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Effect of red mud substitution rate on the properties of ternary solid waste geopolymers

WANG Jiaquan™, MENG Tingyu"?, CHANG Zhenchao**, TANG Yi'?

(1. School of Civil and Architectural Engineering, University of Science and Technology Guangxi, Liuzhou 545006, China;
2. Guangxi Zhuang Autonomous Region Engineering Research Center of Geotechnical Disaster and Ecological Control,
Liuzhou 545006, China; 3. Guangxi Beitou Transportation Maintenance Technology Group Co. Ltd.,

Nanning 530029, China)

Abstract: In order to further enhance the comprehensive utilization rate of red mud (RM), ternary solid waste
geopolymer (TSWG) materials were prepared by incorporating red mud into slag-fly ash-based polymers. The
effects of varying red mud substitution rates on the mechanical properties and workability of these TSWG materials
were investigated. Combining X-ray diffraction (XRD) and scanning electron microscopy (SEM) tests, the influence
mechanism of red mud with different substitution rates on the properties of TSWG was discussed. Furthermore, the
cost-effectiveness and environmental impact of TSWG mortars were evaluated. The results indicate that a high
content of red mud can stimulate the depolymerization process of aluminosilicate materials. Compared to the
reference group (with Owt% red mud content), the initial setting time of the TSWG containing 40wt% red mud is
shortened by 113 minutes. As the red mud substitution rate increases, the degree of polymerization reaction in the

geopolymer is improved, but an increasing number of crystals, such as dicalcium silicate and quartz, emerge in the
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system, disrupting the original structure of the geopolymer material and resulting in a gradual decrease in com-

pressive strength. At a 20wt% red mud replacement rate, the compressive strength of the TSWG after 28 days

reaches 34.2 MPa, and the initial fluidity of the slurry is 254 mm. Compared to ordinary Portland cement mortar,

this TSWG exhibits superior economic and environmental benefits, as well as a more convenient preparation

method.

Keywords: red mud substitution rate; geopolymer; mechanical properties; workability; economic benefits; en-

vironmental benefits
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Table1 Chemical composition of red mud, slag and fly ash (wt%)

Material Na,O MgO Al, 04 Sio, P,0;

K0  Ca0 TiO,  MnO _ Fe,0;  Zr10,

Slag 0.47 8.58 15.24 30.54 0.01 2.08 0.45 40.75 0.73 0.58 0.31 0.04
Red mud 2.02 1.46 9.39 22.12 0.23 1.84 0.51 45.43 3.46 0.06 12.79 0.16
Fly ash 0.50 0.48 38.26 48.72 0.41 1.68 1.20 2.99 1.51 0.04 3.76 0.09
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Fig.1 XRD patterns of red mud, slag and fly ash
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Fig.3 SEM images of materials: (a) Red mud; (b) Slag; (c) Fly ash
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Table 2 Mix ratio of ternary solid waste geopolymer (TSWG) slurry

Sodium silicate content

Group Slag content/wt% Fly ash content/wt% Red mud dosage/wt% (Relative to cementitious materials)/wt% Water-glue ratio
Owt%RM 60 40 0

10wt%RM 60 30 10

20wt%RM 60 20 20 8.54 0.5

30wt%RM 60 10 30

40wt%RM 60 0 40
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Fig.4 Effect of different red mud substitution rates

on the setting time of TSWG
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Fig.5 Effect of different red mud substitution rates on TSWG flowability
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FE 56 d i I B H o BE AL BRMEZH T F% T 14.08% .
20.17%. 37.18%. 46.64%, M 7RIEXT TSWG H1]
J S i B AN R 52 e R A K . 3K U PR T R TR B

Red mud replacement rate/%
K6 FRUBHURENT TSWG HU SR EE Y R0
Fig. 6 Effect of red mud substitution rate on the compressive
strength of TSWG

