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Effect of Water-Binder Ratio on Early Reaction Kinetics of Alkali-Activated Slag

ZHANG Zhaorui, JIN Zugquan®, LI Ning

(School of Civil Engineering, Qingdao University of Technology, Qingdao 266520, China)

Abstract: To investigate the effect of water-binder ratio on the early reaction kinetics of alkali-activated slag, 'H

low-field nuclear magnetic resonance was used to measure the transverse relaxation time of the slag slurry in the first

3 d of alkali-activation and the relative content changes of water in different states. *Si magic-angle spinning nuclear

magnetic resonance, isothermal calorimetry, thermogravimetric analysis and Fourier transform infrared spectroscopy

were used to reveal the reaction mechanism of slag alkali-activated at the early stage. The results show that the

transverse relaxation time of slag slurry under different water-binder ratio conditions decreases gradually with the

alkali-activated reaction, and the movable water is gradually transformed to immovable. After 3 d of

alkaline-activation, the high degree polymerization of alkaline-activated products increases with the increase in

water-binder ratio. [ AlO,]” tetrahedra increase the degree of polymerization and linkage of [ SiO,]* tetrahedra.
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ARFL I EAE

H A, LF-NMR 32 R AF 5 G & 77 R 26 5 8
BB K s 0T O B T 2 B R ) T AS R K R
Fb T B i L B B ) 2 B I 90 R AR
Cong 45" i i LF-NMR # R #f 52 T NaOH 5
Na,SiO, 7 W R0 5 1) Y 300 68 205 A Ak o 72, D L
Oy R0 oy N A5 S L B RAE 4K 4 A4S B B . Zhang
SR LE-NMR $ AR BFFE T AS [R5 A 7K B 25 %
igs Y SR e AUNFINER R IS A T Y &G
Bt B2 107 B [0 1 R B3 (B B = 1 2.0 5 2.42 154K
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W o L VS e A A BR A B AR ) S95 Gk
T i H Ak 20l (5 it o 550, SCrh s R i Al
J KB B 53 A 50 8 BH A X Ol o i 4 Bk o L) An
TR, FKEHR0.45% . 7 I H Hf B 55 (SEM)
B A X S A7 5 (XRD) 3% W iE] 1 Fr s . A0 e f
Y B B & AR B RS Y A i 1~2 A
2%6~9 % B0 SN H R T84, A R T kTR e
+ SRR K R AT AR A T G 1 T S ol R
PRIt 38 5 B A Na,SiO, \NaOH 55 /K # B — 5 Ll
JHTC , (B 38 R R0 ARk 1.5, 882 1o 996 . Hor,
AR Na,SiO, (B A N 3.2, Na,O & 4 8.5% , K &
HH60.0%,Si0, &7 N 265%, Hibh &8 H50%,
I 92 FE A 40. NaOH by 1 8 J R A 4 58 AT
98.5%. JK A H K . 1 i AR R K L G /) 53
514 0.40,0.45 F10.50, ELRRL A HL AN & 2 R .

R1 FEOLZEAR

Table 1 Chemical composition(by mass) of slag
Unit: %

Si0,  ALO, CaO  MgO SO,  FeO, Other

34.50  17.70  34.00 6.01 1.64 1.03 5.12

it \

10 20 30 40 50 60 70 80
20/(°)

(b) XRD

Bl 4 SEM SRR A XRD i
Fig.1 SEM image and XRD pattern of slag

®2 TWEEREHES
Table 2 Mix proportions of slag pastes

Mix proportion/g

Specimen Mg/ My
Slag Na,SiO, NaOH Water
1 100. 00 27.89 3. 06 23.27 0.40
2 100. 00 31.47 3.45 26.25 0.45
3 100. 00 34.97 3.83 29.17 0. 50

