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Abstract: [Background and Objective] Limited by locations, as well as economic and technical levels, most of the coal-
based solid waste is still accumulated in the form of open-air landfills without treatment, thus occupying large quantities
of land resources and causing secondary pollution to the environment. The proper treatment and reduction of high-salin-
ity wastewater (e.g., high-salinity mine water and high-salinity water from the coal chemical industry) represent a key
link in the achievement of zero liquid discharge. However, existing technologies for high-salinity wastewater treatment
are generally confronted with issues such as great initial investment and high operation costs of the treatment engineer-
ing. [Methods] This study developed a technology for the synergistic treatment of coal-based solid waste and high-salin-
ity wastewater (also referred to as solid-liquid synergistic waste backfilling). Specifically, high-salinity water, rather than
ordinary water and additives such as early strength agent, and solid waste cementitious materials—used to replacing part
of cement, were mixed while stirring to produce filling paste, which was then pumped to the underground goaves of coal
mines. To analyze the feasibility of this technology, this study investigated the mechanical properties and potential envir-
onmental impacts of filling paste prepared using coal-based solid waste and high-salinity wastewater from a certain coal
mine in the Ningdong coal base in Ningxia. The mechanical properties, microstructures, and heavy metal leaching char-
acteristics of the solidified filling paste were analyzed using the uniaxial compressive strength (UCS) test, scanning elec-
tron microscopy (SEM), and inductively coupled plasma-mass spectrometry (ICP-MS). [Results and Conclusions] The
results indicate that the strength of all the solidified filling paste increased over time but gradually decreased with an in-
crease in the quantity of mineral powders added and a decrease in the proportion of cementitious materials. Notably,
after some time, all filling paste prepared using high-salinity water as mixing water exhibited 3-day strength exceeding
0.5 MPa, meeting the minimum requirements specified in Technical specification for coal mine gangue-based solid
waste filling (NB/T 11432—2023). Their 14-day strength reached 3.38-5.99 MPa, satisfying the requirements of vari-
ous scenarios in most coal mine filling. The assessment results obtained using Nemerow’s pollution index and extrac-
tion toxicity tests indicate that the leachate from the solidified filling paste exhibited a comprehensive pollution index of
heavy metals of 0.25, rated as “Safety” according to the grading criteria for comprehensive pollution assessment. The
leaching test results of the solidified filling paste indicate that the primary pollutant concentrations in the leachate all fell
below the requirements of Class III water standard specified in Identification standards for hazardous wastes-Identifica-
tion for extraction toxicity (GB 5085.3—2007) and Standard for groundwater quality (GB/T 14848—2017). Therefore,
the technology for synergistic treatment of coal-based solid waste and mine high-salinity water can meet the relevant
standards in the assessment of mechanical properties and environmental stability. This technology enables the recyclable,
low-cost, and full quantitative utilization of coal-based solid waste and high-salinity water, enjoying significant econom-
ic and ecological benefits. The results of this study will provide technological support for the construction of waste-free
mines, mining cities, and chemical industry.

Keywords: coal-based solid waste; high-salinity water; solid-liquid synergism; downhole filling; groundwater
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Table 2 Mass fractions of mineral components in coal gangue and fly ashes %
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A% mKkna RRa TG RBE R

JERF A 25.37 14.41 9.86

IR 1.27 0.70 3.11

21.46 14.02 10.88 4.00
12.01 14.21 5.57 1.47 61.66
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Table 3 Water quality characteristics of high-salinity mine
water used for solidified filling paste

154 JREWE (mg L) BRI (mg L) RS

oS <0.046 <0.05 0.92

Lo 0.113 <1.0 0.11

il 0.178 <1.0 0.18

B 0.331 <10 0.33

Tif 0.035 <0.01 3.50

i 0.003 <0.005 0.60

i 0.031 <0.05 0.62

iy 0.006 <0.01 0.60

S 0.004 <0.001 4.00
Etd] 19 427.600 <250 77.71
A 24342 <1.0 24.34
TR E: 17 827.680 <250 71.31
M i 902.812 <3.0 300.98
AR 9.828 <05 19.66

HTRBIIE BB e, o Al T b K A A R
B, FEKTHEAR I 4, K& TR S5
B ERIKOK AR

R4 BEUREFTERENLTEEKKREHE
Table 4 Water quality characteristics of high-salinity water
from coal chemical industry used for solidified filling paste

