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Experimental study of multifaceted solid waste synergistic treatment

based on harmlessness and resource utilization of red mud

YAN Lijun, YANG Junjie, WU Yalei, LI Fengmin

(Key Laboratory of Marine Environment and Ecology, Ministry of Education; College of Environmental Science and

Engineering, Ocean University of China, Qingdao 266100, Shandong, P. R. China)

Abstract: Red mud is a kind of solid waste in the production process of aluminum industry. In order to solve the
problem of waste of land resources and environmental pollution caused by long-term red mud stockpiling, and to
improve the utilization rate of red mud resource utilization, this paper adopts all-solid-waste binder with calcium

carbide residue, ground granulated blast furnace slag, fly ash, phosphogypsum and graphene as components for
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the harmless treatment of red mud. Tests of unconfined compressive strength, acidity and alkalinity, and
toxicity leaching were used to study the effects of curing agent dosing, total initial moisture content, and curing
age on the strength properties, acidity and alkalinity, and toxicity leaching properties of solidified/stabilized red
mud. The product types and microstructures of solidified/stabilized red mud were also obtained by XRD and
SEM-EDS tests, and the solidification/stabilization mechanisms were analyzed. The results show that the
unconfined compressive strength of solidified/stabilized red mud increases and then decreases, while the
pollutant concentration decreases and then increases, there exists an optimal total water content ratio (the ratio
of the total initial water content to the liquid limit of the red mud) with the maximum strength and the lowest
pollutant concentration, and that the optimal water content ratio increases linearly with the mixing ratio of the
binder. The optimal water content ratios are 1.0, 1.2, 1.3, and 1.4 for 15%, 20%, 25%, and 30% mixing
ratios, respectively, corresponding to the optimal total initial water content of 37.8% , 45.4%, 49.1%, and
52.9%, respectively. The pH value of the solidified/stabilized red mud decreased with the increase of the curing
age, and was lower than 9.5 after 90ds; it decreased with the increase of the total water content ratio, and
gradually tended to be stabilized. In addition, the concentration of pollutants in the solidified/stabilized red mud
decreased gradually with the increase of binder mixing ratio, and the removal rate of seven pollutants could
reach more than 80% when the mixing ratio was 30% and the total water content ratio was 1.4. The hydration
products of CGFPA solidified/stabilized red mud mainly include C-S-H, C-A-S-H, C-A-H, AFm, and Mg-
Al-HT, etc., and their mechanisms can be summarized as adsorption, chemical reaction, ion exchange, micro-
expansion, and filler effect.

Keywords: red mud; solid waste; solidification/stabilization; synergistic treatment; microscopic mechanism
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Fig.1 Grading diagram of the materials
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Tablel Physical properties of red mud

e R/ % AR/ 7 IBVETE B

2.72 37.8 25.2 12.6

x2 KERARRBLERS

Table 2 Chemical composition of red mud

e L

ey /%

el /%

Si0, 12.66
ALO, 15.79
Fe,0,  36.41

Ca0 14.98
S0, 0.86
Na,O 9.61

TiO, 7.34
710, 0.61
HoAlh 1.74
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Table 3 Concentration of pollutants in red mud and

concentration of water quality standard of groundwater

class II
FRR Bk S 5 Y R/ (pg /1)
brife Cu 7n Cr Ni As Pb Cd
e 63.7 441.2 30.6 140.0 314.0 418.0 20.6
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Table 4 Chemical composition of red mud and binder

components

L2z mlisy/ %

A5
Ca0  Si0, ALO, MgO Fe,0; Na,0 K,0 SO, P,0;

68.80 3.59 1.56 1.21 0.09 0.028 0.75

41.17 29.47 13.61 8.04 0.425 0.676 0.354 4.90 0.03
6.60 61.29 12.66 0.02 4.48 3.75 1.32 0.66 0.01
33.73 13.15 1.62 0.263 0.742 0.151 0.31 47.23 1.82
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Table 5 Test Program of solidified/stabilized red mud
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Fig.4 Stress-strain curves of solidified/stabilized red mud
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&it

