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Effects of different carbon materials for enhancement of organic acid—mediated removal of heavy metals and
nutrient retention in soil

MA Xiao—jie', ZHANG Shi-rong"”, WANG Yi—jun', WANG Gui-yin', XU Xiao—xun', LI Ting?

(1.College of Environmental Sciences, Sichuan Agricultural University, Chengdu 611130, China; 2.College of Resources, Sichuan Agricul—-

tural University, Chengdu 611130, China )

Abstract: Four carbon materials, including single nano—carbon black (NCB), rice straw biochar(RSB ), wood biochar(WB), and nut-shell

biochar(NSB), and two low molecular weight organic acids (citric acid and acetic acid ) were tested alone and in combination to determine

their efficacy for removal of soil Cd, Pb, and Zn. Single carbon materials showed removal efficiency of less than 0.5%. Generally, citric acid

enhanced the removal of heavy metals by carbon materials more than acetic acid. Compared with citric acid alone, NCB significantly im —
proved the efficiency of Cd, Pb, and Zn removal (10.1%~11.1% ), whereas RSB enhanced removal efficiency less than NCB (7.8% ~
10.3% ), and WB and NSB weakly increased the efficiency (1.8%~5.8% ). The exchangeable, reducible, and partly oxidizable fractions of
Cd, Pb, and Zn decreased markedly after washing with the mixed solutions ( P<0.05). Soil organic carbon content increased by 8.7%~
26.5% for all treatments, whereas total potassium decreased significantly relative to unwashed soils (P<0.05). The total nitrogen and

phosphorus contents in different washed soils did not change significantly in comparison with original soils. Compared with single organic

acids, the loss rates of available nitrogen, phosphorus, and potassium were reduced by 1.4%~6.1%, 4.4%~11.5%, and 1.3%~10.4%, respec—
tively, in the presence of carbon materials. Therefore, addition of carbon materials, especially nano—carbon black and rice straw biochar, to

organic acids could effectively enhance the efficiency of removal of soil heavy metals, as well as alleviate the loss of available soil nutrients.

Keywords: soil leaching; nano—carbon black; biochar; organic acid; composite leaching; heavy metals
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T AR A et 5 Xt 3 E 48 Cd.Pb Al Zn 1)
FBRER

ABFFE LA AT R K FEREFAE W ok KRB )
IRFNRFE AW IR MR RL , 26 FH TG R AN £ R PR IR
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L1 K TS s AR
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M AR B U A DO B RAEYRE X R )2
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it RS B B R AR A, A 3 1

1

1.1.2 ettt

FEEEIR (CeHsO7) F1 2R (C,HLO,) , 43 B4k, 2477 H
BHERRHEAL TR @R, Btk kil 7~9
nm, 77 [ KER— LA T 7= SR & B A FRA W 5
IKFERSFE A AR B A e R FEAE B R IR R
BN 80 wm, #4977 A VLI BH T RIS
1.2 iR H*E
1.2.1 B—f AR 138 Cd Pb Hl Zn (kRIS

A AFREL 2.00 g +FEF 50 mL BLAEH, A
20 mL ¥ H 0.3.0.7 1.1 1.5 g- L (40K a2 KA
FE AW B (AR JE A=y e Fn SR 72 A=W e, IF R 0.1
mol « L™ 1) HNO; 1 NaOH 845 % pH £ 4.0, LAJK
VS WAEZS IR BR B B B0 B TR & #e b L 7E
200 r-min™ Z5/F FE(25 C¥EW 1 h 5, 763500 r-
min™ N0 3 min, EOA ) FIERZ 0.45 pm f8AL
UEMELL U8, P KA S O 1 (FAAS, M6 #4 )il
7S Cd Pb il Zn By & i, BB HEES 3 IR,
1.2.2 B—AHLERXS 138 Cd .Pb Fl Zn (kR