1.2 Ha&HE

G, B FE 2 PR Na,SiO, . NaOH 5 7K (1) fic
G LU A BB R R T T, T R 24 hy SR L HR AR 2
PR SBCAH I L 491 5 o 4 4 e by oK 5 B0 & 70 VR A A
—UHEAOAR , B BS FEEFE 2 min, B 2R S B
(IRIR ) s e Je , 64 2R 19 1 min Y A] 7 mL 9 €2 3%
BN 6 g B PR IR A K T i S A 3R
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I, 47 B0 2% FHAVE LE-NMR M . 8% — Uk M 4848
B BEA BT 20 CRE N IREE . R — AR
s SR AR K B R N I S IR 43R I T JE K
S IRA WS 10 min, I 008 & X e 47410 38 b
BEREURJE BB R TR (60 °C) B IR A7, H
T A0 5 A B 2T AR L

1.3 KA *

K M4l A | A2 ) MacroMR12—
150H—T %) LF-NMR BG4S 38 55k 38 A 5 A P 1) 7K
oA . R CPMG (Carr-Purcell-Meiboom-Gill) [A]
PR IR A B B A AR TAA I SIRT
S AR P R AT R, SRR ] Sy 1 500 ms, [T ECH
2000, HuCHaiEe Ry 12 MH 2z, 4R 8 12.78 MHz, 271
IR 32K, RFEA KN 2004, B8 I M (26 +
2) °C, Wi N 32.0 °C.

K 26 B A & v A\ AR P2 () Advance 11T HD
600W B I £ FI e #2% 1 L 4 43 B A 0F 1 48 1 [
W AR AT BE f A e A% R 3 R ik . Bk S 4o
T FE RS AN 4 mm (8 ZrO 5T R SRS
[ A B0 i 4R Sk, i B 1A Ty 8 kHz, SR A I ] Oy
0.02 s, I R FE 2 i E) 10 s, 393485 U8R 320 Uk, 42 fil
BFIE] A 2 ms, 5256 28 YR EE 0 298 K.

K EE TA AR A1 TAM Air 8 8 38 i 7

,,,,,,,,,,,,

AR (20.040.2) “CF 8 500 X0 i 19 i i &
JO7 AR e R ARG R L A S TN IR R R I ST s
W Yy Ak 30 s, SR J5 # IR 2 1 E A BL i 48 i K
BE B IR BEAE 2 min A AL P BEFTRE 3 d
(18- A 3K

K E TA TGASS BRI 00 il i & 5
R UEAT ST A AT I . 25 A A H R IX R
30~800 °C, ik B4 A O, FHE N 10 “C/min.

% J 3¢ [E Thermo Scientific Nicolet iS20 %l
FTIR 3 0 38 & o 5 i FE 00 B RE A1, 70 BE R N
dem ', HAE R ECH 32 W, WK £0E B Ry 400~
4000 cm .

2 ZR5®

21 AREREKSHHEESH

BEFE R, H LE-NMR 2 W 0056 3% % S i iof 7
HOKIE R 1 R AR, T DA I AT i B R A R
(0 5 M ) B 61 R A A% AN A L A L T
1 ms {0 & A B K 507K iy i A0 &Y T,<
1 ms B A AKCE 2 iy XKk 1), 24 7,1 ms i
Al K (& 2 Fr g X T 55 ok 3 o] sk gk —
SR AT 43 R BANFL T A 7K (1 ms<<T,<<10 ms) 5%
SRR K B A B 7K (1,210 ms) ™

LT 3d I m_ . 3d
B 2d ‘ 2d
L 1d 1d
e 10h 10h
| Y | 6h 6h
N 2h 2h
N Th ! Ih
N 30 min 1 30 min
i y 1 10 min 4N 10 min
1 /\ 5 min i 5 min
j m 0 min : 0 min
102 10! 10° 10! 10 10° 10* 102 10! 10° 10! 10? 10° 104
T>/ms T>/ms
(a) my/my=0.40 (b) mw/m=0.45

| 3d

2d

1d

10 h

6h

2h

1h

30 min

! 3 10 min

i SN 5 min

| ! 0 min

102 107! 10°

10? 10° 10*

(¢) mw/mp=0.50
K2 B lIRAARE T, 50 A
Fig.2 T, distributions of slag pastes
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QO NIV VET I O - 8 - < Y - R B T N
— 5, 7E 0.01~10 000.00 ms & [l N 5 /R H 2 2
LU S A, 5 SCHk [ 18 I RIF 5 45 SR AH AL . A, AR SCHiF
¥ 45 S B R T T T (A /N L 3X AT g 2 R
T JORE R AS B0 RO | T A e 04+ 22 0k 2R 2
P, (5 A5 B 38 2 0 i AR A T B K i e 08 K
PR HEFR T in %% 52, A B B /b