KLV A (C) a8 (G) B REK (F) |
B H (P) A7 28546 (A) WA 3 19 CGFPA [ £k 77 [
/R 5E A AR U, BF 5 18T AR50 28 L B U 5 K
e 3P0 91 0 [ A /R E A IR U8 A R R R TR B R
L BEPEIR R PR A S W LA A B AN T 4598

1) Bl S & K HE g 38, 1k /8 € b Ak D8 14 0
0 BIR 470 1 56 J3E 56 38 i gel /0 (i ¥ e 35 e B )

Je ARG T, BIAF 78 B A 8 7 /K L 0 8 b/ Fe e
Ak A7 V8 1Y 5 BE 3k F) B oK TS YL R U R A B B
5o MBALRN15%.20% .25% .30% W, [F 1k /Fa

FEAL AR e B E K Ao 1.0.1.2.1.3.1. 4,
Xof L g Pt 6L B K B 43 i Ry 37,800 45,40 .
49.1% .52.9%

2) [k /R a2 A AR U i pH (E Bl 5% 40 i 10 A 44
T REA , 90 d J5 BT 9. 55 Fifi 2 /K Eb i 36 S it
FEAIG, IR 2 ks F R .



12 T RE xm % RP E )

% XX A

3)CGFPA [ 1k 7 B8 % A7 2K € Ak e vh (19 75 G
YR L BEB A L3N, ¥ e 105 1 vk R A
B AL 30%, BEAKE AL 48, Cu.Zn. Cr,
Ni.As.Pb.Cd i i B2 53 5 BE IR 22 7. 37.87. 2.,
5.2.7.0.6.9.3.7.0.7 pg/L., 15 Qe ¥ ka & K53 5 N
88% .80% .83% .95% .98% .99% .97% . [E1k/Fa
FE AL AR U615 Y 1R e G I T R K T 2K T
LR T DS s B S K

4) CGFPA [ AL I A A ¢ o Az Bl o 4% 4R 28
BEAR S5 I e 7= 1), 4 C-S-H .C-A-S-H .C-A-H . AFm
Ph e Mg-Al-HT 45, 3 S84y i w] DL B A2 2 o Y 4
Wz I 3 e LB, (A5 [ Ak /Fe o ok e 45 4 B Jn 3k
W AL, DA A B 4 R 0 B RIS Y iR VR
B H B . A/ B Ao HILEE AT IS 44 Sk g B0 R Ak
SN B T SO K R A A

£ % 3Tk

[ 1] Tk de el Bt M : GB 50986—2014 [S]. dtat:
FEl TR Hh AL 2014,

Code for design of dry red mud stack: GB 50986—2014
[S]. Beijing: China Planning Press, 2014. (in Chinese)
WANG J, LIU X M, ZHANG Z Q, et al. Synergistic

—
Do
[a—

utilization, critical mechanisms, and environmental suit-
ability of bauxite residue (red mud) based multi-solid
wastes cementitious materials and special concrete [J].
Journal of Environmental Management, 2024, 361:
121255.

RAI S B, WASEWAR K L., MUKHOPADHYAY J,

et al. Neutralization and utilization of red mud for its

—
w
[

better waste management [J]. Archives of Environmental
Science, 2012, 6: 13-33.
HEJ, JIEY X, ZHANG J H, et al. Synthesis and char-

acterization of red mud and rice husk ash-based geopoly-

—
e~
[

mer composites [J]. Cement and Concrete Composites,
2013, 37: 108-118.
TUAZON D, CORDER G D. Life cycle assessment of

—
wl
[a—

seawater neutralised red mud for treatment of acid mine
drainage [J]. Resources, Conservation and Recycling,
2008, 52(11): 1307-1314.
[6] WU C S, LIU D Y. Mineral phase and physical
properties of red mud calcined at different temperatures
[J]. Journal of Nanomaterials, 2012, 2012(1): 628592.
MUKIZA E, ZHANG L L, LIU X M, et al. Utilization

of red mud in road base and subgrade materials: A

—
~
[—

review [J]. Resources, Conservation and Recycling,
2019, 141: 187-199.
NOVAIS R M, CARVALHEIRAS J, SEABRA M P,

et al. Innovative application for bauxite residue: Red

—
(@]
[

mud-based inorganic polymer spheres as pH regulators

[J]. Journal of Hazardous Materials, 2018, 358: 69-81.

