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Effect of organic acid enhancement on the remediation of cadmium-lead—polluted farmland by feed maize

TAO Ronghao'?, GAO Yuxin', XIE Junhao', HU Jingyi’, CAO Chi', HU Zhaoyun®*, LU Hongjuan'’, YE Wenling', MA Youhua"

(1. Key Laboratory of Farmland Ecological Conservation and Pollution Prevention and Control of Anhui Province, College of Resources and
Environment, Anhui Agricultural University, Hefei 230036, China; 2. College of Resources and Environment, Huazhong Agricultural
University, Wuhan 430070, China; 3. College of Resources and Environment, Southwest University, Chongqing 400715, China; 4. Tongling
Yi’an District Agricultural Technology Promotion Center, Tongling 244000, China)

Abstract: In order to explore the restoration and improvement of cadmium—lead polluted farmland by forage maize strengthened with
organic acid. In this study, a field experiment was conducted to compare the reparative effects and economic benefits of fortified forage
maize enhanced with citric acid (CA), tartaric acid (TA), and polyaspartic acid (PASP). The results showed that: all three organic acids
could increase the biomass and yield of maize, with a yield increase of 2.92% -8.37% compared to the control. After the application of
organic acids, the cadmium and lead concentrations in maize grains ranged from 0.13 mg- kg™ to 0.90 mg- kg™ and 0.06 mg- kg™ to 0.25
mg - kg™, respectively, which met the national feed hygiene standard (GB 13078—2017) and can be used as plant—based—feed raw
materials. Meanwhile, the concentration of cadmium and lead in maize cobs, straw, and roots significantly increased compared to the

control, and the ability of straw and roots to accumulate and transport cadmium and lead improved. During the reparation of 0-20 c¢m of
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arable soil with TA treatment, Gaoyu 2068 and Jingke 968 extracted the highest amounts of cadmium and lead, respectively, reaching 3.78

mg-m~ and 48.97 mg-m™, respectively. In theory, the shortest time required to make the farmland meet the standard for safe use of arable

land is 13 years. After the application of organic acids, although the soil pH value during the mature period of maize decreased by 0.09-

0.19 units, the highest increase in available cadmium and lead concentration reached 52.37% and 63.22%, respectively, improving the

extraction ability of maize plants and thereby reducing the total cadmium and lead concentrations in the soil. From the perspective of

economic benefits, under organic acid treatment, the input—output ratio of planting Yufeng 303 is relatively high, ranging from 1.18 to 1.78.

This study proves that Gaoyu 2068 has the most significant remediation effect under treatment with TA and PASP. Although the repair

period of Yufeng 303 under CA reinforcement is relatively long, it has high economic benefits. Both can be promoted and applied for the

simultaneous production and remediation of heavy—metal-contaminated farmland.

Keywords : organic acid; forage maize; cadmium and lead pollution; intensive repair; farmland
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Table 1 Biomass and yield of different maize under organic acid reinforcement

hb A fb 3 H:W)iE Biomass/(kgem™) PR

Variety Treatment #i2 Root F&#F Straw Tl Cob FRE Kernel Yield/(t-hm™)

