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Removal of Nitrate from Groundwater using Zero-valent Iron-modified Biochar
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ABSTRACT

Nitrate released from chemical fertilizer, animal wastes, and synthetic detergents can cause methemoglobinemia to infants,
thus the standard in drinking water is set to 10 mg/L as World Health Organization recommended. In this study, zero-
valent iron-modified rice straw biochar was used to reduce and remove nitrate in the aqueous phase. The rice straw
biochar was prepared by pyrolyzing the biomass at 700°C for 3 hours, and the biochar was modified using 1 M Fe(III),
and the Fe(III) on the biochar was reduced to zero-valent iron using sodium borohydride. The modified biochar removed
nitrate effectively, which removed more than 91% of nitrate. For the synthetic groundwater, the nitrate removal was
lowered to 82% due to the presence of other anions.
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1. M = Askre] A Aae AEsH 24, olughy, o
A, 71T, 38 gl Sl TIsEl ol A
2Ard AANOy = IR, 715 widE, 3AA) 3L AH(Amit et al,, 2011). GaFet 7154 5780
ZHE BASlE Q9ERE, A5E XT3 Al 2 AMe Arkd Aao] AAEL wout fA#E vl B
A A Qo] AEA R osiEa Qlrk. ArMdEA o] A8=H, oL FHL x| FHHo] LAY}
= A ol AANONHE Belsle] AmEENl  $71EQ) Al Bask, gty gde el &9
o MAAVEHS AN A4 B¢ G AL sk fRmel) e @l gk ol ¥
Aol ol27) & 4 YT(Ward et al, 2018), 53] 3] 3H5he B9 AL W E Fapeoln $Ho] o]
ol AHEE Yoick el Wb Ak A Aa A6 G2 2ole 71EoltHHwang et al.
Aol TS 714 gol ZHde @Eolw, A 2011, A, Foka Bele T Fre] ArsFEe
Al O3 Ak 2GS HEAQ BARA F o] ABAPIN B B 28 F A AASA Zkh
THSong et al., 2014). WA s2juzlld= Aid 2 B Al Akl FHAE AR T e B8
29 He & FAVES 10mglE qrAlstaL ok & AHeE aEsiin
(Sadeq et al., 2008). gletA oAl A AANOy = A o))
AT N HEUOFNH o} 2 ALsiee] 2
Z Y= 4 ti(Yang and Lee, 2005). N,29 %
o] 7Fg oPdHQl WhgolrlE s wigd e avte]
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Zuj7} Baste] ol W Hlgo] S7I8kaL(Kim et al,
2013), NHy= oS do7)e 22k L9284z F7H4
A7) s4o] Basitt. 8F dHUok= pHoll Wb oF
EF OR(NHHZFHE EAE 5 91om, NH 2 Hlal
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2 F2o) gol3lr] whitel]l Fikd HAE NH, Y FH)
2 ZAAA FEF AASIA 3K

Ak AAZE gdRyoly Arw A= IAEE
4714 (Zero-valent iron, ZVI)°] g2 AREEHI loH,
ZVi= 8dglo] 331 vl HlwE APsle =l U
o] o LABHES sl Azlsh=dl 2850 ¢k
THFu et al., 2014). 2] Aaes zvie] o5 4=y
olZ 2hlu|a1, pHell we} NH,©] Fej= ol2s} ° 4
Jar, AvpHor gride AsldE Jlsldn) zvie 2
/g Aol Blo)) de] ARSEaL QAR o2 Edw
Hhg-do] Ax B go] dojur] wiizell NH,'
2 Alo|EVL Har zvl who g2E AabA Ao A A7}
o]3}A] &tHXu et al, 2012; Qian et al., 2017). ut
A, FRAPRIES F7MA7)aL A die] AAES
SPIAI7) A} Hlo] @ A1E ZVIE 7Esle] A A A
Aell 2831

