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Co-transport behavior of nanoscale iron supported on biochar and arsenic in contaminated soils. XIE Li-mei, HAN Xin-yan,
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Abstract: Packed column experiments and numerical simulations were conducted to investigate the co-transport behavior of
nanoscale iron supported on biochar (nFe/BC) pyrolyzed at 500°C and 800°C, respectively, with arsenic (As) in contaminated soil.
The results showed that the mobility of nFe/BC (nFe/BC500 and nFe/BC800) in As-contaminated soil was obviously lower than that
of pristine biochars (BC500 and BC800), decreasing by about 57.8% and 45.5% in As-contaminated soil, respectively. This is likely
because zeta potentials of nFe/BC became less negative due to the adherence of positively charged Fe onto the BC. Therefore,
electrostatic repulsion between nFe/BC and soil grain was weakened, resulting in a lower mobility of nFe/BC. Also the mobility of
nFe/BC was reduced with an increase in pyrolysis temperature. This is likely because that the surface charge of nFe/BC produced at
high temperature was less negative, due to the lower density of O-containing functional groups. Therefore, the total repulsive
interaction energies between nFe/BC and soil grain were reduced. A two-site kinetic retention model was successfully employed to
simulate the transport of nFe/BC in soils, further illustrating the co-transport characteristics of nFe/BC. Additionally, pristine BCs
facilitated the transport of As due to the competition between BCs and As for the available sorption sites on the soil surface. However,
nFe/BC first inhibited the transport of As, and then promoted it. The main reason could be because the iron substance or Fe;O4 on the
surface of nFe/BC reacted with As, and then fixed it in soil. Once the reaction between nFe/BC and As was completed, nFe/BC lost
its original inhibitory effect, and instead acted as a carrier to promote As transport in soil. This could cause potential risks of As to the
groundwater environment.

Key words: nanoscale iron supported on biochar; arsenic; contaminated soil; co-transport; numerical simulation
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Fig. 1 SEM images of BC and nFe/BC, and corresponding EDS images
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Table 1 Selected characteristics of nFe/BC and BC
PR nFe/BC500  BC500  nFe/BC800  BC800
pH 18 9.80 9.90 10.4 10.3
C (%) 57 65 58 66
H (%) 23 2.8 1.0 1.5
0 (%) 12.5 11.6 7.10 5.60
N (%) 0.59 0.64 0.00 0.55
S (%) 0.32 0.23 0.33 0.43
KA (mm)  170+£3.0  215+23 141£29  187+1.8

0
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pHfH

K3 9Kk S A LR RS G E IR K Zeta HOATL
Fig.3 Zeta potentials of nFe/BC and BC as a function of pH
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Table 2 Selected characteristics of soils

AL fifiy5 e+ RiGHE
pH 1 7.95 5.05
TR (%) 18.4 25.0
HKL(%) 483 54.2
Fiki(%) 333 20.8
Zeta {7 (mV) -28.8+1.9 -30.7+1.8
As (mg/kg) 501.05 0.103
Al (mg/kg) 37.22 16.7
Fe (mg/kg) 27.61 32.3
Ca (mg/kg) 2.52 5.19
Mn (mg/kg) 1.11 0.0861
SOC (g/kg) 1.20 5.24
SON (g/kg) 0.589 0.550
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A 50.1%F0 43.5%, M AEAfys 54 A H i ) i
EWCEA R 25.0%H1 19.9%(F 3), 70 52> T
50.1%F1 54.3%. F il Ty Yo+ P bR 5 i
b R B % ,nFe/BC RIS I P 215 JE AL,
ity B AE A e Ah s e b S AT iR v kA



3204

o

W

R 45 %

AR 2),0 nFe/BC 7 AR AR 2 (A R
B A5, T3 nFe/BC EMYS 4 - HP T B8 118859,
A S5 50 ) 2 B AR R AR I b A & T nFe/BC 76 338
12535 1 28 (R™>0.985)(% 3).1UU 4155 nFe/BC500 A1

nFe/BCsAHIX B (C/Cy)