(2) Bt 5 B 38 & SR I 1) ) ) B K, T 5 15 5 014
WA {1 328 VT U/ ) , 3K 3 WY 5 4 e 3K 1A B o ) (1) ) SE
Ko, FREE &R T AR i A e B L (AT R
S my/my=0.45 B TR RTE SR B I AT F
1 h s (B 6 B 1 T, e 422 35 1.00 ms, 24 1.05 ms.
X A] BB H T I U AR I B KR S RO A I 2
TH T Ca™ Mg SREFIRER IR 2 my/m B
NI T 2 T I B A K S i AR
AT omy/ my R B KL 2 AR T
OH™ 5 i JURL Al 18 A AL, SR 7 0 3 A 0 e, ol
15 my/my=0.45 B I S, ¥ i e B, 880K 7
2% . AN A SO 7T R W NaOH R 7 1 h
J& T,>>10 ms Y X302 78 K, X £ 2 & NaOH Uk
1Y 119 B 7 7™ ) AH B M FERA 1, 5 50 R A0 285 4 3L
PR

S A i 6 b R BB R & 5 TR AE BT 30 min B
my/my=0.50 3R KB T,>>10 ms 19155 . X Al BE
2 FR TR RS TR B & A AR AT L AR S KR
3 A A B I R FR A ROR AR R AR AN A
TFEHRAR T 208 WU A K AL R RS , my/my B
KB HE T B 200 1 K R B e i 2L B2 4 L
SHEGHH T,>10 ms B 55 .

LAy /my=0.45 2 6 A 3 d A Y B
Rt BTN N 2 PR Rl LUE Y

(1) 48838 & 5 min B, W (8 AR fb 5 A B &, UG
{8 % B B TAE 78 1.00 ms A5 0, 3% J2& i T8 3 9 oK

AR BN IERIF AR TR R TR Z & H AN E
BELEAE M T (E KR SRS P YK

(2) 240 3% & S R 1F A5 2 10 min B, T, {6 22
B, 7€ 1.00 ms 22 ) Wl 2055 /N o B 1) T, 08 . 3 7] fig
T Ca—O e/, e T g i
503 R R v i e TR AR BT R AR K A R R A
(C-S-H)BEE , 45 T AE W/ B S AR 40 i o 1 A5 5
PR R A A C-S-H R K 18 B A W
B, AT RE A T (A W /INMS AT 4 B &

(3) 25 & W 547 2 30 min 5 1 hi}, T8
8 ZE /N SR T DA AR AR B Lk AT B R T i
Woki7E OH Ry Il F Al—O 8 5 Si—O i 56 )5 W 24
FEHCE R W AR B VR [ ALO, ] Y T A
[S1O, #1701 A fr i Jo 00 18 o, 4 B i) P9 20 i e
2 KALREFR IR 5 (C-A-S-H) 25 1% 724

()1 hift— 08 % 2 2 hivh, & 306 (E X 1
1 TAE E 2 /M T 1.00 ms, BFER L & 2 h DL T8
WA {1 T SR R AT . 2 B RS 40 /K AR S AN TT BhoK, Bt
W R TR DR X EE R T RS N
HEAT B 53 1 Bl 7K e B JE v A A oK 23 T i 4 2, e
FGRAL R K (T, S5 FLAR K/NBE DDA 6 FLAR
JIN T AR 3 T K R SRR R, TN 2
BRI ECTAR S F WL A T OH R
o BB SE AR i I U VE A RN A R T i
R AT 303 B 38 %, Bt 2 e % B TD A 388, OHL 55% 3 ik
Wk =) R A S U O AR OB ST AL
Ca AW i 1 AH BAE A, A 0 ] ™= A 45 22 ) g ™
Y IHFE T KETShK, TEVEEREAL