A AFREL 2.00 g +FEF 50 mL BLAEH, A
20 mL Y& 47 0.1.0.2.0.3 mol - L™ iR Bk 2, IR 1%
W, I 0.1 mol-L™ ) HNO; F1 NaOH 75 W pH
2 4.0, DIKIFEBRAIESS xR, HAE IR 1.2.1,
1.2.3 43 Cd.Pb 1 Zn (5 Gk L

A3 BIFREL 60,140,220 300 mg 44 K5k B K FEFE
FAEY e ARBED e RSEAEY R T 50 mL B0
L AR A 20 mL R EEH 0.3 mol - L IR . 4
fig, £ 25°C.200 r-min™ 204 FEIRIREG 0 24 h,
T4 AIFRE 2.00 g = FEn A SCHE 5 9 A kv
F1 0.1 mol- L' () HNO; 1 NaOH 7575 pH % 4.0, Hi4:
ARA 1.2.1,
1.3 THEBYEREESBRSHNE

148 pH {EI E R R B pH 311 HIERH S 1
A48 o N 7 R FH R At S 48 k21 s - B RO 28 B 2
FHHCE T o 0B SR T R 4% I R A o3 B )2k
AT, e A A AL AR I o SR FH E B IR AR A A
b o= R VER R S G o W AV o 3L pe R E e e 2
AR SRR PT L 1, BRI R A S A LB IA

1 il R ERBEUMER

Table 1 Physical-chemical characteristics of the contaminated soil

H B WL e ke FH 85 28 4 i/ W*ﬁéﬂﬁi/g-kg" i%i%)ﬁ%i/mg-kg"
i o emol ke’ Hik Wk WAL cd Pb Zn
7.35 30.82 12.36 211.6 430.8 357.6 21 1870 3099
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YIEINC R RS Y 5 36 5% 8 Hi

Bl — JCHADE R SRR 2 2R FH AR IR = AN IR 32 - 4R B
PG, AN 5 SR P PR Bl P B — K DG BE 15
TCHLEIN 2 R A B R 3R e B i 1L 2 2 (NHE-N)
NP (NOs-N)
HEJBICE 2T HTR H HNOYHCIO/HF (A F]
Feom 1:2:2) —mRfisfbik? .+ E &R IB AN R
FHRk e BCR i £ HGE=2,
1.4 HiELE
8K SPSS 19.0 #4748 31431, R Origin
9.0 Z: &1 Bt V- {E 5 b v 25 R LK 3R 7 26 0
255t W E AT R S-N-K 1:(P<0.05).

2 #R5W®R

2.1 B—wRIT L1 Cd.Ph #0 Zn BOEBRE

4 PRI 38 Cd Pb 1 Zn f2EBR R ICHA
AR LR HE/NT 0.5% (3 1), FHI, —
RIEDL BT 38 Cd P A1 Zn B9 2Bk,
22 B—EFHEEY L1 Cd.Ph 0 Zn BIEBRE

3 Fh+3EE 48 Cd Pb Fl Zn () LBRRBEA HL
PRV B ARG I s (P 1) o FE RV BE R A vt
+3gErh Cd.Pb Fl Zn B LR B E R T CMR(P0.05),

Fz 2 BT 1 Cd.Ph #0 Zn BIEBRE
Table 2 Effects of carbon materials alone on the removal of
soil Cd, Pb and Zn

