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ABSTACT

In this study, iron nanoparticles impregnated hydrochar (FeNPs@HC) was synthesized using lignocellulosic waste and
simple one-pot synthetic method. During hydrothermal carbonization (HTC) process, the mixture of lignocellulosic waste
and ferric nitrate (0.1~0.5 M) as a precursor of iron nanoparticles was added and heated to 220°C for 3 h in a teflon sealed
autoclave, followed by calcination at 600°C in N, atmosphere for 1h. For the characterization of the as-prepared
materials, X-ray diffraction (XRD), cation exchange capacity (CEC), fourier transform infrared spectrometer (FT-IR),
Brunauer-Emmett-Teller (BET), transmission electron microscope (TEM), Energy Dispersive X-ray Spectroscopy (EDS)
were used. The change of Fe(Ill) concentration in the feedstock influenced characteristics of produced FeNPs@HC and
removal efficiency towards As(V) and Pb(II). According to the Langmuir isotherm test, maximum As(V) and Pb(II)
adsorption capacity of FeysNPs@HC were found to be 11.81 and 116.28 mg/g respectively. The results of this study
suggest that FeNPs@HC can be potentially used as an adsorbent or soil amendment for remediation of groundwater or

soil contaminated with arsenic and cation heavy metals.
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2AEAG AAEE 7397 Bob BAEH aEAR1 &
HollA gAIRS =il Qlo] ASAoE Ajgsd
AE 7149 midEo] HQFt AAoltk(Lee, 2019).

Z++ HTC(hydrothermal carbonizationy= B}O] Lm]~2
FE 257 EAS 48 e HoEH 5
S 3 It} (Zhu et al, 2015; Gamgoum et al., 2016).
HTCE YHHEo 2 180~300°C F-2olld S=a)s)=t, ©]
o vlo]emize 2bs] DaE 8] el Ze AR
dejoln & sy a2 Q& HEHE f4E2-6
Mpa) ZZNA A== oFJA G (subcritial water)ol] 2]
3l ek3lElck(Hoekman et al., 2013; Kambo et al., 2015,
Marcus, 1999). ©]&g HTCS B3 AxEHe 14 &
AE IukH9Ql nlolemxe] 3.2 GE3Y(400~800°C)E
Ea) AZE= ulo] 2} (biochar)e} TS| $18] o=
Z2H(hydrochar)2}al 3CH(Fang et al., 2018). HTC= B}
o|uiAE B} A WHEA7]7] wiiel] e GEsfdl
Al U|A] &8s FEshke F580] 2 ol ulAE
22 glo] A 5 Yor) ne Qs ne e
xS AMgE] whEel ZAH Fho] A & Uk
(Kambo et al., 2015; Libra et al., 2011).

We 34 2245 ZA% g4 7 B2 /e e
=% Edo] gAFoZMN wkgo] AE ALY FFollA
s 3e AT o Hold S oY
EQ tigk 9SS 7HAAL Qo] oy RoklA &8
F)1 Qlt}(Perez-Mayoral et al, 2016; Santhosh et al.,
2016). 53] A =2t ©AE g e HlA B
ol FFEOT 99H EY e X8l B H o
% E27 I AtHQiao et al, 2018; Cui et al.,
2019; Zhu et al, 2017, Wang et al., 2014). 3F8 =
A vlo]euj2e] HTCE 4AA 7 I ATt Folo
A e 55E @A 8 7N AE A T s
a34921 one-pot 4 WHOZ LA Jth(Siddiqui et
al., 2018, Gai et al., 2017). 71&2] W= F&0| ©xd
g 7P 249 AZRE fsiAE () e a5ES X
A& 5 e g@A 7R EFY AlE, (i) g £
I A glzte] g3t (i) I T2 S8 e 55
< 13l HES B AU oleig HHe
ofe] A Ikl ARte] 28 AEls @S 71
JH(Gai et al., 2017).
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2.1. HENE