WH AR AS 3K 5 AT K A R T LT
— B AR DR R TS RO A i A T s ot
FHOCHIFFE e B0, T AR Hhg oth 752 EF 1) A3 R A1E 5 8 1)
P06 T B L SR T3S Bl K 5 ] SlK R O
RN 3R . N 3H O] L R [R] my /Sy TR R
T3 3 A TE B & W03 (10 min ) K B A B DL AT Bk

R3 AR my/m 5 ERERRFKIA kS EFER EE L

Table 3 Time-dependent variation of immovable and mobile water contents(by mass) of slag pastes with different m/m,

Water content/ %

Type my,/my,
0 min 5 min 10 min 30 min 1h 2h 6h 10 h 1d 2d 3d

0.40 0.60 0.22 4.20  25.40  46.50 62.90 71.20  72.70 74.10  75.10 75.50

Immovable water ~ 0.45 0.20 0.60 2.90 21.10  45.90 62. 30 70. 20 70. 30 70.60  71.50 75.90
0.50 0.08 0.50 0.90 18.20  45.10 62.10 68. 20 70. 10 71.20  72.30 71.30

0.40 99. 40 99.78 95.80 74.60  53.50 37.10 28.80  27.30  25.90  24.90  24.50

Mobile water 0.45 99. 80 99.40  97.10 78.90  54.10 37.70 29.80  29.70  29.40  28.50 @ 24.10
0.50 99.92 99.50  99.10  81.80  54.90 37.90 31.80  29.90 28.80  27.70  28.70
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FEAE 3K F B I SRR v ) B & SR 0T 1 AR TT I, 5%
VLIRS P80 s BB 10 min J5 A AT 8K
1 g, ml sk SURE A s i & 6 his I shKk 5
AST] Bl K AR T RS s FEBI & 3 domy/my A
0.40.,0.45.,0.50 B, X b7 7 ¥ 2 A4 (4 R ] Bl K 55 e e
KA 5 R 75.50% . 75.90% . 71.30% 5 24 my/my=
0.40 B3 % B 1] A 5 min B, AT BhK & R M . X
e TAERCPERREE N 0 ORI R 1Y Ca ST ALARZH
A3 HE IR I RS R B A R L AR B el IR & 7
Y, IF S A 2 RE IR A (B 45 R4 7K ) 5 24 s 1o 147 31
—E BRI, S—OH JEFPR I 25— OH i — 22 [ W B
JHT BB A P ) R A R K
2.2 VSiEfBEREGEEIRS T

T C-A-S-H EIE 1 25 & B AR AL GE 1 AR 4

AR HEAT 28 T 548 43 07 8 BOR PR T [ A A
LR A 1 fB A R B £ SR AR A K I 40T L R R SR R
T ESISION] PO AR SR G 45 T Q' (mAD s,
oo M BECAL STAYHR BB, m oA I 0 ST ALO, T
DU TR BCR. R T /oy, B W BRI & 3 d Y 7SI
JEE ff1 1 BE A% T L PRI IR P 3 B . B 3 AT LR
T PR 4 A PRI , W ) S B R
BRI 2 7R R QL QP X 2 Fh kK B By
2 FITE 0.521 7~0.696 1 22 [H] , 2 BH W 3 75 1 AH X 55
K Bt/ B BG AN, B R 77 W PP 20 AT e R AR
o AR RS R A EEE A S E & NEhEH T
Q'(1AD) (6~—90) 2545 , BXERH T [ A1O,] Y i 4356
GyiERE T [SI0, ] RS SI0, ] DU EE , $Em T
[SIO, )" PUTH AR I R A R

=130 =120 =110 =100 =90 -80 =70 =60
o
(a) my/my=0.40

Q'(1A]