HH FORWE/(mg L) BRI mg L) AR

Kaf i e rh ™ A 1 Z2 3007 S 2 5 L B RE e i Ry 1
AR,

3) B T kK

T8 T P v R R /K A L PG AR A Al A B S 7K
SRS B ST MUR I, I 2 Ak PREE | M
T IR B AR . U IR | R R XK

K ICIES SR S XE LA HAT A 2

] RERE KT AR ) B [ 5 VAL E A AR AT B g

il 0.01 <0.05 0.20
557 0.008 <0.002 4.00
it 0.005 4 <0.01 0.54
& 0.03 <0.05 0.60
i 0.01 <10 0.01
B 0.007 <0.02 0.35
% 0.0003 <0.005 0.06
it 0.0074 <0.05 0.15
K 0.000 26 <0.001 0.26
fill 1.04 <0.01 104.00
Eidy] 11700 <250 46.80
FAL 32.1 <1.0 32.10
TR E: 39900 <250 159.60
[lacatetahs 1370 <3.0 456.67
AA 16.6 <0.5 33.20

212 AMFHRHEEALTE

FEIE AT At R e, 38 R BRI I R A
Wk BB 5 R K B e, nT AARASAT BN ] T
B0 FEIARL, Bk S SR R A R IR AL —
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B 8%~10%, Ak T3 P I 25 M4 B 5%~7%, 187K
F B EER R B ) 1%~2%, R EE (B HEAL B L i) 5%~
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Fig.7 Preparation process of solidified filling paste
IKBGIB AR, S P KRR Y LL BB 5 2k
% ('3 CFCS-1—CFCS-5), I it 1 2 4145 [k 5,
PAZERKAVE W . 300, it 1 1 B Tmdhk
Ghra ] ik, B 7 ST ik 5.

x5 FEFEHEFREARET

Table 5 Experimental schemes designed for filling paste preparation

KRS JEAT A /mg K fmg 45 kHmg #H/mg B I mEh K /mL JEAL T R /K /mL ZEIBIK/mL
CFCS-1 1440 360 180 495 495 0
CFCS-2 1440 360 140 495 495 0
CFCS-3 1440 360 100 495 495 0
CFCS-4 1440 360 180 0 0 495
CFCS-5 1440 360 100 0 0 495

RIS D, BT A L BRI . ISR L R K
Fie LU BB P50, B S 9212 8 S 3 K 2R TR K,
PR EPE, i B EA — e FEAR BE i B4R B AR e
A 100 mmx100 mmx100 mm # 5 H7, g 525, BA I3
PR 24 h 5 BRL, SRS TR EE S 20 “C | AT
MBEE A 95% (M IHREIR IR A N F2P 1.3 A 14 d, 5
SRS BRI ], B aURE I, SR T e B
2.1.3 A AR

LR WAL 0 e sl b S R ey € N O A =
PRI, A SCfelE RO 428 1 Fh V8 £) IR 7 R S e LR 5 47
J B B 45 e R AR AT pe e s B . SR F A B R
(0.1 mm/min) HATINEL, B 2 BHBIR, 10 5% MR
DB R R T, T R ] A7 e 235 e S A 1
PR E (A 8).
2.1.4 Zd AR X

2 R VAL [ A SRR AT X R K AR
SEMA () T ZE AR, I R U, AT [ AR
X H R K I AT e~ A R sg e, 2 Hh e S OW PR
SR AT e . BN R S R H 557—
2010 AR E Y 12 a2 i KRG R )P T -
g, B SE R AR, i R PR U A, 1R
WE R 10 = 1(L/kg) I INZRIRIK; BiJS, B HE U #a

FETEIKE IR Ar b, KR 9K 15 72 S (110£10) YK /min,
PRUE R 40 mm, FEZE M TR 8 h 5, BUNHRIUA A, i
B 7he PSS, BUHR B 0.45 pm BEREREUE, DU
B pH, Cr®, Cu™, Mn™", Zn™"| As. & Cr, Cd™",
Pb™", Ag. Ni. Se. Be, Hg’", Na", & 3L . CI'| F.
SO}, COD, NH,". & GB 5085.3—2007( /&[5 & ¥
YA e 52 AR PE %50 ) A1 GB/T 14848—2017¢H1 T
KT HR A o ) Xof [ Ak FE SRR A4 v TR S e W 1 12
PEHEATHIWR(E] 9)