A5 A AREE HEAle 7= GA ikl
AAgE HEA A FAZTE DG7EE AT v} A
B3ttt WegrHd BA sle|l=g2Af AlxolA AR
Ferric nitrate(Fe(NO;);)= Daejung chemicalsoll4] 7+J&}
Aok T2 e Hrt Aol AFEE lead(l) nitrate
(Pb(NOs),), Sodium arsenate(NaHAsQO,), Sodium chloride
(NaCl), Sodium hydroxide(NaOH), nitric acid(HNOs)=
Daejung Chemicals®} Samchun ChemicalsollA] 3]
ARE-SFAT

2.2. LI EQUXPL EX|E 50| E2XH(FeNPs@HC)2|
Bty

B Aol ALEE FeNPs@HCS] $H4 S Fig
1] VERAIEE. 2419 HEAE Fe(ll) 843 1:10(w/
w) HIEZ 3l A7 Bt 3519t o] wf Fe(lln
gdo] Frd wE 54 weE 1] g8 o1,
0.25, 0.5 M2 ZA3}Ht}. EFES teflon-sealed stainless
steal autoclave <tol] a1 7Fg7)o] BL & 220°CoA]
3AIRE B FEERS JdEiAtt ERkee] A 2=
oF AR Med+t Ads Fal AASIATHChoi et al.,
2019). ERES- o] WkgV = 271 W7t AlFT
TENRSS] ATE-L o AFHS A F =gl 28-S
5eCol A 12407 B9 Ax =G Hxd &%

2% A ST 10°C/min® 2 -390 ko] 2}
@S Sl 30 SR N, TEAE U F S A
2R om 4 & oz Wk o 71X N, #9171
2 AT AEE FeNPs@HCE 82 AX & B
FERN o™ TR GAA AREE Fe(llY] F5(0.1,
025, 0.5 Myl wet e AAES ZF} Fey NPs@HC,
Fe)2sNPs@HC, FeysNPs@HCZ 3133t}
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Fig. 1. Schematic diagram of preparation of FeNPs@HC from lignocellulosic waste using one-pot synthesis.

Table 1. pH and CEC of HC and FeNPs@HC

HC FCOAINPS@HC FeoAzsNPS@HC Feo‘sNPS@HC
pH 12.85 11.79 11.66
CEC 126.95 83.07 65.4

2.3. FeNPs@HC2| SMET|

A E FeNPs@HCS pHS9} CEC(cation exchange
capacity) S T8I A8 WS ARSSIA
o} ¥ BV 48 ¢8l FT-IR(Fourier Transform
Infrared Spectrometer)(Cary 610, AgilentyS AR5}
A E2oll= XRD(X-ray Diffractometer)(D8 Discover,
Bruker AXSY} A=}, BET(Brunauer Emmett Teller)
HEHA 2 7)3T7] 248 5] ASAP 2420(Micro-
meriticsye ARESISITE. Slo|=g2xtel sEe] HAE H
Wegizte] =71 2 A AR HES RIS Sls)
TEM(transmission electron microscope) %233} TEM-EDS
(Energy Dispersive X-ray Spectroscopy) +=412 JEM-
4010JEOL)S o]-&ste] Aehsioirt.

2.4. As(V)2l Pb(ID) M7 M&s "I}t

FeNPs@HC2] As(V)2} Pb(lell thet #AA AsS 3
7Ft7] 3l 3 AES AAlsIAYE AdS fEl
NaHAsO,2} Pb(NO;),E 835 1,000 ppme] As(V)
2 Pb(Il) stock solutions A|Z3}aL R3S FE=Z 34
sl ARgStATh AA AR F WA o= 0.01M
NaClo] HE2 2431901 pHE 0.1 M2 HNO; &
NaOHE ARgste] 24 3Gt 849 As(V)2l Pb(I)e]
FE+E ICP-OES(Optima 2000 DV, PerkinElmer)E ©|
B3l SAgsdh.

