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Research on soil reconstruction and growth response of Solanum nigrum based on fully solid waste materials. MEI Zhen-ran',
ZHAO Zhong-qiu'***, YANG Qiao**, HE Ying', BAI Hang', SHI Meng-chao' (1.School of Land Science and Technology, China
University of Geosciences (Beijing), Beijing 100083, China; 2.Key Laboratory of Land Consolidation and Rehabilitation, Ministry of
Natural Resources, Beijing 100035, China; 3.Technology Innovation Center for Ecological Restoration in Mining Areas, Ministry of
Natural Resources, Beijing 100035, China; 4.Land Consolidation and Rehabilitation Center, Ministry of Natural Resources, Beijing
100035, China). China Environmental Science, 2025,45(5): 2608~2619

Abstract: In this study, fly ash, blast furnace slag, desulfurization gypsum, sludge, straw, and sawdust were utilized as raw materials.
These materials were mixed at varying ratios, and Solanum nigrum was selected as the experimental plant for indoor pot trials.
Farmland soil and contaminated soil from a metal mining wasteland were employed as controls. Variance analysis and Mantel tests
were employed to analyze the effects of substrate ratios on Solanum nigrum growth characteristics, physicochemical properties of
reconstructed soil, and relationships between substrate materials. A minimum dataset (MDS) for soil quality evaluation and
entropy-weighted TOPSIS were applied to identify optimal substrate ratios. The results demonstrated that reconstructed soils formed
by different solid waste ratios exhibited loose textures and enhanced water retention. Organic matter content was measured within a
range of 39.01~70.03g/kg. All solid waste-based reconstructed soils were found to support Solanum nigrum growth, with biomass
ranging from 0.11 to 3.18g/pot. A minimum dataset for soil quality assessment was established based on four critical indicators:
chlorophyll content, plant height, pH, and water stability of 0.5~Imm aggregates. Subsequently, the entropy-weighted TOPSIS
model was applied to systematically evaluate the comprehensive quality of the reconstructed soils. The optimal combination ratio,
identified as fly ash: blast furnace slag : desulfurization gypsum : sludge : straw at a mass ratio of 4:2:1:1:2, demonstrated superior
performance in both plant growth and soil functionality.

Key words: ecological restoration of waste land; comprehensive utilization of solid waste; soil reconstruction; comprehensive
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Table I Heavy metal content and physical and chemical properties of different materials

i K i i B I MgO CaO ALO; SiO, Fe,0; TC TN TK TP
MEL pHE
(mg/kg) (%)

FA 1003 120 054 4654 0.14 1204 499 028 1361 034 259 1004 51.85 229 - - - -
BFS 895 584 0.01 1682 003 284 219 027 832 074 3050 092 015 022 - - -
DG 843 466 141 1403 0.09 3.56 098 076 295 970 3493 1177 3570 046 - - - -
SS 758 1370 512 4210 055 2080 7.64 037  86.60 - - - - - 5861 1.78 0.16 2.49
SA - - - - - - - - - - - - - - 4322 561 022 0.04
ST - - - - - - - - - - - - - - 60.63 092 138 037

VE AR < RRIR AL, 007l TR SR T 20 B,

IR FER K (FA) =P (BFS) it
FH(DG). MMHEA(SA) TG YE(SS)FIRE HEFG
FE(ST), JEAB R L e P R A 5 K 1 s
AL T AR AT BR 2w A A A S A A (LA i
MRAEA S FEAT) R A G B2 dh T IR 7], 248
W R R A LB 22 2mm By AR 505 7
ok B ARG AN B Iy 8] 4 50~60C A T 4

P HENRAR B 5 SRR, 2 25~30d A3 3502 bR I
A 25 AR ORI R M S 6 R TS e AN R A
BHO T S8 & A EA M AR AR 3R A,
A ] - 88 (CK) R AR A b 50 T S IX B A F Hb
0~20cm [RIF 2 338, T 38 b by 398 45 4 s R I 57
Hh IR (DBS) KA A ARA WS B X R 5T He
0~20cm - 48, IR G L R As TN
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1910.85mg/kg,Pb 75 £ 5080.5mg/kg, A WL & AR,
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Table 2 Mixed pot trial program