& ’ﬁ qn‘. s
P8 e o I e
Fig.8 Compressive strength test
2.1.5 B FAE
FESUE R M P RN A7 E 2 TP e R, HOAERE
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Fig.9 Leaching toxicity test
TR T 2R . I, DFTCR R 5 gt
FEROE P SRR R IR R D R T 4 T e
DX T /KPR AT BEE LAY 2L, PP 0 AR IE WA 6.
NS LR B 15 PR BULRES Bk Z M BB X 2 515
Ty DTAR, 2K R T A T P iR

c, Y c, Y
(S_")max + (S_“)ave
p=\ im0 ave

2

(6)

®6 MNEFTERFTRINSRINE
Table 6 Grading criteria for comprehensive pollution
assessment based on Nemerow’s pollution index

=7 P V5 YR KT
1 P<0.7 R BT
2 0.7<P<1.0 B S1%57 =R
= =N ¥ AV YU
5 L0cp<20  ERE ISR, ARG,

I 5
U AR
T T

4 2.0<P<3.0 G Y

5 P>3.0 GIREE

ARG HR R X T K T B AR AE TS K A E N
THAFRUE
22 #REIFR
221 FIERBESH

10 JEFE L B AR BTSRRI 25 5 . A
W] LUE Y, B B TR A ZE S, T [ Ak Fe 3B 1A ) ik
FEFRAEASWTIG N . PR Bl A R I B TR SE K, 3R
TR A= WA WG I, EER AL i AR B2, P
A0 R R KA A K AR 3 d 5k EE AR
T 0.5 MPa, 2EA4# £ NB/T 11432—2023 (LA™ A 5%
(i1 247 FESFLEE AR A ) HE A e (IR EE oK HE 14 d 9 BE I ak
2| T 3.38~5.99 MPa, et /£ 48 KR~ R %

Xt CFCS-1., CFCS-2 1 CFCS-3 i) 4T & 5 BE A]
PLR I, B0 A 08 0 3G 2, 1a0RE o B S /N .
AP IRGAE 2 X B e A5 20 TR B B A
# CFCS-5 A BT He sl BEAR TR U e #3 ) CFCS-4

% 53 %
8-
B 1 Jd
=3
7 2 S J
£6 el S B 14d
25 = = )
a5 g 2 -
%4_ ) 1) g‘r
== o
=l
& o
ol ¥ < « ) I
(=)} [ > =
n — w3 Q= n X on &
T B e B EE
=) =) = = =

0
CFCS-1 CFCS-2 CFCS-3  CFCS-4 CFCS-5
AU

P10 R 1] 4k FE TR 1A P Bt b T i i
Fig.10 Uniaxial compressive strength of solidified filling paste
prepared using coal-based solid waste

B X PR ST IR A A ol A rh A TR I A,
TCTERERT Ry 22T, 3008 Jo ik &A% e R A
H, BB BEREAG . 5300, 07k S Inie T B &5 A
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DA B, i FVRER A VR Rk A T A it J3 22 g 0
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BV BB SR A, AR IR I ZE SR TR, [ R R
WK il 2 1 TSR A i 8 o5 ol FH 2R AR K il 5 i 72
BURSRIE . 0 Rk 2 B A2 [ Ak (AR BE SR T, R
IR K KRB CURIBR IR ER (55 3), {2k T 45
WA AN 3R B B ER N /KA = SRR A R, 8 T S ik
N (S R e G T RN 8 b N

ARG AT L, PUBEAL T R K 8 o (2 Ak 331
BEJR) S0 B B AL, i 2 SR A — 5, Hor,
X AL T K A AL S AL B B3, SR FH TlAL 3
Jer B RS B JC F AR AR T 4 AL B A
222 FBAAZ RN

1) FEHF ATEAE A SR BE RS AN

F 7 R FUIHE AR A AS IR AU VAN 5
TSR R, 7 I S 3K 5 T m ok i [ 4k 7o
R W AR LRGSR B B 0.25 1
0.22, M 6 ML L5515 Y i o3 bn e, LR
T4, i L FE IR RIS MO FRBE (075 YL /N,
FEIEF N FEH T IR K RSB B K E S
& R B AR (R 3)

2) FEIE AR L EEE T

3 8 R L FIHF R AR Hl I 25 R . WR ]
DA H, 5 b 4 S S AR5 Yy e R AN
AU TG R ) % S bR GB 5085.3—2007 (& H)
S BARHE 32 ARSI ), RIFHMIE T GB/T 14848—2017
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Table 7 Assessment of potential ecological risks caused by the leachate of filling paste