[9] KUMAR A, KUMAR S. Development of paving blocks
from synergistic use of red mud and fly ash using
geopolymerization [J]. Construction and Building
Materials, 2013, 38: 865-871.

[10] o . 3280 R 5 T b (8] A B2 0 3 58 XU 3°F 1 4 % F 5

(D). B BRI T k%, 2015,
SUN X. The research on environmental risk assessment
system of the typical staple industrial solid wastes [D].
Kunming: Kunming University of Science and Technolo-
gy, 2015.

[11] TSAKIRIDIS P E, AGATZINI-LEONARDOU S,
OUSTADAKIS P. Red mud addition in the raw meal
for the production of Portland cement clinker [J]. Journal
of Hazardous Materials, 2004, 116(1/2): 103-110.

[12] PAN Z H, CHENG L, LU Y N, et al. Hydration
products of alkali-activated slag - Red mud cementitious
material [J]. Cement and Concrete Research, 2002, 32
(3): 357-362.

[13] SGLAVO V M, MAURINA S, CONCI A, et al.
Bauxite ‘red mud’ in the ceramic industry. Part 2:
Production of clay-based ceramics [J]. Journal of the
European Ceramic Society, 2000, 20(3): 245-252.

[14] Brul%k, b5, B0 . Pab BT w48 R e od 1 K

P S PERE SZ M [T, 7 B SRR R, 2014, 41(8): 75-
77, 82.
CHEN C Y, MAO Z H, LV Y L. Effect of heat
treatment the properties on the high content red mud and
fly ash glass ceramics [J]. New Building Materials,
2014, 41(8): 75-77, 82. (in Chinese)

[15] KAVAS T. Use of boron waste as a fluxing agent in pro-
duction of red mud brick [J]. Building and Environment,
2006, 41(12): 1779-1783.

[16] J& 55, 243 W . o P A6 b 50 58 5 W IS B b AL LRI
TARESEEIM]. Jbat: Blae i pdt, 2023: 1-2.

ZHOU Y, LI Z F. Composition design and engineering
practice of red mud-based geopolymer cementitious mate-
rials [M]. Beijing: Science Press, 2023: 1-2. (in Chinese)

[17] LT X Y, YANG Z P, YANG S, et al. Synthesis
process-based mechanical property optimization of alkali-
activated materials from red mud: A review [J]. Journal
of Environmental Management, 2023, 344: 118616.

[18] MK, 5, LR . P THE H 5 o e % 66 JE0 it T
SR IE[T]. B TR, 2018(3): 69-72.
SUNZY, WU H, HOU J L. Study on construction and
quality evaluation for subgrade filling of red mud in
modified bayer process [J]. Subgrade Engineering, 2018
(3): 69-72. (in Chinese)

[19] & mEse, 2 M, WM, 55 JR U8 B & 0 L S be il K %
i 2 B i R 3R 5 A LR (0], fk R #h 27 4R, 2024, 52
(10): 3159-3169.



% XX #

PR ,FRRRERS TR S T E R & XA 13

[22]

—
[\
=~

i

JINSY, LOU X Y, HU J, et al. Preparation of high-
strength permeable bricks with red mud: Influencing
factors and structure-performance mechanism [J]. Journal
of the Chinese Ceramic Society, 2024, 52(10): 3159-
3169. (in Chinese)

T di§ . A Ml [ 1A 1 5 990 ol e 1 6 B 3 S e % 1 T
¢ [D]. P M : Brgker, 2022,

QIAO J. Study on the preparation of environmentally
friendly fire-free bricks from red mud of industrial solid
waste [D]. Jinan: University of Jinan, 2022.