200 FA BFS DG SS SA ST
Cl 50 10 10 20 10 -
C2 40 20 10 20 10 -
C3 30 30 10 20 10 -
C4 20 40 10 20 10 -
Cs 15 35 20 20 10 -
C6 25 25 20 20 10 -
C7 35 15 20 20 10 -
T1 50 10 10 10 - 20
T2 40 20 10 10 - 20
T3 30 30 10 10 - 20
T4 20 40 10 10 - 20
T5 15 35 20 10 - 20
T6 25 25 20 10 - 20
T7 35 15 20 10 - 20
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Table 3 Evaluation steps based on entropy weight TOPSIS method
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Table 4 Reconstructed soil physical properties at different ratios

. AT WAEKE BERKE  BEN K IKFEPE IR (%)
(g/em’) (%) (%) (mm/min) 0.2~0.5mm 0.5~Imm 1~2mm 2~5mm >5mm
CK  1.41+0.04a 29.40+0.28¢ 15.79£0.28¢c  0.71+0.04a 6.90+0.19d 5.94+0.20f 1.26+0.05¢ 0.94+0.04¢ 1.76+0.05g
DBS  1.50+0.02a 28.25+1.91e 16.28+0.48¢  0.14+0.01c¢ 12.25+0.59a 12.55+0.52a 13.45+0.78ab 9.55+0.88b 3.65+0.51g
Tl 0.92+0.09b  80.43+£2.82bcd  49.23+0.33ab  0.17+0.03bc 5.86+0.71e 6.39+0.51ef 14.32+1.18a 19.11£0.69a  40.10+2.07a
T2  0.95£0.04b  83.66+2.82abc  50.31+1.97ab  0.20+0.01b 5.88+0.58¢ 7.04+0.22de 11.83+0.44bc  20.54+2.63a  31.02+0.31d
T3  0.91£0.07b  85.75+5.06ab  51.64+1.06ab  0.16£0.02bc  6.53+0.13de 8.56+0.65¢ 10.72£1.63cd ~ 20.92+£0.30a  26.78+0.76e
T4  0.94+0.06b 87.30+0.32a 53.69+0.28a  0.20+0.02b  7.23+0.22bcd 10.92+0.31b 9.52+0.22d 20.96+1.05a  24.68+1.78f
T5 1.00£0.07b  82.714+3.79abc  53.92+2.36a  0.22+0.03b 7.14+0.09cd 7.73+0.25¢d 10.61+0.82cd  20.33+£0.73a  37.33+1.54b
T6  0.92£0.05b  79.33+0.74cd  49.33£1.29ab  0.16£0.06bc  7.74+0.47bc 7.76+1.39¢cd 11.12+1.82cd  20.67+£2.65a  34.97+1.07c
T7  0.91+0.07b  75.47+4.65d 48.594+6.60b  0.18+0.05bc 7.98+0.23b 7.47+0.19¢cd 11.07+£0.43cd  20.76+0.28a  27.09+1.06e
CK  1.41£0.04a  29.40+0.28d 15.794+0.28¢ 0.71£0.04a 6.90+0.19g 5.94+0.20e 1.26+0.05f 0.94+0.04e 1.76+0.05g
DBS 1.50+£0.02a  28.25+1.91d 16.28+0.48¢  0.14+£0.01bc  12.25+0.59a 12.55+0.52a 13.45£0.78bc  9.55+0.88d 3.65+0.51f
Cl  0.93+0.07b  61.63%2.16abc  40.59+0.78cd  0.15+0.02bc 9.36+0.39b 8.84+0.29¢d 11.08+0.61e 15.47+0.66c  14.95+0.61cde
C2  0.88+0.05b  62.33+0.48ab  44.24+1.66ab  0.12+0.02c 8.92+0.27bc 8.52+0.4cd 12.47+0.61cd  20.32+1.01ab  15.93+0.48bc
C3  0.92+0.09b  64.22+1.00a 44.71+1.72ab  0.13+0.01c 7.92+0.30de 8.47+0.82cd 14.05+0.85b  22.24+1.26a  16.57+1.07b
C4  0.91+0.07b 64.77£3.11a 46.60+1.64a  0.17+0.02b 6.36+0.24g 8.19+0.26d 15.5240.72a  22.35+0.62a  17.86+0.54a
C5  0.84+0.06b 61.68+0.98abc  43.29+0.28bc  0.13+0.03c 6.40+0.27g 8.63+0.22cd 11.78+0.47de  19.13+£2.67b  15.56+0.89bcd
C6  0.82+0.04b  59.71+0.31bc  40.72+3.86cd  0.14+0.01bc  7.58+0.22ef 9.18+0.70¢ 14.14+0.30b 19.41£0.71b  14.34+0.31de
C7  0.86+0.03b  58.47+3.75¢ 39.09+1.14d  0.14+0.01bc  8.40+0.93cd 11.24+0.50b 15.35£0.50a  22.40+0.31a  14.15+1.15¢