bR W /g- L Cd/% Pb/% Znl%
CK 0 0.26:0.05  0.02£0.01  0.08+0.01
YRR B 0.3 0.14+0.04  0.05x0.01  0.08+0.02
0.7 0.210.06  0.04+0.01  0.08+0.01
1.1 0.35:0.06 0.04:0.03  0.08+0.01
15 0.35:0.05 0.03:0.02  0.06+0.01
IKFERE R Wy o 0.3 0.09+0.04  0.01+0.00  0.09+0.02
0.7 0.10£0.03  0.02£0.01  0.08+0.02
1.1 0.11x0.04  0.04£0.02  0.07+0.01
1.5 0.140.03  0.05£0.01  0.08+0.01
PNEER 0.3 0.07+0.03  0.03:0.00  0.10+0.02
0.7 0.140.07  0.04£0.01  0.09+0.02
1.1 0.15£0.07  0.03+0.01  0.09+0.01
1.5 0.13:0.01  0.03£0.02  0.08+0.01
RIS 0.3 0.13£0.08  0.02+0.00  0.11x0.01
0.7 0.13:0.03  0.02+0.01  0.08+0.01
1.1 0.09:0.04  0.03£0.01  0.08+0.02
1.5 0.09+0.02  0.01x0.01  0.08+0.01

T CK KBz Fx B, Tl

Note: CK, deionized water. The same below.

FEURFER 0.3 mol - L™ B, AR XS 11 Cd \Pb 1l Zn
1) 2% T 2R T 15.6% 35.2% 1 25.7% . X 5
AP B e —J0HR , LR —J0lR , Wi LG & i
RUEE 2T, H5ESEHETEEEAR
L, T ARG R 25 B s LR,

50r b . 8
c b = i
40; ol - b -_-l'
| ¢ | A= A
1 - L g
[ 1

LK%

£lcd I Pb B Zn
ARG - B R A PR ) -3 5502 5 1 35 (P<0.05) . T 1]

Different lowercase letters indicate significant differences in mean amony

treatments( P<0.05 ). The same below

1 B—iTiREE(CA)FIZ B (HAc )%t £1E Cd.Pb A0
Zn BFJEBRE
Figure 1 Effects of single citric acid(CA ) and acetic acid(HAc)
on the removal of soil Cd,Pb and Zn
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Tl A1 Aok 52 B ot i I A i b Rk Wk R ) 4 n 3 2
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B IR AN E 4 S 1 2 B A I DL g K ik SRR e
=1(10.19%~11.1% ) , JKFEFEFF AP iRk 22 (7.8%~10.3% ) .
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Figure 2 Effects of organic acids with carbon materials on the removal of soil Cd,Pb and Zn
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Figure 3 Distribution of fraction of Cd,Pb and Zn in soil before and after varieties washing treatments
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7 e A A AILER RN A L 25— A8 B b 32 A L
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Vi B o IR E SR TR, BR O S L A
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Table 3 Chemical characteristics of soil samples before and after varieties leaching treatments

pis: FHLEk/g kg™ 5 /g kg 2Wlg kg 2/g kg T A mg kg HA B/ mg-kg!  HAHH/mg-kg
Org 28.30+1.54b 1.66+0.01a 1.23+0.04a 7.87+0.04a 81.7£1.0a 56.9+2.5b 127.0+2.4a
CA 33.21+2.10a 1.64+0.01a 0.98+0.01a 7.36+0.05b 67.6+1.4d 45.5+2.9¢ 96.9+2.8d
CA+NCB 35.75+1.18a 1.69+0.02a 1.06+0.10a 6.75+0.07¢ 69.7+1.9¢d 48.3+2.9¢ 103.8+2.7he
CA+RSB 35.80+1.79a 1.68+0.01a 1.03+0.11a 6.80+0.08¢ 69.8+2.0cd 50.6+2.5¢ 107.0+£2.4b
CA+WB 34.07+2.00a 1.67+0.07a 1.13+0.06a 6.78+0.07¢ 70.6+1.8cd 49.9+3.5¢ 99.5+2.3cd
CA+NSB 33.85+2.41a 1.63+0.04a 1.17+0.13a 6.90+0.06¢ 71.2+1.4cd 50.2+£2.7¢ 103.1£2.6bc
HAc 30.77+1.56ab 1.63+0.02a 1.14+0.12a 6.70+0.14¢ 71.9+2.4cd 58.9+2.8b 103.1£2.5bc
HAc+NCB 31.82+1.90ab 1.64+0.02a 1.09+0.25a 6.75+0.09¢ 73.0+1.0bc 61.5+2.1ab 104.4+1.9bc
HAc+RSB 31.38+1.48ab 1.68+0.02a 1.19+0.03a 7.01+0.10c 76.2+1.9b 65.7+£2.2a 109.0+2.6b
HAc+WB 31.10+1.54ab 1.65+0.01a 1.20+0.03a 7.02+0.22¢ 72.9+2.1bc 61.7+2.5ab 107.5+£2.2b
HAc+NSB 31.76+1.87ab 1.68+0.02a 1.21+0.02a 6.85+0.20¢ 76.3+1.1b 63.2+3.0ab 109.6+1.9b

