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Experimental investigation on heavy metal leaching
characteristics of red mud solidified by cement-phosphogypsum

CHENG Wenjing', ZHANG Yong', ZENG Lingling®
(1. College of Civil Engineering, Zhejiang University of Technology, Hangzhou 310023, P. R. China; 2. College of
Civil Engineering, Fujian University of Technology, Fuzhou 350118, P. R. China)

Abstract: To investigate the heavy metal leaching characteristics of red mud co-solidified by cement and
phosphogypsum and to establish a quantitative correlation between mechanical properties and leaching behavior,
solidified specimens were prepared using Bayer-process red mud as the primary raw material, with ordinary
Portland cement and phosphogypsum as composite solidifiers. The leaching behavior of four characteristic heavy

metals (Se, V, As, and Sb) was evaluated using the horizontal oscillation method and the sulfuric-nitric acid
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method, respectively. The results show that: The cement-phosphogypsum composite solidifier exerted a
pronounced synergistic inhibitory effect on heavy metal leaching from red mud; under the optimal mix proportion
of 20% cement and 12% phosphogypsum with 90-day curing, the leaching concentrations of all target heavy
metals met the Class [l limits of GB 3838-2002 and GB/T 14848-2017 under both leaching methods. Pearson
correlation analysis revealed a significant negative correlation between the unconfined compressive strength of
the red mud - cement - phosphogypsum solidified matrix and the heavy metal leaching concentrations, based on
which an exponential function model was established, providing a convenient approach for indirectly estimating
heavy metal leaching levels through strength measurements. The heavy metal immobilization mechanisms
involve four aspects: alkaline chemical precipitation, adsorption and physical encapsulation by calcium silicate
hydrate (C-S-H) gel, structural fixation and ionic substitution within ettringite, and retardation by
microstructural densification. Under the optimal mix proportion, the leaching concentrations of phosphate (0.191
mg/1.) and fluoride (0.895 mg/1.) also satisfied the Class [ll surface water limits.

Keywords: red mud; co-solidify; cement-phosphogypsum; heavy metal leaching; solidification/stabilization
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Table 1 Basic physical properties of bauxite residue

ok o R Wk
WY MIR/Y Wi b H
R/ IR R * PR (<0.005mm)/%  (0.005~0.075mm)/%  (0.075~2.0 mm)/%
51.0 33.6 17.4 2.7 10.2 22.5 70.7 6.8
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Table 2 Chemical compositions of testing materials

B : Y6

R ALO; SiO, Fe,0, CaO Na,0O SO, P,0, il

Arile 28.9 31.1 6.1 17.4 6.1 1.7 0.3 8.5
7K Ue 11.4 27.1 2.9 52.2 0.4 2.6 0.2 3.2
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Fig. 1 Micromorphology and mineral composition of red mud
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Table 3 Major heavy metal contents in raw bauxite residue

PR :mg/kg
Bin B Cr i Cu NI # Ph il As  FACd fili Se # Sh £ Mn HLV ¥ Zn
) 455 B 261.5 164.3 106. 2 100. 1 41.6 0.4 13.9 1.7 138.6 277.1 76.2

R 97 2 A ) 250 100 190 170 25 0.6 . . . . 300
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Table 4 Leaching concentrations of heavy metals from

raw bauxite residue by horizontal oscillation method

7 :mg/L
WK I 25h% Hb R /K I k5
Wit paam LoRIER P
i e e B

B Cr 0. 005

i Cu 0.001 1 1

NI 0.001 0.02 0.02

#5 Pb <20.001 0.05 0.01

T As 0. 006 0.05 0.01

% Cd <<0.001 0. 005 0.005

fifi Se 0.048 0.01 0.01

6 Sh 0.001 0.005 0.005

% Mn 0.001 0.1 0.1

LV 0.048 0.05

¥EZn 0. 009 1 1
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Table 5 Leaching concentrations of heavy metals from

raw bauxite residue by sulfuric acid & nitric acid method

M mg/L

WEE  HR i’@%@k{ﬂéf’iﬁ‘(’ﬁl‘& i&T7k{il;i’i$ﬂE MR

% Cr 0. 007

il Cu 0.002 1 1

NI 0.010 0.02 0.02

% Ph 0.003 0.05 0.01

fifi As 0.018 0.05 0.01

% Cd 0.001 0.005 0.005

i Se 0. 064 0.01 0.01

6 Sh 0. 004 0.005 0.005

% Mn 0.066 0.1 0.1

GINY% 0.065 0.05

#E Zn 0.674 1 1
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Table 6 Test scheme for heavy metal leaching tests
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Fig.2 Effect of curing age on leaching concentrations of

heavy metals from solidified specimens
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Fig.3 Effect of phosphogypsum content on leaching

concentrations of heavy metals from solidified specimens
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Fig.4 Effect of cement content on leaching concentrations