LIY, LIU X M, LI Z P, et al. Preparation, character-
ization and application of red mud, fly ash and desulfur-
ized gypsum based eco-friendly road base materials [J].
Journal of Cleaner Production, 2021, 284: 124777.

XU Y T, YANG B, LIU X M, et al. Investigation of
the medium calcium based non-burnt brick made by red
mud and fly ash: durability and hydration characteristics
[J]. International Journal of Minerals, Metallurgy, and
Materials, 2019, 26(8): 983-991

WANG Z K, WANG Y M, WU L B, et al. Effective
reuse of red mud as supplementary material in cemented
paste backfill: Durability and environmental impact [J].
Construction 2022, 328:
127002.

S, M, U, & R B IR T e GCL
B & Pk RE 52 W ] S 4 TR AR, 2021, 43(4):
706-714.

FUXL,DUYJ, YOUXY, et al. Influences of red

and Building Materials,

mud leachates on hydraulic performance of a modified
geosynthetic clay liner [J]. Chinese Journal of Geotechni-
cal Engineering, 2021, 43(4): 706-714. (in Chinese)
BALOMENOS E, GIANOPOULOU I, PANIAS D,
et al. Efficient and complete exploitation of the bauxite
residue (red mud) produced in the Bayer Process [J].
Proceedings - European Metallurgical Conference, EMC
2011, 2011, 3:745-758.

DEELWAL K, DHARAVATH K,
KULSHRESHTHA M. Evaluation of characteristic
properties of red mud for possible use as a geotechnical
material in civil construction [J]. International Journal of
Advances in Engineering & Technology, 2014. 7(3):
1053-1059.

HUA Y M, HEAL KV, FRIESL-HANL W. The use
of red mud as an immobiliser for metal/metalloid-
contaminated soil: A review [J]. Journal of Hazardous
Materials, 2017, 325: 17-30.

O3 % T RE AR U8 (FR B ) i BRI R FUFRE: DB 37/T
3559—2019 [S]. dbat: AR itk , 2019.
Technical Specification of red mud (Bayer) subgrades
application for highway engineering: DB 37/T 3559—
2019 [S]. Beijing: People's Transportation Press, 2019.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(in Chinese).
CHEN QY, TYRER M, HILLS C D, et al. Immobili-
sation of heavy metal in cement-based solidification/sta-
bilisation: A review [J]. Waste Management, 2009, 29
(1): 390-403.

DU Y N, JIANG N 1J. Stabilization/solidification of
contaminated soils: A [M]. Elsevier,
Amsterdam, 2022:75-92.

AWM, BERA, RW&E, % . CGF /e fb® 4
J& 15 Y ik BE R RRPELT). TP E R B R, 2024, 44
(5): 2580-2594.

CHANG R Q, YANG JJ, WU Y L, et al. Strength
of CGF

case study

and leaching characteristics solidification/
stabilization heavy metal contaminated soil [J]. China
Environmental Science, 2024, 44(5): 2580-2594. (in
Chinese)

WU Y L, YANG J J, CHANG R Q. The design of
ternary all-solid-waste binder for solidified soil and the
mechanical properties, mechanism and environmental
benefits of CGF solidified soil [J]. Journal of Cleaner
Production, 2023, 429: 139439.

B, TH, HAA, SRR AW E L/ FRE L
TGO LR R U A L J1aE, 2022, 43(Sup 1):
193-202.

LIL H, FANG Y N, XIAO H L, et al. Characteriza-
tion of Cd-contaminated soil solidified/stabilized by red
mud-based binders [J]. Rock and Soil Mechanics, 2022,
43(Sup 1): 193-202. (in Chinese)

XI5, sRRER, XUF, 5 . 0k B G W R /e s
50 H R R T] B R 5 TR, 2024, 24(28):
12287-12295.

LIUJF, ZHANG T R, LIU L, et al. Characteristics of
solidified/stabilized lead contaminated sandy by slag
composite [J].
2024, 24(28): 12287-12295. (in Chinese)

RSO, A, WEMEE, A GRNUK T A/ R E
A Cr(VD)T5 3 1R g 0F 5 [T]. 5 + TR 24, 2025, 47
(1): 57-64.