1 : Org, JEA 14385 CA, 0.3 mol - L7 #7182 ; HAc, 0.3 mol - L' ZJi2; NCB,0.7 g- L™ K65 58 ; RSB, 1.5 g+ L AKAEFEFF AW 5¢ ; WBL0.7 g- L7 ARJB A
YH;NSB,0.7 g- L™ RGeA W 5¢. R R)/ING Fik R A 30 ) - 44 8002 57 i 35 (P<0.05)
Note; Org, original soil; CA,0.3 mol - L™ citric acid; HA¢,0.3 mol - L™ acetic acid; NCB,0.7 g+ L™ nano—carbon black ; RSB, 1.5 g+ L™ rice straw biochar;

WB,0.7 g+ L™ wood biochar;NSB,0.7 g+ L™ nut-shell biochar. Different lowercase letters in a row indicate significant differences in mean among treatments

(P<0.05).



1524

YIEINC R RS Y 5 36 5% 8 Hi

RIPETHE S T L8 s MR 2 bR R A $E THE AN
K A o 5, K RERS AP A 9 ek 2, KB RS 5e A4
WYy iAo

(2) & A MLER TR M KL E G bkt fa , LI iR
FONIL] B YR 1 B ] R N D SR SR SR
Bk, X F B AL AR PR Hh A BB bA L RE (R 0E B 4 114 4%

TEAMRIEAE .

(3) HIEmutE A mﬁb“z/‘*ﬁﬂ% 8.7%~26.5%,
SR e RLEETA, 2 SRR E TP
0.05), 5H—FHHLERA L ,ﬁifzﬁ*ﬂrﬁﬁﬁn/\ﬂ DAV K
YU A BTG E /AN IUE B

S 3Lk

[1] Mukwaturi M, Lin C. Mobilization of heavy metals from urban contami—
nated soils under water inundation conditions|J]. Journal of Hazardous
Materials, 2015, 285 :445-452.

[2] Wang G Y, Zhang S R, Xu X X, et al. Heavy metal removal by GLDA
washing : Optimization, redistribution, recycling, and changes in soil fer—
tility[J]. Science of the Total Environment, 2016, 569/570:557-568.

[3] Bolan N, Kunhikrishnan A, Thangarajan R, et al. Remediation of heavy
metal (loid )s contaminated soils: To mobilize or to immobilize[J]. Jour—
nal of Hazardous Materials, 2014, 266:141-166.

[4] Chasapis C T, Loutsidou A C, Spiliopoulou C A, et al. Zinc and human
health : An update[J]. Archives of Toxicology, 2012, 86(4):521-534.

[5] Kulikowska D, Gusiatin Z M, Butkowska K, et al. Humic substances
from sewage sludge compost as washing agent effectively remove Cu and
Cd from soil[J]. Chemosphere, 2015, 136:42-49.

[6] Mukhopadhyay S, Mukherjee S, Adnan N F, et al. Ammonium —based
deep eutectic solvents as novel soil washing agent for lead removal[]].
Chemical Engineering Journal, 2016,294:316-322.

[7] Boente C, Sierra C, Rodriguez—Valdés E, et al. Soil washing optimization
by means of attributive analysis: Case study for the removal of potential—
ly toxic elements from soil contaminated with pyrite ash[J]. Journal of
Cleaner Production, 2017, 142:2693-2699.