of heavy metals from solidified specimens
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Fig.5 Comparison of Se and V leaching concentrations
between horizontal oscillation method and sulfuric-nitric

acid method
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Table 7 Pearson correlation coefficients between ¢, and leaching concentrations
JLE-J ik Pearson f15& & 5 r p1E ITE A
Se-7K P9Ik % —0.9889 3.41X 10~ Bt 2% (p<<0.001)
VKPR 1 —0.9878 4.53X10°° e fB 3% (p<<0.001)
Se-fii B2 fif R 12 —0.9870 5.46X107¢ e f 3% (p=<0.001)
V- R A R 7 —0.9953 2.52X1077 e $i 3 (p<<0.001)
AL 2 i /R 1% —0.950 2 2.97X107* e f 3% (p=<0.001)
Sh-it 192 fiff B2 1 —0.8928 2.84%107° 1 B 2 (p<<0.01)

MWRTH W HEEBENKEYS ¢, Z A1
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Table 8 Comparison of coefficient of determination R” for

three regression models

JLE -k WRBRY  EBRERT RMERBIR?
Se- 7K V-4 5 12 0. 64 0.95 0.95
V7K PR 7 v 0.55 0.88 0.90
Se-Bit [ i iR 0.65 0.95 0.95
V=i R A T 0.70 0.95 0.92
As-it TR fil§ 1R 122 0.81 0.92 0.91
Sh-1if iR fiFf 12 7= 0.76 0.87 0.86

g LR B PR AL RME A 0. 55~0. 81, 8l & 4L
JH 2 IR DK AE T R R BSCAE AIK 5 BB BRI ik B Y
A Ak kTR T S PR B A A R R B R R D
28 1 PR B0 SR AR A ju%%ﬁfﬂRzm%%‘JEl%ﬁ%W%éi
BRI, 2 TN 673 R B R A O L& ) B
B FEBOR BB R RMH R 0. 87~0. 95, e AL
(14 5L A3 5 0 g B A BEPE | DR O e S 4R B R B C=
a*exp(-b+ g MWE N Fe P K BRABE R

BEF 48 B R BRI X £ T R FRR O
Bl o sl A I a LA A5 R LR 9 K 6. 7,
6 BB 1) S50 a AR 358 B8 3 T B 0 BB IR
W R (pg/L) , IR R E0(6>0) K, BT
FUR VR B Sk R R AR b A | [ Ak R B R 4
THig e

R BLEBE-RHREEMXREINSY

Table 9 Parameters of exponential strength-leaching concentration models for each element

TCE -k A5 IR FHa HIHHEERI R?
Se-7K -4k 5 12 C=37.67Xexp(—6.33X10*X¢q,) 37.67 6.33X107* 0.95
VKRG 5 C=29. 64X exp(—6.17X10*X¢q,) 29. 64 6.17X107* 0.88
Se-Hi 1 fiff B2 1= C=52. 73X exp(—6. 45X 107X q,) 52.73 6.45X107* 0.95
V-5 B i R vk C=44.29Xexp(—7.00X 107X q,) 44.29 7.00X10°* 0.95
A s~ I T T 1 C=12. 15X exp(—3. 47X 10 *X¢q,) 12.15 3.47X10°* 0.92
Sh-f i it 1 1 C=2.494 X exp(—5. 15X 10*X ¢,) 2.494 5.15X10°* 0.87
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Fig.6 Leaching concentrations of Se and V versus
unconfined compressive strength by horizontal oscillation

method with exponential fitting curves
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Fig.7 Leaching concentrations of Se, V, As and Sb versus unconfined compressive strength by sulfuric-nitric acid method

with exponential fitting curves
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Table 10 Leave-one-out cross validation results of

exponential models

JCE-F R? Qcv’ R? - Qv
Se-7K -4k 5 ik 0.95 0.79 0.16
VK4 1 0.88 0.68 0.20
Se-Tii 2 il iR 15 0.95 0.81 0.14
V-G R A TR 0.95 0.91 0.05
As-Ti R i T2 7 0.92 0.87 0.05
Sh-Hi 2 fil§ 2 ¥ 0.87 0.80 0.07
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Fig.8 XRD patterns of solidified specimens with different

mix proportions at 90-day curing age
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Fig.9 SEM images of solidified specimens with different mix proportions at 90-day curing age
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Fig.10 Schematic diagram of heavy metal immobilization
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Table 11 Phosphorus and fluoride leaching concentrations of representative specimen and standard comparison

M35 =ik i 45 5 /(mg /L) PR /(mg/L) e A KR
R ER (LA PI) IRV 3 2% 0.110 0.2 Pk FR
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R (LLPIT) it TR il TR 12 0.191 0.2 oy
FALY (LA Ft) it TR il TR 12 0.895 1.0 by
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