vlo] QX = AbAT} AZHE ZA0A biomassE 3
sl e EAT, el 3HES Edolt) nlo|eak=
wHAo] Bl teket 28715 7KL e &5l ¢
53 gaA 42 dREdoY FEEe FAE B
o] ARRE3L QITKTan et al., 2016). ZVIZ 7§EH Hlo]
L2k= ZVIY] SRS Holsal HIERAR] & Hlol
Q3= zviel o8 FE NH O e 3 AllES
AFE 4 A Aokl 7St wekA, ZVIZ 7|
Ag vo|9ak= A AAS NH, 02 A7), 5
Alell NH, & o]} Akslde] F2=]o] A|AE Ao
gl 7HES SIS B ATelre zvIeE JEE
Hlo] QA= B3 A Aro) AlA &8 % O EAS
gelslarz} a1t Zvie g /MAE ulo]9xke] pHol w
E 2] Aol AAEES mwssiar, AA Askr =

Adxe] Axgd Ax AA &8-S Frietaat &k
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2.1. HIO| 2} K=

Hlo] o= wipd ¢F 5 WNKE HRlEhe FRAREQ]
B (rice straw, RS)S AM3I] AZ319aL, A7 = FE
A FAA e HEES ARSIt 112E RSE Muffle
Furnace(MF-32GF, JEIO TECH)°IA 700°CE 3A|7F &
S N, 7I=2 A (purging)dte] T4k g0l Qi3
SAHEEE=7"C/m). A= HA ulo] 2 A (rice straw
biochar, RBy= #AAS &H3L7] 213] 100 mesh(<150
pm)E AAF3sI ARSI

2.2. H7HE 2 I A Hio| %t M=

RBE 1M FeCly6H,0(97%, KANTO CHEMICAL,
Japan)y&-] 1:10(100 g/L)e] HIEZE 4AIZF &<t 400
rpmO 2 WKl RBOY| Fe(llyS TFAIZ & 1
sl 105°ColA 4AIRE Bt xS 71EE RBe
I M sodium borohydride(NaBH4, 98%, JUNSEIL, Japan)
Slofl 1:20 (50 gL)9] HI&E 1AIZF B2F 400 rppmOZE
wHksle] 21y o] RBo &3E Fe(ll)E ZVIZ &
HAZT}. ARS-E S5 (Deionized water)= G7Fdo] £
& Ak o5 2slEE RS ARSI fdtd NE
purgingdle] SRS A|AZ & ALESIATE Fe(ll)E
AIZL F NaBH=E BREAIA F7HE=E A 33
Hlo] @ XHRBZVI-1)$} Fe(lINE 3341714 €431 NaBH,
29k ¥AIZl B Hlo] R AHRBZVI2E ZVIE 371
oA AskEle 24 WUAE] Y N2 purgingdt Tl
AlACTE ellA KAkt

4Fe*+3BH, + 9H,0 — 4F® + 3H,BOy + 12H'
+ 6H, 1 9]

2.3. Ed A HA

A A NS KNOy(=99%, Sigma-Aldrich,
USA)E AREsle] Alxslal, 27] ske A[slol|lAe]
AN Ah FES 135l 25mg NLE A3
ule] @2k} NO;~ -89S 1g:20ml(50 g/L)e] HIEE 8
ARE wEksigint. ulo] ko] pHell WE NOy AlA &5
< 971517] 998l 1M HCI(35%, OCI Company, Korea)
golog npo]ate] pHE 5, 6, 72 FAsk] AN
o} vlo]Qxfe] ol W HAd HAho) AlA 588 ¥
7¥al7] 918 1g:40ml25g/L), 1g:200ml(5gL), 1g:
1000 mi(1 g/Lye] HIE=2 AFS F3h313aL, A7t we
A Aa] AAES W7el7] $18] agt ARES 5,
105, 308, 1A7E 22gke 2 s, A4 x5l
M A HAY AASS Frke] S8l Qe A
BlrS Alxsle] A Aa AA AR STk ¢l

Asre g 37TH Al AFHSE RSk

g HAE 220nmoll A Spectrophotometer(HS-
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Table 1. Components of the synthetic groundwater

20] . 715l - 7)