YM-1 CK 0.13+<0.01b 1.32+0.04b 0.08+0.01c 0.90+0.01b 8.73+0.12b

CA 0.14£0.01a 1.38+0.03a 0.09+0.01be 0.94+0.01a 9.12+0.09a

TA 0.14£0.01a 1.40+0.02a 0.10+<0.01ab 0.96+0.02a 9.22+0.04a

PASP 0.14£<0.01a 1.41+0.01a 0.11£0.01a 0.97+0.03a 9.16+0.08a

YM-2 CK 0.13+0.01b 1.56+0.03¢ 0.08+<0.01b 0.47+0.01b 4.54+0.09b

CA 0.14+<0.01ab 1.64+0.02b 0.10+£0.01a 0.51+0.01a 4.81+0.05a

TA 0.14+0.01a 1.72+0.02a 0.09+0.01a 0.52+0.02a 4.92+0.05a

PASP 0.15+0.01a 1.70+0.04a 0.09+0.01a 0.53+0.03a 4.91+0.07a

YM-3 CK 0.10+0.01b 1.47+0.05b 0.18+0.01¢ 0.92+0.01b 8.90+0.07b

CA 0.12+<0.01a 1.57+0.03a 0.19+0.01b 0.97+0.02a 9.21+0.05a

TA 0.12+<0.01a 1.60+0.03a 0.21+<0.01a 0.96+0.01a 9.32+0.07a

PASP 0.12+0.01a 1.60+0.06a 0.22+0.01a 0.97+0.02a 9.31+0.08a

T AU RN B 3R A B 22 5 .35 (P<0.05) o R Tl

Note : Different lowercases in a column indicate significant differences

9 0.13~0.17 mg - kg™, ¥ CK ¥4 /i1 T 45.35%~96.16%,
HEWE B R AR TA . YM-2 7645 Ab B R APk & ol
0.31~0.36 mg- kg™, % CK ¥4 /il T 28.509%~48.19% , 14
R e A PASP, YM-3 7645 A B R kR 47 5 B

0.81~0.90 mg- kg™, % CK 4/l T 28.06%~42.23% , 14
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Different lowercase letters on bars of the same color indicate significant
differences among treatments(<0.05). The red lines in the figure
represent the limit values specified in the "National Food Safety Standard
for Pollutant Limits in Food" (GB 2762—2022) , while the blue lines
represent the limit values specified in the national feed hygiene standard

(GB 13078—2017). The same below.
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Figure 1 Cadmium content in maize kernel under

different treatments
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among treatments (P<0.05). The same below.
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Figure 2 Lead content in maize kernel under different treatments
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SR TR PASP, YM-1 A1 YM-2 7E 40 38
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B R b & s e B i ) (GB 2762—2022)
FILE BIBRUE . YM=3 78 AL B 5 AF Rz 4% 5 i AR
TizbnifE B A CE AR DA RRHE) (GB 13078—
2017) HLSE A & SR T 1.0 mg- kg BOFRVE, ATAE A
Fa PG RHEURL
2.2.3 N[RJ A F A KA AR A AN B 1 1 R
P22 2 40 Al 1, YM -1 76 45 b B R Rl A5 AT
M4 7 £ 49 ) 388 CK 43 0 38 m 1 43.019%~61.64%
22.02%~46.38% F129.33%~41.29% , 1 i 55 K 1 ZRA7
JERER . YM-2 154540 BER B R AT AR (4R
BCK A3 BN T 27.62%~37.74% . 36.829%~49.55%
H135.31%~65.03% , 3 i e KA FRA 2R . YM-3 7E
AR FE R A A FE AR (049 5 S A CK A ARG I T
13.55%~52.00% . 42.30%~65.03% #1 22.70%~30.05%,
B B R B ARG FT o

R2 FEETERERZSBLIBEE(mg-kg')
Table 2 Cadmium content in maize plant parts under different

treatments(mg-kg™)

827
R3 AEMETEREREDOAHEE(mg-kg)
Table 3 Lead content in maize plant parts under
different treatments(mg-kg™)

Hi A Ab B il FEAT i
Variety Treatment Cob Straw Root
YM-1 CK 1.62+0.38b  20.02+2.82b  35.56+3.80b

CA 1.91+0.24ab  26.92+1.85a  43.24+0.45a

TA 2.19+0.17a  28.90+3.87a  40.88+3.80ab

PASP 2.04+0.30ab  28.18+4.00a  45.91+2.56a

YM-2 CK 2.00+0.01c  14.43+0.86b 22.67+1.63d
CA 3.27+0.09a  25.57+2.07a  28.79x1.38¢

TA 2.94+£0.30b  25.59+4.41a 31.31+0.61b

PASP 3.09+0.14ab  24.52+0.63a  36.44+1.09a

YM-3 CK 2.24+0.17b  12.01+1.83b  39.37+2.27¢
CA 3.44+0.18a  16.18+2.23a  54.80+3.54a