VB A~V S B O 22 (n=3), AN 7] 7 RERR 1S [ 21 Ak 2L i) = S R b R AT 1825 22 5 (P< 0.05).K 10 /2 10°C I K753 R 8, mm/min.
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<0.002mm [PRURE {2 35 8 i 3K W] g A D Ay E A 3%

ZALIS RIAS R RS FE S B8 AR 7843 5 JLA e WA R
I A 75 F A SRR AS T 2mm SR IS AR AT L BRI
T TEAURA A 20 3 T B B T 4L 24 i A1 8
A EE2 N 10%A 20% 5, AN [F] g Eb () A -+ 3 7
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Table 5 Particle composition of reconstituted soil with

different ratios

4157 R 2H 15 %) e i)
0.05~2mm  0.002~0.05mm <0.002mm

CK 47.44+233a 4528+1.07d  7.28+1.29 it

DBS 7.06%0.08b 51.5840.24cd  41.36%0.20a (h) JiZh 1
Tl 7.21%3.05b 70.59+8.62ab 22.20%8.55bed  Hi () 4+
T2 8.67+6.78b 71.72£12.65ab 19.61%+6.10cd  F (W) i+
T3 8.50+242b 73.7247.33ab 17.78%6.16cd ) (W) 3+
T4 7.98+438b 7851+991a 13.51+6.02de ) (W) 3+
T5 6.38%+2.53b 69.58+£2.38ab 24.04+2.54bc i (W) B+
T6 12.11%3.15b 61.36+£6.24bc  26.53%+4.47bc K (i) 4+
T7 556+2.93b 63.29+1.92bc 31.15%1.62b ¥y (D) 4+
CK 47.44+233a 4528+1.07¢  7.28+1.29¢ it

DBS 7.06%0.08b 51.58+0.24de 41.36%0.21a (b)) Bigi+
Cl  9.03+0.72b 81.11%2.75a  9.86%3.43de @) L

C2 8.58%1.82b 74.31%836abc 17.1248.74cd K (D) 4+
C3  579%291b 67.11%£1.83c 27.10%4.70bc K (i) 4+
C4 572+1.45b 67.07+9.87c 27.21%+844bc K (W)t
C5 5.40%3.71b 77.12%3.03ab  17.48+6.63cd Fi (W) iiZhiE 1+
C6 7.42+2.17b 68.84+57bc  23.74+4.46c  Fy(W) L
C7 7.81%229b 57.39+1.55d 34.8043.84ab i (D) s+

