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A Study on Transport Characteristics of CMC-modified Zero Valent Iron (ZVI)
Nanoparticles in Porous Media

Yunchul Cheo - Sangil Choi*

Department of Environmental Engineering, Kwangwoon Univeristy

ABSTRACT

Carboxymethyl cellulose (CMC) as stabilizer is expected to facilitate in-situ delivery of zero-valent iron (ZVI)
nanoparticles in a contaminated aquifer because it increases dispersity of ZVI nanoparticles. This work investigated the
transport of CMC-stabilized ZVI nanoparticles (CMC-Fe) using column breakthrough experiments. The ZVI nanoparticles
(100 mg/L Fe) were transportable through sand porous media. In contrast, non-stabilized ZVI nanoparticles rapidly
agglomerate in solution and are stopped in sand porous media. At pH 7 of solution approximately 80% CMC-Fe were
eluted. When the pH of solution is below 5, 100% CMC-Fe were eluted. These results suggest that the mobility of CMC-
Fe was increased as pH decreases. In the mobility test under different ionic strengths using Na" and Ca®" ions, there was
no signigficant difference in the mobility of CMC-Fe. Also, in the experiments of effect of clay and natural organic mater
(NOM) on the mobility of ZVI, there was no significant difference in the mobility of CMC-Fe not only between 1 and 5%
clay, but 100 and 1000 mg/L NOM. The results from this work suggests that the CMC-Fe nanoparticles could be easily
delivered into the subsurface over a broad range of ionic strength, clay and NOM.
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7128 AWEY AEZ Z(carboxymethyl cellulose, CMC)9} 22 FASAl= 299 At G7Fd A}
9] o]F& FHE 4 S} E AFolME CMCE /IEE F7H UegdA ke oleds APAES B3 AR
CMCZ 7|EE 100 mg/L G7Fd etk B2 o]Folzl S=mjAlolA o)Fo] 7hsstsint. sARE HIZid®
7H WSk AlxE oA fAl @] vl RejE o FolRl F=uiAlellx FekA] Z3nk. pHYt
79 o G7FE Re=gdAt oF 80%7t RS Bl EHUsith pivt solslE A W, 100%2] CMCE JiE
B H Bt 100%7F EHUSITE o] =AM7] Aol Na't} Ca?t o]9] F57} S7Fge] Wk cMC
Z WA GrFde] ol Ao] thh hAskE Aeg Yehdth HEF AAF7]1E (natural organic matter, NOM) 3
& Ao, 13 5% HESE 100 1000 mg/Le] AAR71=E2 CMCE 7HE® 97Hd Wiegiale] o5l
£ = 9% 74 Rohe ACE Uthgrh B A7) meie cMCz AR8 9/H Besihs deR of
2471, AR IR B HETES 7K EYUeME a9Fo R o)FdE Zo=E y|dEnt.