/

(a)fiftys Y 1-

7

® nFe/BC500 observed
nFe/BC500 fitted
A BC500 observed

——BC500 fitted

B nFe/BC800 observed
nFe/BC800 fitted
4 BC800 observed

—BC800 fitted

5884
0 10 20 30 40 80
FLBRARRR
= nFe/BC500
——BC500
— =nFe/BC800
— =BC800
0 25 50 75 100 125 150

SURL 0] BE 125 (nm)

nFe/BC800 7E ity Ye 438 v (1) Fe ¥ B 5L 20 il oA
23.9,26.8mg/g, 73 7l s AL AV G - 35 v e R B
(9.68,12.5mg/g)f] 2.5 F 2.1 51X —&5 Fdb—25 5 ]
nFe/BC B2 Gy {48 v R AR .

1.0} (b)ASYS Y+ @ nFe/BC500 observed
nFe/BC500 fitted

A BC500 observed
—— BC500 fitted

B nFe/BC800 observed
nFe/BC800 fitted

4 BCB800 observed
—— BC800 fitted

nFe/BCsAIHK B (C/C,)

0 10 20 30 40 80
ALERAAAR

(OESEY SR

nFe/BC500
——BC500
300 3 — =nFe/BC800
\ — =BC800

%)
=3
S

7

7,

TV (kT)
5
’
7,

0 25 50 75 100 125 150
SR [R] B 2% (nm)

K4 goRERSE A LR MR L) R A8 1 3 1) 535 1 2 S DLVO A EAE I 35aE
Fig.4 Observed (symbols) and fitted (lines) breakthrough curves of nFe/BC and BC in soil columns, and DLVO interaction energy
between nFe/BC and soil
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Table 3 Mass recovery of nFe/BC and BC and fitting parameters of two—point kinetic model

. N JF R [l R Limax Dinax k k k. Simax
J_iﬁﬁﬁ %ﬁ*ﬁ% V- max 'max .lil ']dil Kol '27] 'max2 R2
(%) (em) (kgT) (min ) (min ) (min ) (mg/g)

nFe/BC500 25.0 39.9 244 0.421 0.205 0.488 0.108 23.9 0.987

s . BC500 59.3 106 338 0.417 0.269 0.646 0.0646 6.57 0.996
fifty5 411

nFe/BC800 19.9 342 189 1.398 0.655 0.469 0.123 26.8 0.993

BC800 36.5 54.8 283 3.306 1.751 0.530 0.0797 16.8 0.998

nFe/BC500 50.1 80.0 267 0.719 0.419 0.583 0.0697 9.68 0.996

s . BC500 60.1 109 377 0.379 0.249 0.658 0.0625 6.27 0.996
ESEY St

nFe/BC800 435 66.4 205 9.95 5.57 0.559 0.0745 12.5 0.993

BC800 53.3 87.8 312 8.81 5.29 0.600 0.0664 8.34 0.994

1 :Linax JInFe/BCH i NI PE RS Pruax JInFe/BCH T ERURL L [0 [FHEF 3425 ko A s 1T B 30 0 ke o R AV R DR ARV 26 5 B ko R V7 12101
YRR R H K S 1 7 121 BB KU P £, R My PearsonAfl X R 4L
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Fig.5 Breakthrough curves of As in soil columns
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Fig.6 Concentration distribution of As in soil columns

3.1 PRI E A 500 FI1800°C 454 T il 4% (i 4h K ik

2 AW IR nFe/BC500 Fl nFe/BC800 H' Fe (1) 12 %
AELETEAS 73 1A FesO4 Fil Fe(0).

3.2 AHFIVEEE R YR 5 Fe JGMITE BE )
25 R 59, T H AL 5 AR, T0T 8 B8 ) ek 55 5 B
,BC800 & & Fe JaiL# g JJIFIK T 45.5%,1M
BC500 24 Fe Ja L ae J1FFAK T 57.8%.