=130 =120 =110 =100 =90 -80 =70 =60
o
(b) my/mp=0.45

=130 =120 =110 =100 =90 -80 -=70 -60

0

(¢) my/m=0.50

— Experimental; - Fitting curve

%3
Fig. 3

2.3 HREWMSW

W 3R A I 2R an ] 4 BT . il ] 4 a] D

(DFEFFER I 0.4 h 935 I B0 T 17 385 J0KE 40 1 i
T 5 A ik U, 2 W B S S, 3R DA D O A R R
PR B S PR S S L L ix 5 ' H
LF-NMR T.{H7E 30 min B 5 2 56/ NAH X0

(2) RATE 1.0 Wi, 3Fh my/my F 2 H P T [0
ot 0 3k 55 SRk 26 AF 5% 45 S AL . 1 AR T 55 A4 L

AN o/, B W BRICR 3 d WY ST R A 1 E A% R LR

*Si magic-angle spinning nuclear magnetic resonance spectra of slag with different m,/m, under 3 d of alkali-activation

TICER[26 5 W 0 A, X FEEE T AN
1) B 38 2 590 HR 2 1 (LA Na,O B9 i o B0 ok,
JER T B & R TR R B S S i R
(FZH Ca® ) Z Al SR, 5 B8 M R R
(3)7E 1.0 h Z J5 i B0 A9 I 3 04 2 ol 7 0 i
R RERR L 5 Ca® N B I #E , F BUEIR R 5
Ca”' 1y [ N 7E H — By B 45 I 3k 3 7 iR A, X
5'H LF-NMR T, {H 7 1.0 h B8 /N £ 1 ms B it
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FEXF R . 53 A6, 22 17 A BT L ) R A i
TR 2 18T B BRFIT VR Sy o R 0 40 3 1 E — 20 iR
SN I VR 15 080 R i AT S

(4) 7 W AR AE 8.0 h vk A %5 2 fn & 3, OF
FE 12.0 h B 3 3 3] Jn o e e (., 2% W AR s 45 4 vh
[ AH T 46 FR B b i 3% Ak 3 AF L X 5 'H LF-NMR
T UWEAE TE 6.0 h B Jis 06 L 19 9 AR A 0T i

(5)12.0 h VA Jm 2 A 98 3 3, 3% BB s 1 3 il
5 Ak B ek R Ak R 7 AR S

i 3 X HH LF-NMR 588 38 & il 4 il 28, a7
DA S5, 2 B ik RAE T B A R N B A R

U By — 2k

AT TR AL, BT R W] DR N VAl e 6 41 AL
SR FE I 28, — Mok U, B i A i R
T 11 5 A 5 R 7 0 I A A L AT 4 v
S0 BT ki R i 2, R B[R] /g T
3 2R VR T 0T s B i A B R R 0.40,0.45,
0.50, T 2 I #E 4T 2 249 1.8 h it my /my=0.50 3 4 (1
S0 R WO R 1 /i, =0.45. AN, B % R
T K Bt ) ) 2 T R TN, g/, TS, BB R A
K L X A RESE T e/ 3K B EUR B[]
FEBE TN, hy S BB ) I A R T AR R s ]

4 100
L my/my=0.40
I ——my/mp=0.45
| 3 g Mmylme=0.50 . 180 ~
It - &
e y
- 1 _ 16 220 £ 460 =
. E 1 B ~ 16 & 2
H = 2 2 12“ N s
DB Bl 12 2 2
o 1 ls 2 {40
LR Z o4rd . 1s 2 =]
T 3 0 05 10 s 20 © 5
/ Time/h 120
1 1 1 - ! i 1 T 0 7777777777
0 8 16 24 32 40 48 56 64 72

+ Hydrolysis of alkali activator :
' Dissolution of Ca?* and Si** !