FH0f : 7K LRl oF5A, pH, oI, HE, AA571E
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B A7AEe] Ed AelkrEiE LHEHES A
A7) SAsiA wlo]A=Z Alo]=o] JrbES Wol ARSSH
itk ARE 2ol Wie A719] Q7FES o838l 2
FEAS AAskE et a7t FA Zar Stk 71E
9] EHkSHA| (permeable reactive barrier, PRB)ZYF 2~
R oAz F7] F7Hd AEPERiel Blal, Ui 2719
Q7S o83t in-situ 28 SkTh(hot spotell 21
FYUFeEN HOh TFHoRE QAEES AT 5 AU
= AHE 7HAA rt. EE ofle} v GEEE e
AL A7Z QI8 EHAT §hEAo] 71Ee] mlola
2 A719] g7pel| Blal wie- 7] whiEel] HgAks o
A2 4 AtH(Nurmi et al. 2005). ©]2|gh &2 ¥H343
& dz2A8} f718A, FE5MIEE T Ut 09 &
155 3F0F AAT 5 Jdor, 7IEe] AY 7es
| Bl ZAAFeleRs Aol ok AN Uie =719
7HE g AAR A831] SleiM= sidsior &
2 7HA] ARRE] tiFE Al ok AAle AT E8dlelA
= G7FEe] o]FA, EAe e GrHde] 29EE
A, AlRle A7k B S9Ed vk 5 Qe
&40 TH(Nurmi et al., 2005). &3+ A e &
ol QA=A tigh w837} AshufjAlol| 4] o]EAd
< 7] g At Eds] X8 Folrt. vk
=971 RESARS S7A1717] S8l Selka<s(Pd, Cu
Ni)S 7 Ue=d1poll F2AA olFa3<4:U4 2 bimetallic
particles)S ¥43sk= o] I Fth(He and Zhao,
2008). SFARF Bl 7iEE G7FE Aol rRE AR o]
FTa5 WA 9A I3 (agglomeration) =2 {13,
Al vlolaz S]] ARZ AZAsh] wistol HA 7
of Z&A] 1 WA olFAo]l 43 AT U
Aol k. wbA 7 WeSiAke] inssitu 28-S
A YA G AAlSkL Ve ASAE F e
oFA 3} A (stabilizer) 7HEo]  FFHolth He and
Zhao(2005y= F7Hd W=dAe] 2 wheAd o= jlslo]
T BE5Y RSV e 8 He @S 2] 9
slo] HUE S FHI 7R BegAE A=A
t}. A Schrick et al(2004) Wi g7FHe] E/AE)
T Wollxe] olsAdE SXNTI7] el 24 ' (C)9F
poly-acrylic acid(PAAYE ©]&3l] G7Fd Y=Y Ale]
WS AL, A Rl mE EulE Yielae] o]
F43& vlwElTt. Kanel et al(2007)S H]o]l& AHEA
ARl Tween 205 ©|-83l] =83t Aol vI7|dE <
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3
7H et REE SRE A9 35 S35
ZhS B oA W AdE G7HE ey
A= AEE B3l olsie] FXlEe AoE R
t}. Salleh et al(2005)2 triblockS 83 =Qixle]
F 5 HsA 8 dlellxe] A S
SNl ATE FREATE Copolymer®]  poly
(methacrylic acid) blocke 37Fd W) ZsiA &)
31, poly(methyl methacrylate) blocke NAPLe|| thslk 7
3k 23}8S A, uER|EFOZ  poly(styrenesulfonate)
blockS 73t 714 HES AlFsie] F7H =d#}
o] F2olE IS ATt Bttt He et
al.(2007)& CMC(carboxymethyl cellulose)yS QFY3HA =
ARERIGAS W 7 WegdAe] s e wkede] |
28] e Basisich. 159 A7-dTe] wEw
CMCe 3 (starchyx3 BI-8o] Agap 338420 &
o] o Mut olgl CMC EAFES monodentate
complexation®l] 2J3F carboxylate groups¥t 371Fd Y=<l
A1) QPZARI AjES o] FAl e A o= Barslgint.

e 719 GrHES A Bl FUt] 2 9=4
55 AT AT, e G7FEe] o5 s F=
pEAE 7 PR, AekEe] pH, o7 (ionic
strength), HE, AAF71E (natural oranic mater, NOM)
E9| 3t} Baalousha et al(2007) T3t pH 2715}
oll4 iron oxide nanoparticles -3 (aggregation)oll gk
AAAF7 152 gkl B AFollA pHF w2 210
A AAR7IEES Tt SRS S5 & Yoyt
< 2t Basiglth. tirge] S8sied] S4E T8
SRk Asle] o] 273wl EjtE o] Sl del FF
= ¢ 83k Q40]t}. Saleh et al.(2008)°] Na'<}
Ca* o]2o] W= J7FHe] S5} o)Al T8g 3k
Aow Husoh. H3H Shekrick et
al.(2004)= THIgE 2AS 7HAAL e EYOE ol
©2 JBA% hydrophilic carbon¥} poly(acrylic acid)-
supported 371 =Rk o] 5AHS 3lS wf, HE
7 ZA 23H EYelxde olsAe] sl A= o
ERSS Bty dubg oz sl 2 s Ak
71529 FRAEE humic acid®} fulvic acide|t}. wet
A1 humic acid= AFAR71E] 23t A=A 2 F2o]
=zl BECi] ofFol st At Bol AR oIt
(Weng et al., 2002; Liu et al, 2009; Sirk et al,
2009). el SRR AAR71ES] F=7F STl ot
2 7H U=sixe) o sAde] HE 4 ok ol A
H7TEC] G7FE Uiesixpell S IREo 2 4tk