3.3 HUKEE A AW BRI ) Y A As 78 115
LS R B E ] (R AR R A R 2R 2 )G
THRAFAENRAE As JE— D38 1RV 0] i 7K R
[ SR By

e

[1] Kumar P R, Chaudhari S, Khilar K C, et al. Removal of arsenic from
water by electrocoagulation [J]. Chemosphere, 2004,55(9):1245-1252.

[2] LiuB T, Kim K H, Kumar V, et al. A review of functional sorbents for
adsorptive removal of arsenic ions in aqueous systems [J]. Journal of
Hazardous Materials, 2020,388:121815.

[3] o, 25 iy . 2 <5 g I A RS AL I PR B AT RL AT 9 BE i D).
P E R REE, 2017,36(11):840-851.

Huang Z B, Li F Z. Research progress of environmental materials on
solidification and stabilization of heavy metals in soil [J]. Materials
China, 2017,36(11):840-851.

[4] Bl MR, A5 /N WA A G b SRR SRR 1B S HOR T 9T
[I]. PREERF 23], 2015,35(8):2582-2588.

Chen C, Chen X F, Li X M, et al. Study on washing remediation
technology of arsenic contaminated soil using phosphate [J]. Acta
Scientiae Circumstantiae, 2015,35(8):2582-2588.

[5] i, oh B, D oo AR T il 43 19 4 1 B LI AR A A
BN (7] EASERASIAEIAENR, 2015,31(5):774-778.

Jiang D D, Sun L, Bu Y Q, et al. Isolation, identification and effect of
three arsenic—resistant strains on bioavailable arsenic in soil [J].
Journal of Ecology and Rural Environment, 2015,31(5):774-778.

[6] R, vy 3E, 25U A e SR G v e L Sk e ().
M+ IR AR L, 2018,35(5):58-68.

Song Y T, Lei N F, Li S L. Advances in phytoremediation of
heavy—metal-contaminated land [J]. Scientific and Technological
Management of Land and Resources, 2018,35(5):58-68.

[7] Doherty S J, Tighe M K, Wilson S C. Evaluation of amendments to
reduce arsenic and antimony leaching from co—contaminated soils [J].
Chemosphere, 2017,174:208-217.

[8]  SEMUIZ, BRG, 4 RE W, 55 45 BRI R I A o B AR e 1) 25 B M E AT
58 [J]. P ETEHSHLE, 2021,11(6):131-139.

Gong HY, Chen X G, Yang Z H, et al. Study on the removal of lead,
cadmium and arsenic by iron—doped hydroxyapatite [J]. Chinese
Journal of Inorganic Analytical Chemistry, 2021,11(6):131-139.

[91 Dong HR,LiL,LuY, et al. Integration of nanoscale zero—valent iron
and functional anaerobic bacteria for groundwter remediation: a
review [J]. Environment International, 2019,124:265-277.

[10] Xie Y K, Dong H R, Zeng G M, et al. The interactions between

nanoscale zero—valent iron and microbes in the subsurface



BNAESE . AR G AR S e LR I IGERAT A

3207

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

environment: A review [J]. Journal of Hazardous Materials, 2017,321:
390-407.

FoOu RS, R, AR RN R S L v T S
J& [0, NMHIMET, 2023,52(4):1257-1263.

Wang F, Tan X P, Liao B, et al. Review on remediation of soil heavy
metal pollution by nanoscale zero—valent iron [J]. Applied Chemical
Industry, 2023,52(4):1257-1263.

Huang J, Zimmerman A R, Chen H, et al. Ball milled biochar
effectively removes sulfamethoxazole and sulfapyridine antibiotics
from water and wastewater [J]. Environmental Pollution, 2020,258:
113809.

Zhang Y, Xu X Y, Cao L Z, et al. Characterization and quantify—cation
of electron donating capacity and its structure dependence in biochar
derived from three waste biomasses [J]. Chemosphere, 2018,211:
1073-1081.