FeNPs@HC2] As(V)$}F Pb(Il)oll that AAZ q(mg/g)
< 2 (el o8 Akt =AU

(Co~CxV
qe:T

(M

o714, Cymg/g)et Cdmg/Ly= 22t As(V)SF Pb(I1)e)

z7fs=e} §2 T WP eEs Y, ve 899 1
(L), We AHE FAA9] ey et
FHHRSET AL 24h B9 WA wE FF
&S A3t 2 FES pseudo-first-order H  pseudo-
seocnd-order modeld]] Y3t HH3] FAlE= HRE2
S X3} pseudo-first-order 2 pseudo-seocnd-order

model?] 212 o33} 7t}

q,= q,(1—exp(-k1) )
2
kyq,t
97 +hyqt 3)

A7]A, ki(min)y pseudo-first-order model2] “J<5=0|™
kx(g/mgmin) pseudo-second-order model®] “g==o]|t}.
TEFINEE As(V)t Po(DY] 27 FEE 77t
10~100, 20-200 mg/LOE ZH5AT Haldejelre] &
2 AFE Langmuir 2 Freundlich isotherm model®]
dlslel el B 20 285 mAE SeEANY
22 217938199}, Langmuir isotherm model 42 o33}
2t}
:qmaxKLCe

TR v

A7, qua(mg/gye T gD HJNFEES oJvlehH
K;(L/mg)= Langmuir isotherm model®] A<=o|t] &=}
A3t dyA|9t #FHEF ] At} Freundlich isotherm
modek> Th&3} 2t}

g0 = KiC." 5)
3714, Ke([(mg/g)(L/mg)"]y= Freundlich isotherm model
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Table 2. BET surface area, t-plot pore volume and average pore width of HC and FeNPs@HC

BET surface area

t-plot pore volume Average pore width

() (cm'/g) (nm)

HC 395.33 0.14 1.97

Feo NPs@HC 359.85 0.13 3.08
FeyosNPs@HC 322.38 0.11 3.33
FeysNPs@HC 167.03 0.04 6.17
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3.1. FeNPs@HC2| SMHI}

Table 2 #Ho] BAHA] ¢k slo|=23HHCE E7))
o} =& WkS- F Fe(lll) T=0l WS FeNPs@HCS] pH
¢} CECE UYEhdth i}*éﬁ A9} SFHFE 1:5(wiw)
HISE 2X|7F &8 & Qoo pHZ =331t HCS}
FeNPs@HCE 227 Hlo| Qo] =gukgy} Ajo=
AN =& LS T ZleE EiHen &
Aol AFEE Fe(lll) £ F57} 852 pHeE 27
A A AoR Uesith vlo| e AR &
I 025M Fe(IlS 4 wkS 2 243l Alze 2
PR pHe 5442 ST wep =E vk F
Fe(lll) €49 w57} S715 2419 pHF SolAle
AL ¥wF pH7} ¥ HC(pH=12.85)2] & Ao
H S-S A74Eal pH7} Hlad e H AR} (pH=5.44)2)
HIEo] FolA7] Wi}l Ao=w J*DP%D} ole} 22 ¥
32 Sun et al.(2019)9] A% FRIFACE. o]} H]
%fz} 748E HCS} FeNPs@HCS] CEC #1270l Mx
o] }ba}tt] Ca, Mg %ﬂ]- FAX-R ;ﬂgw Oko]i o] B

A= 7%4—* E‘}i‘:}

HC9} FeNPs@HC9] FT-IR ¥4 Z2¥E Fig. 20| o
ERSITE. Wavenumber 3435 cm™ Fo] o] g2 I
F+= carboxyl acid O- He} phenolic -OH I35, aromatic
C-H 1% YEeldtdMandal et al, 2019). 3
~2382 cm™! B 3= alkyl C-H 253 S-H &
S YeR™M ~16002} 1525 cm™ol] FAE F3= carboxyl
groupS YEFATHLyu et al., 2017). 1000 cm™ 2ol A
PAE FI= C-O esters YEMT FeNPs@HCOA]
et 800 cm™! ©3}e] ¥FE Fe-O T Fey0,8 %
B9 23 Ao|th(Mandal et al., 2019). °]9} £ A3}
£ E uf FeNPs@HCS H|A9} ol T35l vheAd
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Fig. 2. FT-IR spectral analysis of HC and FeNPs@HC.
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Fig. 3. XRD patterns of HC and FeNPs@HC.