= "A=
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Aol ZE 7] wjFo]chJohnshon et al., 2009).
AF7HA] CMCE 71EE G7F W=SiAlel digh o4
4 AR o)lsA AR Bol JAHAAT, tF
gk AN G7H iAol tigh o5/l gk
A= wol H=53 Aot} wbA] @7 eixkE
7HAAL AA] 2" Aol A8st7] A= ool gk
AR7} RieA] Jagk dAolt) 7 AFtelae eMcst
Pd F5501E AMSSl] W J1RE G7HE eqiAlE
geFst 2A(pH, ol2A7], FE, AdF71EAeIA =
A AR 2 Blilso=2ZH4] G7HE WAt o]

2.1. Q7K L QIRtel M=

7P i) Al WHES 318K AR, sol-gel
W, 2L vlolag ogdd W ofe ol itk 1
FANE 31k WhEe Aol Rsle] 71 Eol o]
253 = Wyolth Fe(ll)2 sodium borohydrideZ
FRNTIE 71 A7FE UiedRbe] AlES s
0.8% CMCZ 7NdE J7Fd Y=g SHI8ITHHe
and Zhao 2007; He et al., 2007). 97Fd =J& A
Z7, 250 mL Z2R=T0)| CMCE ¥31%F SRl 2k
£ AAS] SEA 158 Bt dAa HAsITh 47t
H BeizkE Axs] SAEA 021 M FeSO, - TH0S
FHBl CMCE X3 SRl sk 97Fd iy
A dropwise 'S ©]8sld AZSIAT. Fe(llys
FolFal CMCeF 4 complexE Y & =S
15353 WREAIFTE & AFolA ARSE 7 Wiy
Ae] FEE 0.1 gLolHem CMC(Sodium-CMC) F5=
0.8%(0.8% w/w of Fe)°|Att. Fe(ll) 152 7k U
EYRE B8] 7] 98lA sodium borohydride (BH,7/
Fe(I) =2.0) CMCE ¥33F 7=l 7siitt. 47t
A Pegate] Az Et AR FAVSE A A
7] $18IA 15851t el Fa1, FH R g7
iegdzbe]l ®Ho] Pde] 0.1%(wiw) Ferl YAEE
0.027 mM K,PdCl, stock solutionS 21531t}

2.2. Q7 L RIXte] o] AF
CMCZ MEE 7K edxte] F=mjAolae] o]

el Hel S ASckFig. 1) Hel 29 ol A
g% 242 400-700 pm Y71 FEZNF RS A}

ZV1
nano-
particles &3

“.!.I-'I-r:a.l

Fig. 1. Column apparatus for mobility test of ZVI nanoparticles.

B3l T BHE ARSE] Aol fU1ES AlA
sl7] A 1%(viv) BAEC R AojFal T F/RTE
3H Aol £ 105°ColA] AxS & Al AR3HAT
2ol fES WA S8 el B FoE Yl B
HE 15 em =O)2 Folltt. o]gh ZxdsjelA o] Al
384 (Pore volume)y 24 mLE YERIT F=82 0.51
2 A=A