LiJ N, Zhang Y, Wang F H, et al. Arsenic immobilization and removal
in contaminated soil using zero-valent iron or magnetic biochar
amendment followed by dry magnetic separation [J]. Science of the
Total Environment, 2021,768:144521.

Wang S S, Gao B, Li Y C, et al. Adsorptive removal of arsenate from
aqueous  solutions zero—valent iron

by biochar supported

nanocomposite: Batch and continuous flow tests [J]. Journal of
Hazardous Materials, 2017,322:172-181.

Fan J, Chen X, Xu Z B, et al. One—pot synthesis of nZVI-embedded
biochar for remediation of two mining arsenic—contaminated soils:
Arsenic immobilization associated with iron transformation [J].
Journal of Hazardous Materials, 2020,398:122901.

Liu K, Li F B, Cui J H, et al. Simultaneous removal of Cd (II) and
As(Ill) by graphene-like biochar-supported zero—valent iron from
irrigation waters under aerobic conditions: Synergistic effects and
mechanisms [J]. Journal of Hazardous Materials, 2020,395:122623.
Chen M, Tao XY, Wang D J, et al. Facilitated transport of cadmium by
biochar-Fe;04 nanocomposites in water—saturated natural soils [J].
Science of The Total Environment, 2019,684:265-275.

Jin R F, Liu Y, Liu G F, et al. Influence of chromate adsorption and
reduction on transport and retention of biochar colloids in saturated
porous media [J]. Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 2020,597:124791.

Sun Y F, Zhang Z, Heng J X, et al. Co-transport of U(VI) and
colloidal biochar in quartz sand heterogeneous media [J]. Science of
The Total Environment, 2022,816:151606.

Lehmann J, Rillig M C, Thies J, et al. Biochar effects on soil biota-A
review [J]. Soil Biology & Biochemistry, 2011,43(9):1812-1836.

Ding Y, Liu Y G, Liu S B, et al. Biochar to improve soil fertility: A
review [J]. Agronomy for Sustainable Development, 2016,36(2):36.
Beesley L, Inneh O S, Norton G J, et al. Assessing the influence of
compost and biochar amendments on the mobility and toxicity of
metals and arsenic in a naturally contaminated mine soil [J].
Environmental Pollution, 2014,186:195-202.

Li G, Khan S, Ibrahim M, et al. Biochars induced modification of
dissolved organic matter (DOM) in soil and its impact on mobility and
bioaccumulation of arsenic and cadmium [J]. Journal of Hazardous

Materials, 2018,348:100-108.

[25]

[26]

[27]

[28]

[29]

[30]

B31]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

Xiao X, Chen B L, Chen Z M, et al. Insight into multiple and
multilevel structures of biochars and their potential environmental
applications: A critical review [J]. Environmental Science &
Technology, 2018,52(9):5027-5047.

Jiang S F, Ling L L, Chen W J, et al. High efficient removal of
bisphenol A in a peroxymonosulfate/iron functionalized biochar
system: Mechanistic elucidation and quantification of the contributors
[J]. Chemical Engineering Journal, 2019,359:572-583.

Wang D, Jaisi D P, Yan J, et al. Transport and retention of
polyvinylpyrrolidone—coated silver nanoparticles in natural soils [J].
Vadose Zone Journal, 2015,14(7):1-13.

Derjaguin B, Landau L. Theory of the stability of strongly charged
lyophobic sols and of the adhesion of strongly charged particles in
solutions of electrolytes [J]. Acta Physicochim Ussr, 1993,43(1-4):
30-59.

Verwey E J W, Overbeek J T G. Theory of the stability of lyophobic
colloids [J]. Journal of Physical & Colloid Chemistry, 1955,10(2):224~
225.

Hogg R, Healy T W, Fuerstenau D W. Mutual coagulation of colloidal
dispersions [J]. Transactions of the Faraday Society, 1966,62:1638-
1651.