ZHANG W J, JIN D, GUO X Z, et al. Experimental

Science Technology and Engineering,

study on solidification/stabilization of Cr( VI )-contaminat-
ed soil by alkali-activated ground granulated blast furnace
slag [J]. Chinese Journal of Geotechnical Engineering,
2025, 47(1): 57-64. (in Chinese)

WU Y L, YANG JJ, CHANG R Q, et al. Strength,
leaching characteristics and microstructure of CGF+P
all-solid-waste binder solidification/stabilization Cu( II')
soil  [J].
Materials, 2024, 411: 134431.

SUN Y J, MA J, CHEN Y G,

behavior of copper-contaminated soil solidified/stabilized

contaminated Construction and Building
et al. Mechanical

with carbide slag and metakaolin [J]. Environmental



14 E R B R LR FROP E ) % XX %
Earth Sciences, 2020, 79(18): 423. 43(3): 1277-1287. (in Chinese)

[38] FENG Y S, DU Y J, ZHOU A N, et al. Geoenviron- [47] KANG D, SEO K S, LEE H, et al. Experimental
mental properties of industrially contaminated site soil so- study on mechanical strength of GO-cement composites
lidified /stabilized with a sustainable by-product-based [J]. Construction and Building Materials, 2017, 131:
binder [J]. Science of the Total Environment, 2021, 303-308.

765: 142778. [48] SOLDANO C, MAHMOOD A, DUJARDIN E. Pro-

[39] BRIk 5t , AHTIG, WA, 45 . WAk /e w5 08 1 [ AL 4R duction, properties and potential of graphene [J]. Car-
15 G B R R [T ], T BF R 2 R CR SRR 22 i), bon, 2010, 48(8): 2127-2150.

2018, 46(2): 182-187. [49] ZHANG C Z, LI T, YUAN Y, et al. An efficient and
CHEN Y G, ZHU S Y, TAN B H, et al. Leaching environment-friendly method of removing graphene ox-
characteristic of solidification/stabilization for Cu®*" con- ide in wastewater and its degradation mechanisms [J].
taminated soils with carbide slag and metakaolin [J]. Jour- Chemosphere, 2016, 153: 531-540.

nal of Tongji University (Natural Science), 2018, 46(2): [50] 5 b 3L LML LT HYE : GB 50007—2011 [S]. Jbat:
182-187. (in Chinese) ) i e, 2012.

[40] BRok ot , WAL, WAL, 45 . WA/ e 0%t AR AR TS Code for design of building foundation: GB 50007—2011
Yo+ 1R R I8 WF 5T [T]. PR R 2F 22 (H SRR ), [S]. Beijing: China Planning Press, 2012. (in Chinese)
2018, 49(3): 678-683. [51] -/ T 53 2 bR fE: GB/T 50145—2007 [S]. db 5t : H
CHEN Y G, PAN K, TAN B H, et al. Soaking 340 Rt 2008.
experimental study on solidification/stabilization of Cu*" Standard for engineering classification of soil: GB/T
contaminated soils with carbide slag and metakaolin [J]. 50145—2007 [S]. Beijing: China Planning Press, 2008.
Journal of Central South University (Science and (in Chinese)

Technology), 2018, 49(3): 678-683. (in Chinese) [52] i F /K Bt & Fn i : GB/T 14848—2017 [S]. db 5t

[41] GUO X L, HU W P, SHI H S. Microstructure and self- FrfE H p AL, 2017,
solidification/stabilization (S/S) of heavy metals of nano- Standard for groundwater quality: GB/T 14848—2017
modified CFA - MSWIFA composite geopolymers [J]. [S]. Beijing: Standards Press of China, 2017. (in
Construction and Building Materials, 2014, 56: 81-86. Chinese)

[42] ZHANG Y S, SUN W, CHEN Q L, et al. Synthesis [53] GEIM A K. Graphene: status and prospects [J].
and heavy metal immobilization behaviors of slag based Science, 2009, 324(5934): 1530-1534.
geopolymer [J]. Journal of Hazardous Materials, 2007, [54] LIU Q, YANG J J, WU Y L, et al. Physical and
143(1/2): 206-213. mechanical properties of all-solid-waste-based binder-