Flexural strength/ MPa

B 7 FRPEBUCAXT TSWG Hrafris AL i s
Fig. 7 Effect of red mud substitution rate on the flexural

strength of TSWG
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KF, BHRPEBACK N 10wt% I, TSWG 5 5
BE i fE, 28d % W 43 3 b B R 3 32.2 MPa,
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93 B AR e Xt TSWG 7K Ak Fn i Ak BE A4 52 i
K XRD PR T 2R e UG 23 518 owt% . 10wt%
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ToKAE T AL, &l 8(a). &l 8(b) Bk . It
R AL A Ak 3o AR ) 2K AR A R C-S-H B
I FEMEORA . A Bk A ER TAS .
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(b) 1 CaCO, 4 Ca,Sig0,,(H,0)s
1 2 SiO, 5 Fe,0,
3 CaZSiO4 6 A14.9ssi1.0509.52
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4 35
64 3 1 62 56 1g 1411, 40wt%RM
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8 ARFEFRHEICIN TSWG 7E 3d (a). 7d (b) Y XRD [&li%
Fig.8 XRD patterns of TSWG with different red mud substitution rates at 3 d (a) and 7 d (b)
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TR B s, R ILRHAR R P Ca R,
JB2 B AR IR 8 o OB, oA T Ao i R G RN T AR
1 SiO,. Fe,O4 357K MW B3 hn, MOE# 2 1Y &
AR, EAIIEHL R YR & b 2 AR 16 SR
KT HiL 5 ) T 2R AR i R R R OR R B X

F ARV TG PERAE, A SRR AELE T b 5 3R &
N HERE o AE 50°ZE AT A — B B R R 18 sk
ARFEVE, PETER R X BT ER Bk g Ag
B C-S-H I RRAE I, 2 T0 28 TE 1 7K Ak ik R
FEEERL AR, BB B R EORE . B AR
TEBUC R A B H 36, TSWG HY C-S-H %E i A 45
TEWEREAR, R TR U8 I AR 2 1 iR R N 1Y
SiO, & MY BEAL, AT 3 3L C-S-H %E M A= B i 1)
WL, BRI MR MR R T 2R RE Y R B
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fiE UG 2, 3R U K Ak A A0 K K A ik R 46 2
b — 2 K A S G A A AT DU B A, Bl DL
TR A S BRI, A 22 A A A
TEAE NS5 T8 BUZs BRI S0, 3 623 P Fn 2
GRS A FEALRREE LI, BF
FLAARFEUIU)AE X 92D, AT A 342 1 L 5 A R A
ToAL, X TSWG M4t FHT e B 7= 4 17 A Fl
FISEIR , FRAR T AR R J A AR, 5 R gk
2 ) 1 3R ) XRD &% 5 b & B BE 5 AR T A A
Hu A SN HEAT 3L AR R IR T i CaO ., SiO,.
Al,O; i1 Fe,05 4 i 1Y 25 i 41 /N I 1 40 46 5 AR e T
TR, ATREE R T AR YR I A I TR R B
PR T RE R 8 SR BT . 2 AR R
T, b VA S T AR SR G R AL P L4 K S
RSFR TR EAR, BN R YR A
SEKE (R BE AE AR LU RE SRS A 23 4 C-S-H ik
AR RA BRI, SEBORE TR, W

L[ T 22 00 2R B TSWG HY 4T o i T %
55 B R 2 SR AR AR A

Xt HEAS 6] i 3 TSWG B9 XRD & 33 7] UL A [R] 5%
B 1) 0 M B AR S XRD 3 KB —RE &5
XRD &% rh ¥ fF4E C-S-H eI . Hff A FEUl 5
KA. A, Bk, EERR A4S . RERE R ERE
Ve, B SRR, 455 R T C-
S-H &8 I 1 5 06, 3 3% BH B 0 & Hb 2R 1 R g R
FETEFRRE IR, KALRE R 5 BE I AN WY 2, B
o B EE I 2 B m i e hE, R
REERA G .