Parameter Na* Ca* Mg**

CI HCO5~ CO» SO, pH

Value (mg/L) 85.6 52 10

87.5 100 3 139.5 7

3700, HUMAS, Korea)2 S43}33l, & FA+E Total
Organic Carbon Analyzer(TOC-L CPH, SHIMADZU,
Japan)g ARg3le] Z7g3itt. nlo]@xle] pHeE Hlo]Q
2k} SRS 1g: 10mle) HIEZ S8l 1ARE A
% pH-meter(K2200-pH, ISTEK, Korea)@ 743}t
Hlo| QS Yr(EAEAR=3:1) F=31e] ICP-OES(720-
OES, Agilent Technologies, USA)Z &< &S 14
3HaL, vlo]exke] A4 412 Elemental Analyzer(IT/
Flash 2000, Thermo Fisher Scientific, Germany)S A&
sttt vlolexl W] A8-7|= Fourier Transform
Infrared  Spectrometer(FT-IR)(Frontier, Perkin
USA)E Fall 4813t nlolexl 9e] 2A 2=
Multi-Purpose High Performance X-ray Diffractometer

Elmer,

(X’pert Pro Powder, Malvern Panalytical, Germany)=
F23}H 11, Specific Surface Area Analyzer(BET, micro-
meritics, USA)OZ H}o]@xlo] HIFHZA-S B2t

3. A8

My

o 3 &

3.1. Hjo|2XI2| &4

nlo] e} Eejslehr] SA4S Eklsh] Sl R
o] ¥4 B, 94 =, pH, BET H|4 44
E2 JeERNITK Table 2). RS9} RBY] Bk dhgke zizb
3899}, 46.9%= FES| T A o] IR, Y
HA G4 H, O, N, S e =5 A3ty RS9
RBY pH= 747 659 1122 EES) & pHrt 718}
A1, ¢ EFEQ Ca9t Mg = 7SI
A e RS9 RBOA Zb2; 1843 436 mg/kg, BET
H| RS 212} .87 286.6 mY/glE ZAHE U

RS, RB, RBZVI-1¢} RBZVI-2¢] ¥ #-87] 44
Ih= Fig. 19 YERAATE RSE 3660-3000 cm™'ollA] O-
H stretching, 1700-1550 cm™' ol A] aromatic C=C %
1200-950 cm™ oA C-O-C 52 peakE 7FAaL A}
(Xu et al, 2020). RB, RBZVI-1$} RBZVI-2E 1700-
1550 cm™'ol|A] aromatic C=C, 1200-950 cm™'ol|4] C-O-
C 2 520-410 cm 'Ol A aromatic C-H7} #ZE At}
RB, RBZVI-12} RBZVI-2E RS2} 2] O-H streching
peak’} FEER] 9911, aromatic C-H7} A=A &
TAHE FEl AkAe] 3o HAsISlr] wiiEell nio] oAt

%
T &
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Table 2. Composition of RS and RB

Parameter RS RB
C (%) 38.9+0.6 46.9+0.23
H (%) 51+0.1 0.8+0.1
0 (%) 363+4.7 6.8+0.5
N (%) 1.4+£02 0.8
S (%) 0.1 N.D.
pH 6.5 11.2
Ca (mgkg) 2779 + 143 5662 + 15
Mg (mgkg) 890 +22 2085+ 6
Fe (mg/kg) 184+ 17 436+ 49
BET surface area (m¥g) 0.8 286.6
| .
3409 | |
(a) RS 0;H V :
| o\
I | I
| | I
I | | I
| I
o 7\
%)
g 1783-1573 : !
= aromatic 462
= c=C I C-H
g . [ I
@ | | I
= I
& |(©RBZVI- | |
= | |
| | I
LY
| 1080-1051 I
P
(d) RBZVI-2 | } [
| | I
I | I
| I
I | I
: : 1 1 : 1
4000 3000 2000 1000

Wavenumber (cm'l)

Fig. 1. FTIR spectra of biomass (RS), biochar (RB), and ZVI-
impregnated biochars (RBZVI-1 & RBZVI-2).

o A~E ¥3818F hydroxyl group 287171 1ol
Ko o)