S 7K TP 9ol @AE slos ]l Hrh
Fig. 32 HC9 FeNPs@HCS] XRD =&l H-44zo]
o} ZE A1ZoA 2-Theta 26.6°CAA I/} A==
A% 81 5 glew), ok ekl 57 velor
o R eI 24e ANEA ER] wa FE7}
graphite plane® = WZH=|S17] wiFo]th(Neeli and Ram-
surn, 2018). ©] ¥|== HC AZA 7 ZA] 34
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Table 3. Parameters of pseudo-first-order and pseudo-second-order kinetics models for As(V) and Pb(II) onto Fe,sNPs@HC

Pseudo-first-order

Pseudo-second-order

g.(observerd)

Elements k qe(calculated) k2 qe(calculated)
(mg/g) o ¢ R . ¢ R’
(min™) (mg/g) (g/mg'min) (mg/g)
As(V) 8.06 5.99.E-03 3.20 0.705 7.19.E-03 8.02 0.999
Pb(II) 86.02 6.91.E-04 12.10 0.502 9.19.E-04 86.95 0.999

25%

2'0_2 Fe

1.5—;5 Fe
lﬂi

0.53
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Fig. 4. TEM images ((a), (b)) and EDS spectrum (c) of Fey,sNPs@HC.

glom Ae) gago] SRS Vol AR By
slol=s) juxte] el o] ol Fel 444
o ofulshs 4469 650014 BAE F=7h PR

l

AL FRIT 4 AS=H, o= Felle] FEWHEH 4
AL AR e rHEE wHEE AL gulsh g
AREE golo] FETt =5E AT e F7HEY
& m=3h %ﬂ'ﬂ‘— & on]$HH(Lawrinenko et al., 2017).

T4 ¥ 5 Fe(lll) 849 F%= BET HIEHZ |
FEFS 7IAE AoE YERITH(Table 3). 3xHd ES &
A A F& HCQl 74-F- BET HI3EAZo] 39533 mY/g
o2 7P A vEskoy 9 F Fe(lll) §9]

FAHL volxli= S Bt
FeoosNPs@HCo! oF 28] &

7} EoEE BET HIE
E3] FeosNPs@HC®] 739

°1°] l——“}t} Einil %
Fe(Ill) &9 F&e
AoF Yepted ol ¢ e & FHolx H
AJFo] ZA3}(graphitization)?] ZjglS- o] slo|=
Z2ke] microporous -2 E337] wjEQl AoE It
HHGai et al., 2017).

Fig. 4= FeozsNPs@HCOH gt TEMZ} EDS #42
Folt}, Fig. 4@a) 2 (bPIA £ 5 U%0] FeyosNPs@HC
= °F 5um =719 sfol=Ex}F W oF 10nmé] FH
ez #dsH 89 el Aoz SRIFEI
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Fig. 4(c)= FegasNPs@HCS] TEM-EDS spectrume 1}
BRI QT FeposNPs@HC BAE TASHE 949 o)
FIE C, Fe, O] A= FRl=lom A4 FA H
&S C, Fe, O7} 242} 5943, 33.74, 6.83% Q) AOFE
e} 4zt 190l A A w9 TS 7R A
= o= gl HIUo