XA R S AT T e, SR ik
A WA IEAT XRD 1% 19 Rietveld 415304 & & 017,
FE T A BT W AR AE AR T 7 b S
RRARW LR, FETYHTENERI, £4
Fin, K 9(a). & 9(b) B WML s B T BB IR E T
WP AH 5 B AR A o

*3 3d AEFRRBMKET TSWG HEMT MHEEE (Wt%)

Table 3 Content of various mineral phases in TSWG under different red mud substitution rates for three days (wt%)

Group Mullite Calcite Clinotobermorite Quartz Hematite Calcio
Owt%RM 44.4 15.8 38 1.8 — —
10wt%RM 375 24.9 33.6 4 — —
20wt%RM 21.5 26.7 38.1 2.1 3 8.6
30wt%RM 10.1 39 32.7 4.2 44 9.6
40wt%RM 1.6 33.7 43 0.5 3.9 17.3

x4 7d FEFEMRET TSWG HEMT WIHEE (Wi%)

Table4 Content of various mineral phases in TSWG under different red mud substitution rates for seven days (wt%)

Group Mullite Calcite Clinotobermorite Quartz Hematite Calcio
Owt%RM 50.5 24.4 19.8 5.3 — —
10wt%RM 40 26.4 25.1 4.2 — 4.3
20wt%RM 20.2 27.2 38.2 2.4 7.6 4.4
30wt%RM 10.9 27.3 45.4 2.5 2.8 11.1
40wt%RM 3.3 30.4 41.8 0.4 3.6 20.5

mME 9 FrR, U YHS RGN —E
FIAR R R EE . DL 7 d AS Rl AR e BOf 6T 45 Fl
PiAe & AR A SO B, bl AR JEERAR R 3G i
J5 A MR R i AR AR IR R K, Bk A
R i SR R KR g, Bk A&
TV Ll 20.79%~93.47%, A7 P /0 70
H 20.75%~92.45%, X J& i T AR U Sio, & &k
22.12wt%, KK Pl 48.72wt%, ik U8 BRI R A
JRIGEAE R p R 2 5 )R Si0, & s FEAIG, ik &R
H B T T SRR D T — 2 e T R
ARUR BN, RS RN AT B AN 58 42 B
M an &3, B A R U2 R M owt% T+ =

40wWt%, FEDLSR AT C,S 5 Bk S 38 i iy ke
F6 U1 5Ok A & 1 1 3G Y [ ol 26.77%~129.29%,
C,S & B34 N Bl M 2.33%-~376.74%, b5
XRD [ 3% 4 B op B S0 (A W) A . SRR IB RN
40wWt%, FEP13d 5T TSWG 7 BEAH AT B ok £
FH A 1 2 RO B AIG 2% BH o e [ 4 DR it
AP R TN AT T i v, 5 B 45 s ) U
TR AR XS Y o T 22 Y HE DL SR A A R R
1% 45 AR HE AR I OB B zs B R e, ik
A FALRFR N, B3R T TSWG 19 A7 4544
X TSWG Y H o BE L B f i 2 g, 5 b S0
B 25 A A A
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(a) <71 Calcio ™ Hematite #8 Quartz (b) “11 Calcio ™ Hematite 28 Quartz
E Clinotobermorite == Calcite Bl Mullite E Clinotobermorite == Calcite B8 Mullite
40Wt%RM R 40Wt%RM - ‘
e ———————— N 30wt%RM
g 3
g 20wi%RM g 20wi%RM
O O
10wt%RM 10wt%RM
Owt%RM 0wt%RM

0 20 40 60 80 100

Relative mass/wt%

0 20 40 60 80 100

Relative mass/wt%

9 ANFBRHIAFARRBAAET TSWG F&F0 WAHE T (a)3d; (b)7d

Fig.9 Content of various mineral phases in TSWG under different red mud replacement rates at different ages: (a) 3d; (b) 7d
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SEM 4401 10 fif s . 4nl& 10(a) fis, Owt%RM
4 3d F 7 d B AT LR R )R R K SR S
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A DU B TR &R oy K S R RIS BOCOR
Ry JRE R RIURE 32 T T O RV AT SR AT 5 43 B B IR