Shaaban A, Se S M, Dimin M F, et al. Influence of heating temperature
and holding time on biochars derived from rubber woodsawdust via
slow pyrolysis [J]. Journal of Analytical Applied Pyrolysis, 2014,
107:31-39.

Wang D J, Zhang W, Zhou D M. Antagonistic effects of humic acid
and iron oxyhydroxide grain—coating on biochar nanoparticle transport
in saturated sand [J]. Environmental Science & Technology, 2013,
47(10):5154-5161.

Chen M, Wang D J, Yang F, et al. Transport and retention of biochar
nanoparticles in a paddy soil under environmentally-relevant solution
chemistry conditions [J]. Environmental Pollution, 2017,230:540-549.
Deng J M, Yoon S, Pasturel M, et al. Interactions between nanoscale
zerovalent iron (NZVI) and silver nanoparticles alter the NZVI
reactivity in aqueous environments [J]. Chemical Engineering Journal,
2022,450(4):138406.

Kocur C M, O'Carroll D M, Sleep B E. Impact of nZVI stability on
mobility in porous media [J]. Journal of Contaminant Hydrology,
2013,145:17-25.

Israelachvili J N. Intermolecular and surface forces [J]. Quarterly
Review of Biology, 2011,2(3):59-65.

U7 - 3 S W o ) R o (B DR € o RR R e B e e
THIGTAZ N [7]. b EPRETRRY, 2024,44(11):6260-6270.

Yang R, Zhao F, Gui X Y, et al. Effect of aging on co-transport of
microplastics and cadmium in canal soils [J]. China Environmental
Science, 2024,44(11):6260-6270.

Oss C J, Chaudhury M K, Good R J. Interfacial Lifshitz-van der waals
and polar interactions in macroscopic systems [J]. Chemical Reviews,
1988,88(6):927-941.

Gersztyn L, Karczewska A, Gatka B. Influence of pH on the solubility
of arsenic in heavily contaminated soils/Wplyw pH na
rozpuszczalno$é arsenu w glebach silnie zanieczyszczonych [J].

Nephron Clinical Practice, 2013,24(3):7-11.



3208 LR 7 A & I 45 %

[40] Ohtsuka T, Yamaguchi N, Makino T, et al. Arsenic dissolution from Bsgm (1], " EFRERE, 2025,45(3):1410-1421.

Japanese paddy soil by a dissimilatory arsenate-reducing bacterium Ding Y Q, Huang D L Y, Tang B Y, et al. Effects of oxygen—loaded
Geobacter sp. OR-1 [J]. Environmental Science & Technology, 2013, biochar on nitrogen transformation and arsenic migration in paddy soil
47(12):6263-6271. [J]. China Environmental Science, 2025,45(3):1410-1421.

[41] Lawrinenko M, Laird D A, van Leeuwen J H. Sustainable pyrolytic [52] Wang D, Park C M, Masud A, et al. Carboxymethylcellulose mediates
production of zerovalent iron [J]. ACS Sustainable Chemistry & the transport of carbon nanotubes—magnetite nanohybrid aggregates in
Engineering, 2017,5(1):767-773. water—saturated porous media [J]. Environmental Science &

[42] Gregory J. Approximate expressions for retarded van der waals Technology, 2017,51(21):12405-12415.
interaction [J]. Journal of Colloid & Interface Science, 1981,83(1): [53] S8 AN ) S R4 1 0 - 35 S A g W B — R AF 5% [D]. b gt rh
138-145. AR R4 BE, 2011.

[43] 4% RFH, B R, £ 545 A RIFREE R 70 29K 2 5L A A Wu P P. Study on arsenate adsorption—desorption by different minerals
BT R ARSI (7], FA8EREE, 2011,32(8):2284-2291. and soils [D]. Beijing: Chinese Academy of Agricultural Sciences,
Chu LY, Wang D J, Wang Y J, et al. Transport of hydroxyapatite 2011.
nanoparticles in saturated packed column: Effects of humic acid, pH [54] Goldberg S, Johnston T C. Mechanisms of arsenic adsorption on
and ionic strengths [J]. Environmental Science, 2011,32(8):2284— amorphous oxides evaluated using macroscopic measurements,
2291. vibrational spectroscopy, and surface complexation modeling [J].