[8] Alghanmi S I, Sulami A F A, El-Zayat T A, et al. Acid leaching of heavy
metals from contaminated soil collected from Jeddah, Saudi Arabia:Ki—
netic and thermodynamics studies[J]. International Soil and W ater Con—
servation Research, 2015, 3(3):196-208.

[9] Zhang T, Wei H, Yang X H, et al. Influence of the selective EDTA
derivative phenyldiaminetetraacetic acid on the speciation and extrac—
tion of heavy metals from a contaminated soil[J]. Chemosphere, 2014,
109:1-6.

[10] Chen Y, Zhang S R, Xu X X, et al. Effects of surfactants on low —
molecular—weight organic acids to wash soil zinc[J]. Environmental Sci—
ence and Pollution Research, 2016, 23(5) :4629-4638.

[11] Yao Z T, Li J H, Xie H H, et al. Review on remediation technologies of
soil contaminated by heavy metals|]]. Procedia Environmental Sciences,
2012, 16:722-729.

[12] Wang G Y, Zhang S R, Xu X X, et al. Efficiency of nanoscale zero—va—

lent iron on the enhanced low molecular weight organic acid removal
Pb from contaminated soil[]J]. Chemosphere, 2014, 117:617-624.

[13] Figarol A, Pourchez J, Boudard D, et al. In vitro toxicity of carbon nan—
otubes, nano—graphite and carbon black, similar impacts of acid func—
tionalization[J]. Toxicology in Vitro, 2015, 30(1):476-485.

[14] Prete M C, Oliveira F M D, Tarley C R T. Assessment on the perfor—
mance of nano—carbon black as an alternative material for extraction of
carbendazim, tebuthiuron, hexazinone, diuron and ametryn[J]. Journal
of Environmental Chemical Engineering, 2017, 5(1):93-102.

[15] Tounsadi H, Khalidi A, Farnane M, et al. Experimental design for the
optimization of preparation conditions of highly efficient activated car—
bon from Glebionis coronaria L. and heavy metals removal ability[J].
Process Safety and Environmental Protection, 2016, 102:710-723.

[16] Ruparelia J P, Duttagupta S P, Chatterjee A K, et al. Potential of carbon
nanomaterials for removal of heavy metals from water[J]. Desalination,
2008, 232(1/2/3 ) : 145-156.

[17] Kotodyniska D, Krukowska J, Thomas P. Comparison of sorption and
desorption studies of heavy metal ions from biochar and commercial ac—
tive carbon[]]. Chemical Engineering Journal, 2017, 307 :353-363.

[18] Igalavithana A D, Park J, Ryu C, et al. Slow pyrolyzed biochars from
crop residues for soil metal (loid ) immobilization and microbial com—
munity abundance in contaminated agricultural soils[J]. Chemosphere ,
2017, 177:157-166.

[19] Lu K P, Yang X, Gielen G, et al. Effect of bamboo and rice straw
biochars on the mobility and redistribution of heavy metals(Cd, Cu, Pb
and Zn) in contaminated soil[J]. Journal of Environmental Manage—
ment, 2017, 186:285-292.

[20] Tang J C, Zhu W Y, Kookana R, et al. Characteristics of biochar and its
application in remediation of contaminated soil[J]. Journal of Bio—
science and Bioengineering, 2013, 116(6) :653-659.

[21] Gogo S, Shreeve T G, Pearce D M E. Geochemistry of three contrasting
British peatlands: Complex patterns of cation availability and implica—
tions for microbial metabolism[J]. Geoderma, 2010, 158 (3/4):207 -
215.

[22] B, ITRK, i, 45 R M).
Aol H kL, 2008:30-158.

BAO Shi-dan, JIANG Rong—feng, YANG Chao—guang, et al. Soil agri—

TR AR

cultural and chemical analysis method[M]. 3th Edition. Beijing:China
Agricultural Press, 2008 :30-158.