3.2. Fe(Ill) s=0| 2 FeNPs@HC2| As(V) %
Pb(I) M7 M& Hst

Fe(Ill) F&= W FeNPs@HC2] ©]&3F =5 As(V)
2 Pb(ll) AlA s WSkE gokr] ffal g 3%
2l Age] A= Fig. 5ol JeERNRITE Fig. 594 2o]
Fe(Ill) F=<} 10| w2 A 3= W= As(V)=F Pb(ll)
AA Je Wslol] JIS vx= A= veRTh H
ghefo] EoldE As(Viel thel AlA A EolA|

AoE Uepgedl HCY 75 As(Vell thgh S22
o] 137mgglZ Y& WA Fe sNPs@HCS 7%
18.67 mg/gS 2 As(V)ell thgt wkg/do] 7P =& AL
Z YT As(V)e E o] gle SIO|=2AHHC)
Hoh= WO As(V) Sl fEd d egdAs B
3l FeNPs@HC®l| 2J3ll surface complexation 84S 5
3 AAD 7 om xHe H Ffo] soldE Y
A AA 7Fsst vlAe] R AXE A= dAdE)
(Hu et al., 2014). 38 & gJo] gle AT H]
2 FFo] WS, Li et al(2017)2] A ZAjo
w2 o]l et FAe Jtel=ZE A Y carboxyld
hydroxyl group?} 22 2k & #5719 As(V)<
complexation F43S F3ll F2E A7) whito|t},

70l ¥l Slol=zAt e H o] EoldsE
Pb(IDell theh F& Ao Ak oAl A o2 Jehst
=8 53] FeysNPs@HCS] 74-$- Fey,sNPs@HCO H|3}
Pl thgk A A Adsol 543 HolAle Ae=E g
with oleldh A3k ph(llye FHe H e ol 9
3l AA=7] Bol= sfol=2ate] ol wg 59, &
A Fs7lol gt 38k F3fel 7I918E] wiw] Ao=E
AHEACH Wang et al., 2018(b)). 3+ obd EXH7 4
o} o] FeosNPs@HCS] thE Az Z7io) HIg)| v
HEWAI}L CEC o] W& Po(l) #A Alsol] FekS
nzl o= ket A3 A FeysNPs@HCE TS
Az Z7Ae0 visf As(V)2b Poblel thdtk 53tk A
Aes 7R Ao dden 54 7t A} o] =
< BET HIEWAY 3585 A8kl 7] wieel 718
233 Az 24 Aoz g wEby o]F9o) &

fr Lo lo

\:,

o 7

Mo
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Fig. 5. Removal of As(V) and Pb(Il) in aqueous solution using
HC and FeNPs@HC ((initial As(V) and Pb(II)=20, 100 ppm,
initial pH=4, dosage=1 g/L, adsorption time=24 h, ionic strength
=0.01 M NaCl).