TA 3.36+0.15a  17.81+1.42a  49.91+3.32b

PASP 3.24+031a  16.99+1.04a  57.02+0.27a

A pisei Hlgh AT Ui
Variety  Treatment Cob Straw Root
YM-1 CK 0.75+0.02b 1.06+0.10b 1.63+0.09b

CA 1.14+0.10a 1.41£0.20a 2.31+0.02a

TA 1.20+0.15a 1.29+0.14ab 2.11+0.15a

PASP 1.07+0.16a 1.55+0.13a 2.18+0.20a

YM-2 CK 0.59+0.03b 1.02+0.09b 1.12+0.02¢
CA 0.77+0.09a 1.41+0.11a 1.51+0.02b

TA 0.75+0.12ab 1.39+0.13a 1.64+0.17b

PASP 0.81+0.08a 1.52+0.15a 1.84+0.10a

YM-3 CK 0.28+0.040b 1.00+0.03¢ 1.13+0.10b
CA 0.32+0.03ab 1.43+0.03b 1.39+0.13a

TA 0.41+0.12ab 1.66+0.10a 1.46+0.04a

PASP 0.43+0.04a 1.62+0.10a 1.38+0.04a

2.2.4 AN[A AL HRXF o KAT AR A5 BB A7 4 75 et 10 5 1)

P 2% 340 M AT 1, YM—1 76 45 A B R Rl A5 FT A
ML & 5 5 CK 3 5 3 T 17.949%~35.16%
34.43%~44.35% F1 14.98%~29.12% , 34 & 5 K B AL
FEAEFT . YM=2 7545 40 BR Rl 5 AT F0AR (4% 5
B CK A3 BN T 47.419%~55.08% . 69.88%~77.32%
H1126.98%~60.74% , 3 W& e K ERALIEAEFF . YM-3
TEA AR T FEE RS FF R A B S mE AR CK 2 B3 m
T 44.45%~53.66%. 34.66%~48.25% F 26.76%~

44.82% , R e K BT 2 R
2.3 AESEITR R EE M IS
2.3.1 AP S s ) 22 53

4 43HT AT AL, YM=1 ZE45 A0 B S RS FE AR AY &
B R B CK AT S AN T 22.95%~47.54% 1 29.47%0~
41.05% , &5 A1 — ML F0AT A — 5 FF 10 5% 32 22 8053 31 A
0.61~0.71 #10.09~0.13, YM-2 75 £ Ab BT #% FF FI AR
1) & 2 & B CK 43 3l 38 T 37.29%~49.15% il
35.38%~64.62% , T ¥ — M LKL Hr —F5 FF 1055 12 R 505
4 0.83~0.93 F10.22~0.25., YM—-3 1£ 4% kb B R F5 FT

F4 FEILETERMNEEEMFIZHZMN
Table 4 Effects of different treatments on cadmium accumulation

and transport in maize

R EBCF §18 R R TE
b A AL :E -t et e
Variety Treament  F5FF W REF-RL PR—R R
Straw Root Straw—Root Kernel-Straw

YM-1 CK 0.61+0.06b 0.95+0.05b 0.65+0.03a 0.08+0.01b
CA 0.82+0.12a 1.34+0.01a 0.61+0.08a 0.09+0.01b
TA 0.75+0.08ab 1.23+0.09a 0.61+0.10a 0.13+0.01a
PASP  0.90+0.08a 1.27+0.12a 0.71+0.07a 0.10+0.01b
YM-2 CK 0.59+0.05b 0.65+0.01c¢ 0.91+0.08a 0.24+0.06a
CA 0.82+0.06a 0.88+0.01b 0.93+0.07a 0.22+0.04a
TA 0.81+0.08a 0.95+0.10b 0.85+0.12a 0.25+0.04a
PASP  0.88+0.09a 1.07+0.06a 0.83+0.09a 0.24+0.03a
YM-3 CK 0.58+0.02¢ 0.65+0.06b 0.90+0.08b 0.63+0.07a
CA 0.83+0.02b 0.81+0.08a 1.04+0.09ab 0.58+0.07ab
TA 0.96+0.06a 0.85+0.02a 1.13+0.09a 0.54+0.02ab
PASP  0.94+0.06a 0.80+0.02a 1.18+0.07a 0.50+0.02b
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FIHL ) A R B CK 2 53 T 43.10%~65.52% il
23.08%~30.77% , ¥ FF - ML AP KL A5 FF 19 5% i2 R 500
19 1.04~1.18 F10.50~0.58.,
2.3.2 AN[A ALY B AR s (1 5