) A 58 43 KL NE, LI 26 R KN B #B  BE i A 3
R HEAR T, TR J— S HAS 24— B S5 A
X B T AR U 1S 0 RE 5 A AR TH A R B B
HE M fe 3 TSWG 787 3] Bir BE i 3R SO A, il
TR JCRE T B B A B R A B — E R .
S, RERE I I A B REH AR VR B AREM P T
A LR 58 A I AR Ve UKL, 8 I e URE I 1 IR
AR BE B 58 42 e A KA RO, E R R R A2
BN, RERE o BORGEE R i s BR AR Ge il
TSWG fOUL 25 14 B %% S, % b SR W) 45 A1 AR AT 8% L
A —E R SRBETTHR . 5 L[] AR S TR A Btk

€10 47 3 d B TSWG 1Y SEM K% : (a) OWt%RM;
(b) 10Wt%RM; (c) 20wt%RM; (d) 30wt%RM; (e) 40wt%RM

Fig. 10 SEM images of TSWG curing for 3 d: (a) Owt%RM; (b) 10wt%RM;
(c) 20Wt%RM; (d) 30Wt%RM; (e) 40wt%RM

€11 F%4" 7 d I TSWG 9 SEM {4 (a) OWt%RM; (b) 10wt%RM;
(c) 20Wwt%RM; (d) 30Wt%RM; (e) 40wt%RM
Fig. 11 SEM images of TSWG curing for 7 d: (a) Owt%RM; (b) 10wt%RM;
(c) 20wWt%RM; (d) 30Wt%RM; (&) 40wt%RM
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AR B FC R . RERR 45 . 3Ok A kAL
A, Bk R O HE B R B A R AL,
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SLHEAT, JEORHH R RE AR AR KR R, AR R
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20Wt%RM ., 30wt%RM. 40wt%RM %5 1 {& 4 MPa
1 1A Tk HE 3 & W% 6 T, Control group
20 517K A SR B MPa 353 I A 22 K e b I A A

FURRHERC S 5, e LA, 54 TO T A
it Cp (EL AR T8 38 DR 22 K e b e, oRlle . w7 ik
o3 I8 TR B B T A FH X B i B 1) I T 5% ) % 3
[#] 2 A T 7K U8 A BEAIR J2 TSWG 1Y Cp (B AIR 1Y
JER . AR JE IR R owt% B, TSWG 1) CpfH
i, H A 5 A HE A Y Cp AR 12%-~38%. 5
B IR UE 0 A 3 43K 1 X H L AR U BOR Dy
20wt% ) TSWG B AT 4P i & 0t as , X2 F
UL B 2R U6 Y 48 9T R 08 4 e 5 B 4 2k ok 2 HLH R
e AR By JRE R B A T A4 L AR o 2R D B R Oy
10wt% . 30wt%. 40wt% [ TSWG &/~ H 5 & 1
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Table 5 Cost of raw materials and carbon dioxide
equivalence E

Material Cost/(CNY-kg")  E/(kgCO,kg™)
Fly ash 0.25 0.027

Instant Na,SiO; powder 2,50 1.530

Water 0.002 0.0006

Red mud 0.01 0.00518

Slag 0.09 0.143

Fz 6 TSWG BRI FNIME RN

Table 6 Cost effectiveness and environmental

impact of TSWG

Group Compressive  C,,/(CNY- Ep /(kgCOy

strength/MPa Mpa~.m™) MPa'm™)
0wt%RM 44.2 11.72 7.24
10wt%RM 32.2 15.05 9.84
20wt%RM 34.2 13.18 9.18
30wt%RM 26.2 15.91 11.86
40wt%RM 25.1 15.27 12.26
Control group 30 16.29 13.54

Notes: Control group refers to ordinary Portland cement mortar;
C, is the production cost required to obtain a unit megapascal
strength per cubic meter of material; E, is the carbon dioxide
emissions per cubic meter of material when obtaining a unit
megapascal strength..

50 H 3 W R ER(E 1 H 3 an B 6 TR o
Hor 40wt%RM I 1Y Ep B 5, (HAH RS T35 58
P 22 K VR0 AR SR A P B AR o ol T BRUAR 38 A
10wt%~40wt% 1) FF fi A H A 38 I 4 22 K Je b 28 A%
9%~47%, X & T A M 3 A [E R AR e ak #
B kg JUBHY CO, HERU R B AR F /K . EAR TR
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