TG T Y £ AR 22 (n=3 ), AN ) 7 RE 7% (7] 21 Ak 3 1) - 398 0
R RCH A 3 2 R (P< 0.05).
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Fig.1 Reconstructed soil chemical properties
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2.2 AR ER IR RS A KRR IR 2
SRR W) DA BT IR 37 Hh g8 Ol e BRI A
I (DBS) AN fE Ay 0 9% A5 K 3 it b B4 A AH AN [ it
S R IC BE 1 T E R R 8 08 N 25 I A K
T 343 BT AN [R] T A4 = 30 e 5 2R K R G 5
(K 6)n[ A1, T2, T4 A AR T AR A= ) 5t
fabr i FH LT CK AR, I T2 Ab 3 Ak i A
TR T4 Ab 30 A= 4 108 B i K AE, B CK 2 il
BT 18.58%. 62.19%A11 41.51%.C ZHH )+ 35 )y,
MWK Mm AEE. AR g E e bs
B35 BB A o e S D 54 0 ARRy A5 (%) B KK i 386
Je PSR FR R C5. C6. CT 1) SOD #5br 2
SR A H CAT F1 POD F5 bR Bfi 5 e b i 1) 189

TAURY $5E 2K 1 B A B AL AP, T 20 T1-T4 (1)
CAT. SOD. POD i 1 ¥ B 4y L 4] 35 i v 4
FR1, X AT BB A v PR B e T
e g5 R R W 7 o Ak T DR T ¥ U8 BT A Ok
(1 25 P 30X AL 1) 5% i O 200 33K 58 B R K A 0
R AR TSV REFFEEE R 6 RlA R
TR A 15 21 1 7 A4 R A A% O Ak 33 T, 1
YIPT AL g 1 AH B SR IX S R} DL — 5 1) L] 2k
TTIRA T 22 00 W 4 R G, T 0 T 33 v ) R T
FBLRT A B FH A2 5 ) 0 2% A OR300 1) DG B A
AP L TR, ok K i A
VSUB RS AT % 4(2):2(4):1:1:2 IR A 15 3 1t T4y + 438,

*6 AEELETREEKER

Table 6 Growth indexes of Lobelia under different ratios

215 i (cm) A (em) EYRE  MHEB(em®) 5 ZE(SPAD) CAT(U/g) SOD(U/g) POD(U/g)

CK  66.8521.65c 11.03£0.49a 1.86+0.41b 38.88+2.82c 35.96+0.79¢ 124.324£10.26¢ 637.80+41.3¢ 98.2149.9¢
DBS 0+0g 0+0g 0+0e 0+0g 0+0e 0+0f 0+0f 0+0f

Tl 25.63%3.17f 2.712036f 1.19+0.04c 10.61+£1.59f 25.81+2.52d 132.11%+12.15¢ 881.4152.44d 316.62+4.57¢
T2 7927+1.92a 8.16+0.63c 3.11+0.22a 63.06+2.05a 39.21+0.36b 179.11+16.57d 963.25+78.67cd  330.414+2521bc
T3  44.82%34le 542+045¢ 1.5620.06b 32.39+1.61d 34.44%1.69c 236.09+14.38¢ 1049.55+32.11abc ~ 376.26+28.51a
T4  7434+338b 9.55+0.48b 3.18+0.39a 54.15+£2.62b 45.89+1.79a 288.98+27.10ab 1111.80£92.79ab  389.07+44.19a
T5  53.83%3.52d 9.31+0.50b 1.74%0.17b 34.77%1.64d 39.600.43b 322.51431.54a 863.10£22.52d  273.68%11.99d
T6  42.71+2.18¢ 7.45+0.55¢ 0.80%0.02d 20.82+12¢ 36.15+2.48c 270.89+29.79b 1030.78£56.76bc  386.48+30.76a
T7  27.06+147f 6.52+0.12d 04520.13d 11.85+131f 34.1840.77c 206.54+15.79cd 1143.05+67.35a  368.22420.64ab
CK  66.85+1.65a 11.03+0.49a 1.86+0.41a 38.88+2.82a 35.9610.79a 124.32+10.26d 637.8141.30¢ 98.2149.90d
DBS 0+0g 0+o0f 0+0d 0+0f 0+0e 0+0e 0+0d 0+0e