[23] Pueyo M, Mateu J, Rigol A, et al. Use of the modified BCR three—step
sequential extraction procedure for the study of trace element dynamics
in contaminated soils[J]. Environmental Pollution, 2008, 152(2):330-
341.

[24] Nemati K, Bakar N K A, Abas M R, et al. Speciation of heavy metals by
modified BCR sequential extraction procedure in different depths of
sediments from Sungai Buloh, Selangor, Malaysia[J]. Journal Hazardous
Materials, 2011, 192(1):402-410.

[25] An C J, Huang G H, Wei ], et al. Effect of short—chain organic acids on
the enhanced desorption of phenanthrene by rhamnolipid biosurfactant
in soil—water environment[J]. Water Research, 2011, 45(17):5501 -
5510.



TINAS S R IRIBTRHSRAT LR XY T e 0 5 B B 1525

[26] Wang H J, Zhou A L, Peng F, et al. Adsorption characteristic of acidi—
fied carbon nanotubes for heavy metal Pb( Il ) in aqueous solution[J].
Materials Science and Engineering:A, 2007, 466(1/2):201-206.

[27] Khalil K M S, Elhamdy W A, Said A E A, et al. Porous LaFeOy/Silica
nanocomposites via Sol—Gel mixing involving citric acid[J]. Colloids
and Surfaces A : Physicochemical and Engineering Aspects, 2016, 506:
840-848.

(28] i, Bk Fi, 2780, 55, AREFSFFAE W e b Ph*
CA> MR, Al FRETR 40, 2015, 34(5) : 1001-1008.

LI Rui-yue, CHEN De, LI Lian—qing, et al. Adsorption of Pb* and Cd*
in aqueous solution by biochars derived from different crop residues|J].
Journal of Agro—Environment Science, 2015, 34(5):1001-1008.

[29] Begum Z A, Rahman I M M, Tate Y, et al. Remediation of toxic metal
contaminated soil by washing with biodegradable aminopolycarboxylate
chelants[]J]. Chemosphere, 2012, 87(10):1161-1170.

[30] Li Y J, Hu P J, Zhao ], et al. Remediation of cadmium—- and lead—con—
taminated agricultural soil by composite washing with chlorides and
citric acid[J]. Environmental Science Pollution Research,2015,22(7):
5563-5571.

[31] Tsang D C W, Zhang W H, Lo I M C. Copper extraction effectiveness

and soil dissolution issues of EDTA—flushing of artificially contaminat—
ed soils[J]. Chemosphere, 2007, 68(2 ) :234-243.

[32] Jelusic M, Greman H, Vodnik D, et al. Functioning of metal contami—
nated garden soil after remediation[]J]. Environmental Pollution, 2013,
174:63-70.

[33] Liu C C, Lin Y C. Reclamation of copper—contaminated soil using ED—
TA or citric acid coupled with dissolved organic matter solution extract—
ed from distillery sludge[J]. Environmental Pollution, 2013, 178:97-
101.

[34] FEZAF, PO, XI55 A HURRXT T3 IO F% AL RLAU

U], HE AR, 2009, 29(8) :4061-4069.
ZHANG Ai-qun, HE Li—yuan, ZHAO Hui-e, et al. Effect of organic
acids on inorganic phosphorus transformation in soils and its readily
available phosphate[J]. Acta Ecologica Sinica, 2009, 29 (8):4061 -
4069.

[35] BHELT, BULEIE, AR50, S5 5 HURR X AR M 1 3980 Rl 14 52 0w (],
ferfely K24, 1997, 16(1):37-42.

HU Hong—qing, HE Ji—zheng, LI Xue—-yuan, et al. Effect of organic
acids on phosphate adsorption by acid soil[J]. Journal of Huazhong A -
gricultural University, 1997, 16(1) :37-42.