H 2 5 AL, YM-1 7645 b R RS AT R 9 s 46
Z B8 CK 43 B3 T 40.00%~50.00% Fl 16.67%~
27.78% , i F - MR By 5% 38 ZE0H 0.61~0.72, YM-27E
25 Ab PR RS A RAR A9 B AR R B CK A B T
71.43%~85.71% F1 25.00%~58.33% , F& FT - AR i 4% i
ZH0M 0.67~0.89, YM-3 7645 4b B R RS FF FIAR 1 &
£E R B CK A BB TN T 21.86%~47.96% Fil 14.95%~

£S5 TERETEXIMNAEENEZEHM
Table 5 Effects of different treatments on lead accumulation and

transport in maize

WA RBBCF I8 FRUTE

IS TS - P
Variety Treatment FEHF lits -t FPR-FS
Straw Root Straw—Root Kernel-Straw

YM-1 CK 0.10+0.02b  0.18+0.02b 0.56+0.02a <0.01+<0.01la
CA 0.14£0.01a 0.22+<0.0la 0.62+0.05a <0.01+<0.01a
TA 0.15+0.02a 0.21+0.02ab 0.72+0.14a <0.01x<0.0la
PASP  0.14+0.02a 0.23+0.0l1a  0.61+0.06a <0.01+<0.01a
YM-2 CK 0.07+0.01b  0.12+0.01d  0.64+0.02¢ 0.01+<0.01a
CA 0.13£0.0l1a 0.15+0.01¢  0.89+0.05a 0.01+<0.01a
TA 0.13+0.02a 0.16+<0.01b 0.82+0.14ab 0.01+<0.01a
PASP  0.12+<0.01a 0.19+0.0la 0.67+0.02bc 0.01+<0.01a
YM-3 CK 0.06+0.01b  0.20+0.01c  0.31+0.04a 0.02+<0.01la
CA 0.08+0.01a 0.28+0.02a  0.30+0.05a 0.01+<0.01a
TA 0.09+0.01a 0.26+0.02b  0.36+0.04a 0.01+<0.01a

44.99% , T FF - HE 12 R 800 0.30~0.36, 45 b BEXT
KPR -FEFF 42 R BRI 22 F A8 B35 (P>0.05) .
2.4 REGEITE  SRREEE SRR

AN ) A BT FOR SR IR BT BE ) A 22 F k.
2 6 AT Al S0, FE A LR FRAL T, YM—1 X 5 AT 1)
PRI A4 CK AR5 T 36.24%~56.92% F1 38.28%~
48.79% , PASP 1 TA 43 B % 5 A 1) B B RE 77 fi 58 -
Y M -2 55 5 R 1) B2 B A 31 95 CK 8 55 T 45.68%~
64.90% #1180.79%~90.73% , PASP Il TA 43 51| % 58 A1 4%
R HEBURE F7 At o YM =3 X 48 AT 0 4 BB 2 1) 4
CK 1 T 46.63%~70.17% F1 47.68%~59.79% , TA %}
AN PEICRE ) S ek . A7 B 0~20 em B 1
e o R IR B A R b 4 1 V5 Y XU A 1 A (1.50
mg-kg ) LA, 38 [ YM-3 7E TA 1 PASP s 4k F &
SRR, R 13 a fil 14 a, 2 J5 W] R BUZE 42 F)
M Z ML T & FRIEY % 247, BT
T2 6 b, 4 P IR oA T b 3 e XU A
1B, BRI T3 - R 18 52 A BR
25 AEAEX TEpHE 2RV REASIRE
Epp=Al
2.5.1 AN[RIALFEXT 43 pH AR F 52 1