Cl  1748*1.13e 2.64+0.24e 0.1120.01d 3.5440.06e 24.58+1.93d 777.87+113.72a 1036.43+39.68a  412.82+45.20a
C2  18.86%1.65¢ 3.43+0.38d 0.1820.03d 5.81+£0.15d 25.43+0.57d 746.661+50.77a 986.96+68.21ab  333.56%11.87b
C3  19.14%3.19¢ 3.99+0.45¢d 0.2540.03cd 6.10+£0.57d  30.95+1.15¢ 565.64152.64b 980.85+22.64ab  310.37%17.15bc
C4  3334%2.84c 4.35+044c 0.4810.04bc 13.16=1.45¢c 31.82%1.4lc 532.87462.58bc 942.72+77.43b  289.74+33.35¢
C5  41.71+1.60b 537+0.44b 0.6310.04b 17.03£0.75b 33.78+1.43b 528.91448.48bc 998.6+62.37ab  312.14+18.00bc
C6  23.77+1.96d 4.26+0.58c 0.25%+0.0lcd 6.374£0.26d  25.560.49d 462.28+11.80¢ 956.78129.90ab  405.75%24.50a
C7  1357+196f 2.46+0.1le 0.14+0.01d 3.5940.34e 24.15+1.00d 609.73+30.61b 940.59+40.06b  415.17+12.75a

R T S £ AR 22 (n=3), AN F) 7 B R [ 21 AR BRI KA b LA 1 24 22 57 (P<0.05).
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K A IR RH AL TR 70 TEHLA R CR A5
W P AUBERRATFD A BRI G5e  BRARAN
REAF) 70990 45 T A - 3 AR R JFOMRL ) A A P
7 Mantel x5, 70 B 1 SR LSRR BRI AR L 1 28
FELA) IR B R AR DA, WA T 5 i - S BEAL Y 5t
AR LA IR BHA 7 (B 2). 498 R E0liK Mantel
RS P AN, B WA R T 3B R AR
ERNIF AT PN

Wl 2 Fros A HURPRD R AP T
PP EA ISR T IEH UM R SE Dy Bl 2 A A -
PACPE T LA N RO KRR AP A
WA KR BERKE . BIEEA>5mm K E
AR A ) B DG AE R A KA R by T, A LR
RO A A= ) CAT IR A AR 52 (B AT G -
BANE S R B TR ARA S E 2 BT W] AR AT
FUH R 13 pH . A HAT 2~5mm JKEEE AR 14
YR R AT T AUTE BB TR A,
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Fig.2 Correlation analysis of different substrate materials with soil physicochemical properties and plant growth factors

2.4 AFRFEMLIEASEEZREN

241 ETIRbEURERNTRbRITIE  AERET E K
I3 HTRTREAT KMO HliFF Bartlett BRIE SEAS K, Horp
KMO = 0.803>0.5,sig<0.01, 15 B ] LA 3L T~ 3% 5 1 48
FRIEAT 32 o o0 A AR AR R T 1 1 4 ARl B

U7 Z R R E N 91.293%, J7 22 fift B % 4% Wil &
44.829%,31.266%,10.416%,4.782%.i1F WI£E AR 73 #r
TEEIR 3 J8 a3 ] AR SR A B A FR B (1) R 015
AR b A LR ZR G PR I 45 2R 2
ATATI.

£7 MDS RWMEME
Table 7 MDS and weight determination

B}

Lo 415 ; N 3 ) Norm fH  H/PEHH4E J1E A
S 1 0.925 0.262 -0.111 0.144 2.995 1IN 0.970 0.023
AT 1 0.923 -0.189 0.160 -0.037 2.950
IKIRE 1 0.911 0.169 -0.327 -0.073 2.939

BERKE 1 0.819 -0.493 0.210 0.001 2.896
IR IR 1 0.852 -0.346 0.340 -0.010 2.871

SOD 1 0.829 -0.349 -0.346 0.078 2.809

i3IS 1 0.660 0.679 -0.014 0.126 2.734

Foaiy 1 -0.625 0.696 0.227 -0.034 2.703
gyt 1 0.655 0.640 0.152 -0.118 2.667

0.2~0.5mm 1 -0.815 -0.162 0.114 0.222 2.61
A 1 0.612 0.561 0.382 0.272 2.504
>5mm 1 0.727 -0.237 0.465 -0.358 2.497