[44] Wang D J, Zhang W, Hao X Z, et al. Transport of biochar particles in Journal of Colloid and Interface Science, 2001,234(1):204-216.
saturated granular media: Effects of pyrolysis temperature and particle [55] Brookins D G. Eh-pH diagrams for geochemistry [M]. Berlin,
size [J]. Environmental Science & Technology, 2013,47(2):821-828. Heidelberg: Springer, 1988.

[45] Bradford S A, Simunek J, Bettahar M, et al. Modeling colloid [56] Grossl PR, Eick M, Sparks D L, et al. Arsenate and chromate retention
attachment, straining, and exclusion in saturated porous media [J]. mechanisms on goethite. 2. kinetic evaluation using a pressure—jump
Environmental Science & Technology, 2003,37(10):2242-2250. relaxation technique [J]. Environmental Science & Technology, 1997,

[46] Akm A, Bm A, Smsbc D, et al. Arsenic contamination in abandoned 31(2):321-326.
and active gold mine spoils in Ghana: Geochemical fractionation, [57] EEERRFESCHLER  T,55.90K Fes04 78 mi X DU - /K SR
speciation, and assessment of the potential human health risk [J]. Fsgmd (7], v EPREERF2, 2022,42(12):5836-5844.

Environmental Pollution, 2020,216:114116. Yan Y L, Yan W M, Qian B, et al. Effect of nFe;04 capping on arsenic

[47] it w0, R PR AR A5 TS TR £h 18 IR i release at sediment-water interface [J]. China Environmental Science,
TR [J]. hEEFREER}Y, 2025,45(3):1456-1464. 2022,42(12):5836-5844.

Niu R M, Yang G, Gao Y F, et al. Effect of soil iron on anaerobic [58] Z=[E 4 BRILF NS Bty R P A 1) 22 S HLALBEAF ST [D]. EWH:
arsenic  oxidation coupled with nitrate reduction [J]. China I T K27, 2022.
Environmental Science, 2025,45(3):1456-1464. Li G H. Study on removal of arsenic from arsenic contaminated acid

[48] BRHEGE SRR, BT A5 T b X LR B — B AR S [J]. by iron based materials and mechanism [D]. Kunming: Kunming
o [E IR, 2022,42(8):3849-3857. University of Science and Technology, 2022.

Zhang J X, Shan H M, Liao D X, et al. Effect of phosphate on [59] Zhao X, Sobecky A P, Zhao L, et al. Chromium(VI) transport and fate
monothiosarsenate adsorption to soil [J]. China Environmental Science, in unsaturated zone and aquifer: 3D sandbox results [J]. Journal of
2022,42(8):3849-3857. Hazardous Materials, 2016,306:203-209.

[49] Rawson J, Siade A, Sun J, et al. Quantifying reactive transport [60] Chen M, Chen X, Xu X Y, et al. Biochar colloids facilitate transport
processes governing arsenic mobility after injection of reactive organic and transformation of Cr(VI) in soil: Active site competition coupling
carbon into a bengal delta aquifer [J]. Environmental Science & with reduction reaction [J]. Journal of Hazardous Materials, 2022,440:
Technology, 2017,51(15):8471-8480. 129691.

[50] Gao Z P, Weng H C, Guo H M. Unraveling influences of nitrogen

[51]

cycling on arsenic enrichment in groundwater from the Hetao Basin
using geochemical and multi-isotopic approaches [J]. Journal of
Hydrology, 2021,595:125981.

T B R SR AR, A R W R R KR L b U A S AT

TEZ R WITHE(1999-), 2 L PEBM A IR M BRSO L BT 702,
T BN LB R A S VR S IR A 24T O T TR R %
P8 2 §%.2211021023@post.usts.edu.cn.