252 YN FeysNPs@HCE AHE3ITE

3.3. pH H&lo]| (2 As(V) ¥ Pb(D M M& Hsl

Fig. 6(a)2} (by= pH W3}l wE Fey,sNPs@HCS]
As(V) 2 Pb(ell izt AA A% ¥skE Jehlar ok
Pb(I1)°] 785 27| pH7} S7FE P AAZ =
g Hole ZoF VEREET], pH 4744 AlAR] =
A3 Z7PIYem o]F pH 7] & WS Holx] ¢
%™ pH 6o1Fols Y Ph(lly}t AARE AR
UERATE Fig. 6(c)llA £ 4 UXxe] Pb(l)= pH 6.5
ojslollA iR Pb*, PbCl™ 52 Yoloz EA|shH
pH 6.5 7] X=<= 3}85<1 Pb(OH),%F Pb(COs)7}
FA9ch "t HE pH7E 6.5 o8kl 27] pH 2-5
Z2390A PolyF AASEE FL 717 FeyosNPs@HC
o] 7= wBA Fold o3t o] s Ee
FeosNPs@HC 32| hydroxyl B carboxyl groupd}
2o RS FHshe #5719k complexation FAJll
710181 Ao & FHETtWu et al., 2019, Zhu et al.,
2017). &3Sk HE pH7l 6.5 2H3h= £7] pH 6~7
Z94 byt AAEE F2 712K Pb(OH), =
Pb(CO;) FENZS] el 7Rlsk= A= AAETHWu
et al., 2019). Fig. 7(b)2} 0] As(Vy= pH7} S7Feke
5 AAZe] A3 FaEE PSS Bk o9k fA
3l 74%kS Bakshi et al.(2018)%} Zhu et al.(2009)2] &
FANE RS Zhu et al(2009)9] Tl whEw
As(VY7h 97Fd T kel 5= (1) As(Vy7h
F3A FHOR olFEw T (2) As(Vy7F dllE] ==
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Fig. 6. pH effect on removal of Pb(II)(a) and As(V)(b) (initial As(V) and Pb(II)=20, 100 ppm, dosage=1 g/L, adsorption time=24 h, ionic
strength=0.01 M NaCl); The speciation distribution of Pb(Il)(c) and As(V)(d) species in aqueous solution simulated by Visual MINTEQ
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Fig. 7. Adsorption kinetics for the removal of As(V) and Pb(II) onto Fe,»sNPs@HC(initial As(V) and Pb(I1)=20, 100 ppm, dosage=1 g/L,

pH=4, reaction time=5~1440 min, ionic strength=0.01 M NaCl).
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order modelo|A] T & HAlEE AS=Z Yehton 35 S25% A8 &3
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Pb(De] A= Fig. 7(b)2} #£©| pseudo-second-order
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e AAIZH A= Table 49 YESITE Langmuir
isotherm modelZ Fey,sNPs@HC2] As(V)2} Pb(ID)o
gk Hol FHFS AR A3 A7 1811, 11628
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Table 4. Langmuir and Freundlich adsorption isotherm parameters for As(V) and Pb(II) onto Fe,,sNPs@HC

Langmuir Freundlich
Elements K
Qmax (mg/ g) I<L (L/ mg) R2 [(mg/g)(lj/mg)]/n] n Rz
As(V) 18.11 0.063 0.971 3.65 3.08 0.815
Pb(1I) 116.28 0.095 0.992 17.78 1.25 0.968
20 120
(a) (b)
100
15
- - 80
(=) O
S 10 S 60
£ £
e =, 40
T 5 = Fe,,NPs@HC o 20/ = Fe,,NPs@HC
—— Langmuir model Langmuir model
0 - - -Freundlich model 0 - - -Freundlich model
0 20 40 60 80 100 120 0 20 40 60 80 100
C, (mg/L) C, (mg/L)

Fig. 8. Adsroption isotherm of As(V)((a)) and Pb(II)((b)) onto Fe;sNPs@HC(As(V)=10~100 mg/L, Pb(I[)=20~200 mg/L, pH=4,

reaction time=24 h, dosage=1 g/L. ionic strength=0.01 M NaCl).

Table 5. Comparsion of removal capacity(qmax) of As(V) and Pb(Il) by various materials.

Elements Materials Qmax(Mg/g) References
Iron-impregnated biochar 2.16 Hu et al., 2014
Magnetic gelatin-modified biochar 45.8 Zhou et al., 2017

As(Y) Iron-modified biochar 28.49 Nguyen et al., 2019
nZVI/Biochar 15.66 Bakshi et al., 2018
nZVI 33.5 Yuan et al., 2006
Feg2sNPs@HC 18.11 This study
Magnetic eucalyptus leaf residue biochar 524 Wang et al., 2015
FeO-HC.S(hydrophilif: corn stalk biochar-supported nanoscale zero 195.1 Yang et al,, 2018
valent iron composites)

Pb(ll) Zero valent iron magnetic biochar 60.8 Chandraiah, 2016
Magnetic biochar 129 Wang et al.,, 2018(a)
nZVI 50.31 Arancibia-Miranda et al., 2014
Fep2sNPs@HC 116.28 This study
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