QI &= o}, &gk ES)E 53l aromatic 218

3.2. Hjo|2Xte| pHO| 2 EiH EA M
ZYZy pH 5, 6, 72 %43+ RBZVI-19} RBZVI2E
2 A Sl AR & ojmelo] Hiby Z Aol

T Ah TEE BHste] aow UEiRItk(Fig. 2).
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Fig. 2. (a) Removal of Nitrate and (b) Removal of Total Nitrogen (Initial concentration of nitrate was 25 mg/L, and 50 g/ of RBZVI was

used).

pH 5, 6, 791 RBZVI-1= A4 HAE %7 %
25.6 mg/LolAl Z¥2} 2.1, 6.1, 144mgLE A4S,
RBZVI-2E 247} 6.9, 11.6, 16.5 mg/LE Solgc). Al
A i AAET T da] AA A Y seH,
Hlo]exte] pH7} &= A AE0] ¥9kal, RBZVI2E
ok RBZVI-19] AAEo] o =UtH 53] pH 52 23
3+ RBZVI-19] 7Z$olle ZAx dAa AAS0] 91%=E
Ho AA &85 Bt Y5 4 ZF RBZVI-19]
A FEe 2618 mgkeE, QFHoE AL EAAS
79-(RBZVI-1) He| 3ol 13 =] k& Z-9-(RBZVI-2)
Bo} ok 6 8 E=S4Th =, RBZVI-1S RBZVI-2HTH &
9] glgo] wol AMAALE SUNZS = THol ¢
£ Ao F HeIth RBZVI2E HZA Ale & wto=g
A2 Ao} wkSsle] RBZVI-IEHURE A7 G80] ¥
ARE, pH 50014 °F 71%S] FAH3AAE AASA
g Aol AR v ope} F FAEA] AA" A
o2 Hol i A4t FdEo] 2dE el Fas)
Eo] AAENAY, == A DAV AH 3= o
AAERS Aoz dpddn). el ok Arg Fa
o] HF 3 2 Yikdo = o] HA(NH;-
N)°|TH(Wei et al., 2018). EUod HAe= pHol uwfe}
dEYole}l Ry oo ® EAE 4 ).

Table 4. Proposed reaction pathways for nitrate reduction by ZVI

Table 3. pH of nitrate solution after reaction according to pH of
biochar

.. . Solution pH after reaction
Initial pH of Biochar

RBZVI-1 RBZVI-2
pHS 53 6.5
pH6 63 7.1
pH7 73 75

RBZVI-1, RBZVI-29} HHg- & ZAsbg ZAa g9
pHE EF Z715199tH(Table 3). 22 AAo] el ut
$0] XY= e HE 2781 ¢ gl
A7) el pH7t S718E AoE HRlt 1o gk
Hkg-210- o] VERATH Table 4). 22 AAo] HE
3 ARES Felsly] S8 Wb § st Fakg A
Solo]l pHe} ORPE =43 Pourbiax diagramol]A] H]
W3IHH(Fig. 3). NH= pH 10 o)de] 9714 “dejelA
2R w2 o] EAIEH pH 8elsllAE NH,'S e

0

2 AP A da 899 pHel ORPE 4T
2}, 98 o] ORPE ¢F 0.55, pHE °F 592 A

AL, WkE- F9o] ORPE 0.29-0.34, pHE 53-7.52 =73
H ). Pourbiax diagram’goll A Fibd A7} NH S
2 3Y" AL FRISIYAL(Fig. 3), vH 39 pHe 2
o 752 85 dEUolE 23S Ae] dojuA] ks A

A

Reaction

References

NO;y + 3F® + H,0 + 2H' — Fe;0, + NH,'

3NO;~ + 8F’ + 9H,0 — 4Fe,05 + 3NH," + 60H"

NOy + 4F" + 10H — 4F* + NH," + 3H,0

(Suzuki et al., 2012)

(Wei et al., 2018)
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Fig. 3. Pourbiax diagram of nitrogen.

o dEr). mebd, A Aht H'E 2ESHA 9
710 ofsl) Qi o0z BUsgion A nlole.
Aol FHHe] & WA AARDAY, 24 A2}
AHow FRE Zo Yk Teh, Ay da
o F2HE vfS ke pHold Yok Ao Ueid 9
of 210l SJ3h AA 7Fse] o & oz Bawr.

