B 222441, 2024, 9(4)
573-585.

HAO J S,ZHOU Z H,CHEN Z H, et al. Review of hydration and
hardening properties of steel slag in mine filling cementitious
materials[J]. Journal of Mining Science and Technology, 2024,
9(4): 573-585. (in Chinese)

P53 TR R 1B, 56 AR SRR L A A v K R e g~k
RES5 BORTE SR RE e )] . A Mkl 2024, 41(12)
6826-6843.

FU Y, QIAO H X, FENG Q, et al. Effect of steam curing

conditions on mechanical properties and microstructure of

electrolytic manganese residue cement mortar[J]. Acta Materiae
Compositae Sinica, 2024, 41(12): 6826-6843. (in Chinese)
ZE/NUL, TR, T E L B SRR AT BULIR Bk e Ry

Brig]. RH24R,2017,31(5) :100-105.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

LI X M, SHEN M, WANG C, et al. Current situation and
development of comprehensive utilization of nickel slag [J].
Materials Reports,2017,31(5) : 100-105. (in Chinese )

FAN W L,PENG Z W, XIANG C J,et al. From waste to wealth:
converting ferronickel slag to MgO-AL,0,-SiO, castables [J] .
Ceramics International , 2024, 50(1): 94-104.

KURNIATI E O, PEDERSON F, KIM H J. Application of steel
slags, ferronickel slags, and copper mining waste as construction
materials: a review [J]. Resources, Conservation and Recycling,
2023,198:107175.

WU Q S, WU Y, TONG W H, et al. Utilization of nickel slag as
raw material in the production of Portland cement for road
construction[J ]. Construction and Building Materials,2018,193:
426-434.

DOURDOUNIS E,STIVANAKIS V,ANGELOPOULOS G N, et al.
High—alumina cement production from FeNi-ERF slag, limestone
and diasporic bauxite[J]. Cement and Concrete Research,2004,
34(6):941-947.

PENG Z W,TANG H M, AUGUSTINE R, et al. From ferronickel
slag to value—added refractory materials: a microwave sintering
strategy [J]. Resources, Conservation and Recycling, 2019, 149
521-531.

LEE JI,CHOL S J. Effect of replacement ratio of ferronickel slag
aggregate on characteristics of cementitious mortars at different
curing temperatures[J]. Case Studies in Construction Materials ,
2023,18:e01882.

BAO JW,YUZ H,WANG L C,et al. Application of ferronickel
slag as fine aggregate in recycled aggregate concrete and the
effects on transport properties[ J]. Journal of Cleaner Production,
2021,304:127149.

NURUZZAMAN M, CASIMIRO C J O,SARKER P K. Fresh and
hardened properties of high strength self-compacting concrete
using by—product ferronickel slag fine aggregate [J]. Journal of
Building Engineering,2020,32:101686.

KOMNITSAS K, ZAHARAKI D, BARTZAS G. Effect of sulphate
and nitrate anions on heavy metal immobilisation in ferronickel
slag geopolymers[ ] ]. Applied Clay Science, 2013, 73: 103-109.
KOMNITSAS K, ZAHARAKI D, PERDIKATSIS V. Effect of
synthesis parameters on the compressive strength of low—calcium
ferronickel slag inorganic polymers [J] . Journal of Hazardous
Materials, 2009, 161(2/3) : 760-768..

TEHIF ATERR, RICIE, 5. CO, MRBUTBO Bl & 45 K e
0 3 i B A P RE 1 5 e [0, UM RE 4 3R L 2022, 25(11)
1109-1114.

WANG X F, HE H S, WU W D, et al. Effect of CO, volume

fraction on carbonation resistance of alkali-activated nickel slag



210

PN S QRS )

2025 4F

[25]

[26]

[27]

[28]

[29]

[30]

[31]

cement mortar[J]. Journal of Building Materials, 2022,25(11) :
1109-1114. (in Chinese)

HUANG Y D, WANG Q, SHI M X. Characteristics and reactivity
of ferronickel slag powder [J]. Construction and Building
Materials,2017,156:773-789.

CHOI Y C, CHOI S. Alkali-silica reactivity of cementitious
materials using Ferro—nickel slag fine aggregates produced in
different cooling conditions [J]. Construction and Building
Materials,2015,99:279-287.

CHI'L,LU S,LIZ M, et al. Recycling of ferronickel slag tailing in
cemenltitious materials: activation and performance[ ] ]. Science of
the Total Environment, 2023, 861: 160706 .
WANG D Q, WANG Q, ZHUANG S Y, et al. Evaluation of
alkali—activated blast furnace ferronickel slag as a cementitious
material : reaction mechanism, engineering properties and leaching
behaviors [J]. Construction and Building Materials, 2018, 188:
860-873.

HUANG Z X, WANG Q, LU J M. The effects of cations and
concentration on reaction mechanism of alkali-activated blast
furnace ferronickel slag [J]. Composites Part B: Engineering,
2022,236:109825.

MEIBOOM S, GILL D. Modified spin—echo method for measuring
nuclear relaxation times [J]. Review of Scientific Instruments,
1958,29(8) :688-691.

FERNANDEZ-JIMENEZ A, PUERTAS F. Alkali-activated slag

cements: kinetic studies [J]. Cement and Concrete Research,

[32]

[33]

[34]

[35]

[36]

[37]

[38]

1997,27(3): 359-368.

CARON R,PATEL R A, DEHN F. Activation kinetic model and
mechanisms for alkali-activated slag cements [J]. Construction
and Building Materials, 2022,323:126577.

MA Y,ZHANG B B,LIN Y T, et al. Effect of nickel slag on the
basic tensile creep of alkali-activated slag/nickel slag mortars[J] .
Construction and Building Materials,2022,351:128778.
BAIS,GUAN X C,LI H, et al. Effect of the specific surface area
of nano-silica particle on the properties of cement paste [J] .
Powder Technology ,2021,392:680-689.

HAN F H,ZHANG Z Q,WANG D M, et al. Hydration kinetics of
composite binder containing slag at different temperatures [J] .
Journal of Thermal Analysis and Calorimetry, 2015, 121 (2) :
815-827.

HAN F H, ZHANG Z Q, LIU ] H, et al. Hydration kinetics of
composite binder containing fly ash at different temperatures [J] .
Journal of Thermal Analysis and Calorimetry, 2016, 124 (3) :
1691-1703.

ZHAI M Y,ZHAO J H, WANG D M, et al. Hydration properties
and kinetic characteristics of blended cement containing lithium
slag powder [J]. Journal of Building Engineering, 2021, 39:
102287.

ZHANG H M, LI Y L, LI W C,
In(OH),@GO with high surface roughness and its effect on the

et al. Preparation of

hydration performance, microstructures and mechanical properties
of cement composites [ J]. Cement and Concrete Research, 2023,

173:107306.