[43] WANG Y G, HAN F L, MU J Q. Solidification/ modified abandoned marine soft soil [J]. Journal of
stabilization mechanism of Pb( 1l ), Cd( Il ), Mn( Il ) and Marine Science and Engineering, 2024, 12(3): 393.
Cr(II) in fly ash based geopolymers [J]. Construction [55] MI B, ZHAO H, LU M, et al. Synthesis of electrolytic
and Building Materials, 2018, 160: 818-827. manganese slag-solid waste-based geopolymers: Com-

[44] L1 C, ZHAO F Q. Application of fly ash/granulated pressive strength and Mn immobilization [J]. Materials,
blast-furnace slag cementing material for immobilization 2024, 17(6): 1431.
of Pb”" [Jl. MATEC Web of Conferences, 2018, 175: [56] FikF, MRA, HEM R, 5. K L5 H = ik
01020. B BF 7L (7). o PRS2 A (A AR B2 ), 2018, 48

(45] AEEHE, A5RK, 4530, A . [ AR IE AL 4 75 2 + (7): 96-102.

R LR MR A G m TR, 2023, 13(1): WANG D S, YANG J J, DONG M R, et al.

136-142. Laboratory test on the prediction of cement soil strength

LILH, LI X, LI W T, et al. Strength and leaching [J]. Periodical of Ocean University of China, 2018, 48

characteristics of copper contaminated soil solidified with (7): 96-102. (in Chinese)

solid waste based materials [J]. Nonferrous Metals Engi- [57] MR3CHk, HHEAL, TisiE, & . WA BRI & & B

neering, 2023, 13(1): 136-142. (in Chinese) RS AR AL B L E AR ALEL[T/OL ). oK 5 3R 85 T 2
[46] sCifFHE, PR . FAL A i A L e & Jm o 7 00 4R (b 3 30), 2024: 1-11. (2024-11-01). https://kns.

RVE B S 1 R A AR [T). R B B B RE S 2023, 43(3):
1277-1287.

WU H Y, BAI B. Availability and interfacial energy
characteristics of heavy metal ions in soils solidified by

graphene oxide [J]. China Environmental Science, 2023,

cnki. net/kems/detail/50.1218. TU. 20241101.1140.002.
html.

LIN W Y, FANG X W, LET Y T, et al. Ratio
optimization and solidification mechanism of composite

cementing materials of fluidized solidified sludge [J/OL].



% XX #

PR ,FRRAEFRE TR ST E E R AR X EARL 15

Journal of Civil and Environmental Engineering, 2024: 1-
11. (2024-11-01). https://kns. cnki. net/kcms/detail/
50.1218.TU.20241101.1140.002.html.(in Chinese)

(58] Bk, Efd, FLAEBT, 45 . G IR BRI 57 1 491 %9 7K U8

WA B R e Y s e MLB[T]. A A RL S, 2024, 27
(12): 1071-1080.

LIAO J X, WANG J, KONG X M, et al. Impact
mechanism of aluminum sulfate and sodium aluminate on
strength development of cement mortars [J]. Journal of
Building Materials, 2024, 27(12): 1071-1080. (in
Chinese)

(59] B, MR, XV, 4 25 2 U5 I Ak 2 1 15

AR FAIE Lo A Ak B 5 B2 TE BUHLER[T/OL ], o [ 23 B 2 4
2024: 1-16. (2024-04-18). https://link. cnki. net/urlid/
61.1313.U.20240417.1353.002.

XIAO J, XIANG J J, LIU Z H, et al. Optimization of
curing agent mix ratio and mechanism of strength of
fluidized multi-source solid waste solidified loesses [J/
OL]. China Journal of Highway and Transport, 2024: 1-
16. (2024-04-18). https://link. cnki. net/urlid/61.1313.
U.20240417.1353.002.(in Chinese)

(%4 XXX)