W m KPR S B R R BT KRR NES:RY/GE THEEKIEE BT EERKIEE
K 5 AR R RN ESERERE BRI RN ES)E R ES)E
C/(10° mg'L™) C/(10 mg'L™h S/(mg-L™) LRAT YR EP, LR TSP,
VAViIK:e 17.00 4.0 <0.05
il 2.96 45 <1.00
B <0.67 3.2 <1.00
it 2.20 25 <0.01
X 0.25 0.22
i <0.05 0.3 <0.005
it <0.09 0.7 <0.01
(i) 0.44 0.4 <0.02
Bk <0.04 0.3 <0.001
*8 HEFGMEHSM
Table 8 Extraction toxicity of filling paste
i R R AR T3 T /K B At
izt IR m K PR TRk i e g/ kb S/ BT
W hite ) (mg L ) W fit ) (mg L ) (mgL) e (mg'L") e
pH 10 12.2 2.0~12.5 Er.Y 7
N 0.017 0.004 5 by <0.05 briy
il 2.96x107 0.004 5 100 BESY 7N <0.05 bry 7
B <0.67%10°° 0.003 2 100 B 78 <1.0 bEy 7
filp 2.2x107° 0.0025 5 BhR <0.01 IkFR
Pt 19.1x107 0.0388 5 IKFR
i <0.05x10°° 0.000 3 1 BE.Y /1) <0.005 b7 70
i <0.09x107* 0.000 7 5 ikt <0.05 BT
H <0.04x107° 0.000 05 5 kbR <0.05 kb
g 0.44x107° 0.002 1 5 IKAR <0.02 kbR
i 2.46x10°° 0.006 8 1 Y7y <0.01 kbR
)3 <0.04x10°7° 0.000 03 0.02 Y7y <0.002 kb
JR <0.04x10°° 0.000 3 0.1 kbR <0.001 ikt

H: *RINGB 5085.3—2007 { fGR P RIFRIE R TEELER ) 5 =38R GB/T 14848—2017 (3 F/KFEARUE) -

“[E P IME) 8 I i B AKOE B [ Ak SRR AR X PR BE 11
LM /IN o 33X J2 PRI Ay R 35 T PR 25 i o %) T Ak o 7]
A KA CaO SFRTIRIAR, 78 50 -k E KR & ), ¥4
BCRERR =45 | FRIR =45 A SRR R — 454, DL 5X(1).
K (2) A (3)o XL A B 5t 23 W I 45 4 2 HE 1)
BEVR, WNYIBIEAS LR T Sk s 4R B F-E

B A, BT TRk S5 H ik
PR AT HEARAS A . A 3HUME B B K, T B AT AL A
THFEAL I, SR B2 M RGBSR IE , i — 25 2ET T IR
AbE WA LTS Gt K b B TR FHAE AR R
P25 T 202205, S AR AT LR e 55 £5
FBREE, BARIR B TCE A BRI o P 5 T [ A AL
BOR, AP M 4w Sk A AL TEE AR, )
JEE WA E Y RAEIAIE A T K A8t

DUSEAL T g K (G B B 75 o) P R AL HRLS  5
W B e v BEAIR T ARHE R, B
4 B LAt B Y5 e v B N ANAIR T 6 o 2 40 6 i b
{fE GB 5085.3—2007 e [ 2 ¥ % 5l b o 32t Pk 2

1), [E BHE T GB/T 14848—2017 (3 T 7K i A5 7E )
I A TTIZE K bR e, S8R, HERE R B R) 1AL T 3k
TR THAL BRI 27 o I A 75 8 A [ Ak B e sk SR
Rif.

3 HARAMAm=S

B 5 45 SR R XK G VR AR 4 ) RN
PEE, DI 0 K EBRRIE S K EB IR 5K %
TR R B4 R G A o R PE SR IX IR HEK i 24
1.87 m®, § K P 2 B ik 42.8 42 m, (B K F
RBAIR, B AR BIAHDCEIR . SR, BERE IR TR
6]~ AR B, 1 I K IR S, 57 K &
RIS, 1WA AR OB X AT S K R
F| 1300 m*/h, TDS 535 2 000 mg/L 7547 ; 2Bk HEIX
A e KR K B8 #3050 m/h, TDS ik F|
10000 mg/L DA I, @b HoK b b BRI A R 01 H
TR PRIk, BRI P S e K “RE PR el
Ab BB ARAL GRS A D™ I i ER K T HERC e,
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