7N 2 0.694 0.624 0.156 0.237 2.747 HEN 0.927 0.493

2~5mm 2 0.525 -0.773 0.165 0.096 2.627
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gk 7

ks 5 : . EELs . ’ Nomm i BN il W
POD 2 0.655 -0.591 -0.239 0.165 2.606
L NIApA 2 0.623 0.594 0.322 0.311 2.567
BiEN 2 0.009 0.921 -0.314 -0.104 2.465
1~2mm 2 -0.140 -0.870 0.235 -0.037 235
A R 2 -0.019 0.813 -0.495 0.100 2.263
pH {i 3 0.743 -0.319 -0.527 -0.038 2.605 HEA 0.962 0.258
CAT 3 0.046 -0.587 -0.677 0.284 1.877
0.5~1mm 4 -0.520 -0.329 0.267 0.665 2.010 HEA 0.993 0.046
EREORIEN 10.130 6.471 2.393 1.044

Ji ZE TR (%) 46.046 29.412 10.876 4.744

ST Uik EE(%) 46.046 75.458 86.335 91.078

WA T B 22 A LIEARE YRR A 4
Y1,a13% 7 Fon, e, BHUR. KRR, BER
K. WG AKE, SOD. MRK. AT, .
0.2~0.5mm- B4 >5mm 541, kK S 2~5mm.
POD. M- 23EVE . 1~2mm . 7 %08 4 45— 41,pH
A CAT My 55 =41,0.5~1mm Bha7 Ky 55 DU 4, 3E— B4
MCERTTEE S — g s, B Ak E . =4l
pH fHAIZEDILL 0.5~1mm FEFRIEA MDS.IXLEF5 bR
Hh I 2 2RI A A A A K ) T 4R b, L
FOE M HEAT 6B A FH 6 2 I A A R0 5 R P B A
A PR S B A T 0 pH AR AR 0.5~1mm (17K
Fa it K SR A2 VP 38 T i 1) R AR, Re i B
P A AR DL R AR . TR R ).
242 RV BTN SRR I 1 4 R T
SRS FR AR S 1E BEACURR RN S CH AR R 2 T f RR R
2 DRI D UL R S AR B FE S, F 44 S AT HE
JPAF 30 BC T R s 245 RIHE P (R 8).4EANF]
[l % T b A B AA 338 R T 204593 4F 0.379~0.881 2
¥4k BT C 41 0.246~0.559,Hd T2, T4 LM,
CK AbHAR4 KT 0.8,T2 1944006 T CK,T4 K
2 ,DBS AHHEHARSCA 0.03 1.6 T AR AL EGI#)
TR I IR R AR A L
I, V5 PeHREFT 4G R LT 5 e+ R, X
WA A T 5 S5 R T8 1, N 0 R JEOR R 7K A3t
IKBE ) b S R A I 275 VEAN 43 23t AU TR 56 ik
T [ B 3 4 o DR P e AN T B A P
P 3 3R B AR X A S R B AT — e AT AT
SEA TR T FR AR R A KA LA RIS
LT BRI EEG VRO, 45 R R B T2 AL REE T it e
1) - SFe 4 W), Ry R e AL A T 1R A ) B

#8 ARELLTEMLEARIFMNER
Table 8 Evaluation results of reconfigured soil program with

different ratios

A% EFARREEE DT BRI D MIXEEEE S, T
T1 0.169 0.103 0.379 10
T2 0.034 0.252 0.881 1
T3 0.107 0.162 0.601 5
T4 0.049 0.237 0.828 3
T5 0.088 0.181 0.672 4
T6 0.118 0.152 0.563 6
T7 0.164 0.11 0.401 9
C1 0.194 0.081 0.294 13
C2 0.195 0.077 0.282 14
C3 0.184 0.096 0.342 12
C4 0.148 0.121 0.449 8
Cs 0.119 0.15 0.559 7
Co6 0.174 0.099 0.362 11
Cc7 0.208 0.068 0.246 15
CK 0.04 0.232 0.852 2

DBS 0.267 0.009 0.031 16

3 it
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