3.3. QIBX|5l ZZA0M 2| ik B4 KA

AR Aslpelle A A flol=

100

_~ (3) 15:2:3::;: l:rt;:l:ldwater
§ 80 | 7 o B
< 1
P B
£ 40 % / %
: nml
g 20 el
5 '
. 1 1

0 A % é Z

pHS pH6 pH7
pH of biochar

Uom, olejgh ol
A & dFS vA F ok pH 5, 6, 7= A
RBZVI-1E QIFAe 203 5475 A3 da 89
o Agsle] Fad FAars} F Fro] AAEES Hlwst
AL 2ol ek A Avl= Fig 40 YERASITH

pH 5, 6, 79 RBZVI-1°] 2J3] A HAE 27
F5% 25.6mg/Lold ZHZE 4.6, 85, 13.6 mgLE 7HA3}
A1, FALE 247 37, 64, 104 mg/LE A48T

A A AALH F Aro) AA AT 5D S99
orl, HleleAje] pHt SeFE B AARS HAY

T ATk 53] pH 5049 Ak A AAES 82%
2 7P =& 885 Btk Ak oA A
2Hd i AAE g A Ao AA Bo Hg)
10%%] A|AEC] st Tt Sl 2 dolo]
Arbd Aol gl e Sl We) aloF 2Rgsi
AAEo] Tk 74T Aoz FghEn, SNk, o3
pH 5, 62] RBZVI-1E A3l H3gs 2
715 (10 mg N/LyS

15 A8 71F 20 mg N/L) 82 Ard AAs A
At wEbA, A Al 2o e @R i
g ulo| s AL A AAdl AL 7 US AL
2 7t

He 2 5

E5F F=5I94aL, pH 79] RBZVI-

3.4. HIO| 2}2| o2 e Fikd Ea HA
Hlo] @ xje] Fojife] e A dAae] AA 5s

100

B Nitrate solution
Synthetic groundwater

()

80 -

60 -

40 -

20 A

Removal rate of Total Nitrogen (%)

pH6
pH of biochar

pH7

Fig. 4. (a) Removal rate of Nitrate, (b) Removal rate of Total Nitrogen (Initial concentration of Nitrate solution =25 mg/L).
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Yol Tgsh= AR &7] $I8 F8Y38E kinetic 232
A= Fig. 591 YERAATE. RBZVI-IS 50, 25, 12.5,
Sg/L o HIEE Fid A AA Aol Hesa, 2
AR Ao AAEES 27} 91, 77, 48, 20%, & HAY
AALE 94, 81, 52, 25%= AAMA A A|A9}t & A
A0 A|A 7 T3 vloleate] Fofgko] 7t

T2 Aab] AAhol F Aho] AAEC] TVRIE AS
& AT, W T 10F oJUE FFo| =gsle A
S & AUk RBZVI-1Y] FolZo] 125 gL 3¢

T R 7]_,_(20 mg N/L) otz A AALE AT

T e Aoz BRI, BPo) WA =2 s
o= Ho} gHe AXKIS] AskE he] WY AAT A

AT 5 9 Ao Ao,

my
ru

R AL AT S8 0D woled
1A= sl M85 G AL vele}
HOLZ A03fe) el A83I9t, Sk piiel Hlol2)
7 A Al gk o =2 AAES Bt
Pourbiax diagrams &3l 97Fd 7)|1E nwlo|xke} wkE-
Sof Ak Aavt dRE ol FHE ddE RS &
IBIAaL, A Hat AAEEA THAE AAE A
o2 Hol ZlE gRgo] FHE] AADACE Hel
o}, =73 AR A Q_o_l'loﬂ}\-]% 971 74 vleole
2= H 91%2] 2k Za AA 888 B, IF

23 2 E éltH 82%2] AA &8s BHY 2
Ao B AFolx s YUFE A nlolea= A

=
=

L

—

A A el A
s Aoz wagr).

=

Axe Ao AAY 4+ 9

A A
B ATE AFUES|EATUY dH) A0 53
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