AN [) Ak B K B 3 pHE 52 B R R R
FERTR . B 3430 AT AL ZEA HLER AL 38 3 R £ oK
A 3 pH B N 4.97~5.09, 8 CK 14 58 MEFRAK
Hrp YM-1,YM-2 F1 YM-3 i 4 3% pH {4 CK 43
SITFFET 0.09~0.13.0.10~0.151F10.10~0.19 4~ F47
2.5.2 AN[AIAb 36T A 1 4 B AN A 1) 5

PASP  0.09+0.0la 0.29+<0.0la 0.30+0.02a 0.02+<0.0la S lﬁl ﬂ‘ﬁﬁ_f: ﬂiﬂéﬁk%’&ﬁﬂ i%éﬁ% %u%ﬁJK IEJ
F6 AEIAETERRRE FHUR
Table 6 Effects of cadmium and lead extraction in maize under different treatments
S b b WU Extraction/(mg+m™) FEWCK Extraction percentage/% 1852 - FR Repair years/a

Variety Treatment cd Ph cd Pb Cd
YM-1 CK 1.76+0.10b 31.47£3.92b 0.44+0.03b 0.07+0.01b 29+2a
CA 2.50+0.27a 43.61x1.89a 0.63+0.06a 0.09+0.01a 20+2b
TA 2.39+0.19a 46.82+5.35a 0.60+0.05a 0.10+0.01a 21+2b
PASP 2.76+0.21a 46.78+6.14a 0.69+0.06a 0.10+0.01a 19+2h
YM-2 CK 1.89+0.10¢ 25.68+0.97h 0.47+0.02¢ 0.05+0.01b 27+2a
CA 2.75+0.16b 46.42+3.11a 0.69+0.04b 0.10+0.01a 19+2h
TA 2.88+0.20ab 48.97+7.70a 0.72+0.05ab 0.11+0.02a 18+1b
PASP 3.12+0.26a 47.38+1.35a 0.78+0.07a 0.10+0.01a 16+2b
YM-3 CK 2.22+0.05¢ 22.22+3.11b 0.56+0.02¢ 0.05+0.01b 23+0a
CA 3.26+0.17h 32.81+3.83a 0.82+0.04b 0.07+0.01a 16+1b
TA 3.78+0.15a 35.50+1.60a 0.95+0.04a 0.08+0.01a 13+lc
PASP 3.64+0.20a 35.07+2.45a 0.91+0.05a 0.08+0.01a l4xlc
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Figure 3 Soil pH value during maize maturity under

different treatments
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Figure 4 Total cadmium and lead content in soil during maize

maturity under the same treatment
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Figure 5 The content of available cadmium and lead in soil

during maize maturity under different treatments
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Figure 6 Correlation between cadmium content in various parts of maize and available cadmium and pH in soil
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Figure 7 Correlation between lead content in various parts of maize and available lead and pH in soil
R7T AEIEBEFRES
Table 7 Economic benefit analysis of different treatments
R Qb3 A Input/GC - hm™) BHA SN AT
Variety  Treatment 474 Organic acid  #'F Seed HA Other  Total input/(J77C+hm™) Total output/(J7C-hm™)  Input-output ratio
YM-1 CK 0 720 12 000 127 2.18+0.03h 1.72+0.02b
CA 115 720 12 000 1.28 2.28+0.02a 1.78+0.02a
TA 1350 720 12 000 1.41 2.33+0.03a 1.66+0.02¢
PASP 7200 720 12 000 1.99 2.34+0.08a 1.18+0.04d
YM-2 CK 0 480 12 000 1.25 0.68+0.01b 0.54+0.01b
CA 115 480 12 000 1.26 0.74£0.02a 0.59+0.02a
TA 1350 480 12 000 1.38 0.75+0.03a 0.55+0.02b
PASP 7200 480 12 000 1.97 0.77+0.04a 0.39+0.02¢
YM-3 CK 0 540 12 000 1.25 1.33+0.01b 1.07+0.01b
CA 115 540 12 000 1.27 1.40+0.03a 1.10+0.03a
TA 1350 540 12 000 1.39 1.40+0.01a 1.00+0.01¢
PASP 7200 540 12 000 1.97 1.40+0.03a 0.72+0.02d
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