Time/h

3 Form to C-A-S-H 3
' C-S-H,LDH,et al !

E Alkali-activator reaction 3
' decays until stabilized |

P4 73 2 T A Il 22

Fig.4 Heat release curves of slag pastes

24 RAESW

&5 AR i/ 03 AT & 2 h () TG 4L
it MR SCER 30 ], BB A T AR & T B B 1R 7 )
AT LLSE 2o AN [ 36 2 Y FE PN A T AR K OR X 4 TE
40~200 “CH BT 35125 i C-S-H .C-A-S-H #E I 51,
200~400 “CI Jit =45 2%t 287K W A AH S 1R . 55 40, il

100
— my/my=0.40
2 98t v - - - mylmyp=0.45
- R\ my/mp=0.50
=
o 9+
S
g
= 9% r
=
S
2 92+
90 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800
Temperature/°C
(a) TG curve

K 40~650 “CHt [ P9 5T 5 4 2% AR A5 1 45 5 7K & it ]
FAAE BB =Y R 8850 NS Tl LUE Y i AT
3 SR AR 1 o B A0 O B — B0t T AR my/
AN TR A [ s 5] 56 61 P, 3R B0 1 AN () R ) o i
P 5 B my/my (I EE N, 7E 40~200,40~650 Ci
BB RN [) 12 / s, B TR 0 Y AR %) I 482 2 38 38 i

40-650 C
gl 5 40-200 C
200-400 C

©
360
° 7
2 4l
= =
2t =
0 —
0.45 0.50
mylmyg

(b) Mass loss at different temperatures

B 5 A my/m, 08 RARTE & 2 h 14 TG ¥
Fig.5 TG data of slag pastes with different my,/my, under 2 h of alkali-activation
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/N5 7E 200~400 °CHiE FEl A 1Y 5T S 45 2% S8 080N I 1
K.OEEAN GHEKEEBRZ WML~ L,
98 K R A DRI, A R IR B IX ) ) T
T, U BH G R ) R TR R R B R R
AT E B R R T A Y 2 0 T R R T,
[SIO(OH),] #[SIO.(OH),]* , B &AfE1E 45 5
A AEBRRL I b, DRI AR FLBRIA W . 24 Ca®' ([ SiO, ]
DU T AR [ ALO, ] DU T A D i v R s R B, AT LA
e I L C-S-H 85 C-A-S-H eI 2 & 724 . 24
my/my BN OR R T A B OH B £ 6
FIF Ca® F[SIO ) PR ([ALO,] P i 4 58 B~
TS ORI DT B I0 T Bk & 7 0 1 A
2.5 BEMHTHRANKESHT

1 6 A B i SR AR A AN ) B 34 & B TB) R 9 FTIR
FlE% . H I 6 Rl Il

3d

3426 7 H/i875‘455

4000 3500 3000 2500 2000 1500 1000 500 0
Wavenumber/cm~!

P67 i AR TE A [a] G i 8] A9 FTIR P %
Fig. 6 FTIR spectra of slag pastes at different

alkali-activation time(my,/m,=0. 45)

(1)7F 3426 cm ' BT H B0 LA 56 16 T8 =X A7 78 19 W
W ig | b W T Si—OH F OH K (1 Hi i fig sl , ik
T W B KAy s 46 1 645 em [ W A /N G6F
BT K 4r F (H—O—H) 9 2 il 48 31 3% 2 A4~ i ik
WA 2 T T 0K kR v 4 R D B TR ) 55 S OK T B
KA AE AN R B & 7 ) (C-A-S-H 8 I 55 ) 19T 1

(2)7E 1451 cm 'BF 3T HE BE A9 /NI &8, X R F ke
iz 55 vh O—C—O $E MY hr A H= 2y , n] i 5 4 FH v e
T T TR TR 5 B TR K S AR 2 i AR v
W T 25 SR COLA 5 48 1000 em ' BRI H 30
W e, I L Bt Bk 35 & s D ) 1860 WA A 0eg A A5 B
78 HARBL, [Rl (AR 2 2 970 em (8 T Q°
BATTARAE S5 A ) BT . 1 000 e " BRFIT X6F 57 ) 18 i s
i Si—O—THE(T Jy Si/AD 8 Si—O—M (M Jy ik 4

JBITER ) X FR AR 3 5 Ak B T Si—O0—Si
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