PH =K EEUTY] A 33 SRR 4
PV(d8 mLyS S&{Xu] Ut} pH WH3lol] mE 71
Wedate] F=miAex e olE58S ZA] sk
A7 WegAt g9o] pHE 3, 5, 7, 9= 1N HCIH}
NaOHE ©l-&slo] thsiAl FHlIgk 5, pHell & 47t
H =97} ols A8S st 97FE veydAk
o] o]FA] pHSF Hsid A=, FE, 2 AAF7IELH]
oG] gt J3s Haslel] A e olsAd
A= pHE 72 2 AFS st el
T A7) AgelME 1002F 1000 mMe] Na'@b 109} 50
mM Ca® 848 ARESISITE 97F e dzke] o)l
gt HE gl g3 AvEY] g8 felvet B
O3 HEZER] 7MSEUelEE ARSSISIT. 2ol
Al TiHEl 0, 1, 5wi% 7REUlE (kaoliniteys TLSHAl
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FolFal Ags AT AdR71E Fl e 9
7Hd WedAt os/d A3elxle 247 1002k 1000 mg/L
9] humic acid(molecular weight: 2,000-500,000, Aldrich,
USA) 8 Aol 2ejZAdd] SRyt 1 v
CMCZ M9 F7F =dA d9H4S humic acid§
Ho g AR A2lgt ReE o] SHET ofuf AR
g Q7 Ak A humic acid &= 2
1002} 1000 mg/LE -A3F59t}. SHA blank tests 317 ¢
3l CMCE NEHA] &2 F7H WedAkE ARSI

TE o)Al AFolM CMCE MEE 7k Yegdat
AN (100 mg/Lys fr8] F2l 2H 1%l FUs)o]
H3732 AFRE AR 6 mL(0.25 PV) A AEH
slo] Redds e G7HFE WAk
7¥slsict. AR St ¥ s QUFE Vegdate
A2 HCIZ 3] =91 & SFE 348l Flame
Absorption  Spectroscopy(Flame-AAS, Perkin
Elmer)&- o]-83}] 4310t

5L ¥

Mr o o oy

Atomic

3. 40 9 E9]

3.1. pHO|l [HE H7HA L @lXte| 0S4 HIt

CMCE /MA=A] e 7H WSzl daade
2 3 BeEY Al HENCY cMCE /Ed
7H st RelERs oo R BHRINch(Fig.
2). CMCZ MAHA 982 G7F edzbe] 749, e
AR 271452 D van der Walls Q1802 <13
A vlolzz @9le] JAE AAETHZhang and
Manthiram, 1997). W2}x vlolag dx} =72 443
WM wibgdo] sl ReEs Al =Rld
e g A0E AlEE)

CMCZ NEAR G7FE vie=sizte] d49 oled A%
234517 Sl crdgog grFd YedA = A
T3] EYues 7 gAY w8 54
Atk FYPF £ 27] F=ot FHves Y W
=9ze] Fwst olx]7] YA F= H3] 2 Pore
Volume(PV)(48 mL, 1PV =24mL) oPd7A] 7} 1}
=7t GHE FYallof e AoE Vet o] 4
oM 97Fd ezt 2 PV(E8 mLyS F98kar &
o= A7 We9iAl 6 mL(0.25 PV)E xjHsle] #4
ala o)5AS HrKEITh Fig 3004 UERd AAH
0.8% CMCZE 7} A3 971 WedAte] o)L pH 79}
94 0.75 PV(18 mLyF-E] 7} Wiz} Eeukorck
7F =59 1 PVQR4 mLPIA 60%2] F7FE = dA

r o i dp

J. Soil & Groundwater Env. Vol. 14(6), p. 101~107, 2009

Fig. 2. Mobility of CMC-modified ZVI nanoparticles vs. non
CMC-modifed ZVI nanoparticles: (a) ~0.5 min after CMC-
modified ZVI nanoparticle suspension was gravity-fed to the
sand column (b) after all of the suspension alomost had passed
through the column, (¢) after one bed volume of deionized water
had passed through the column, (d) after non CMC-modified ZVI
nanoparticle and one bed volume of deionized water had passed
through the column, and (¢) magnified picture from the red circle.
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Fig. 3. Effect of pH on the transport of CMC-modifed
ZVT1 nanoparticles through a sand column.

Teukem 2 Pv(8 mLelxE oF 80%2] F7Fd e
HAF Euit. SHAITE pHYt 37 5wl P U
=dRke] T3] 1 PV(24 mLeIM 22 85%9F 60%2]
g7pdo] ZejugkA|et 2 PVE8 mL)dWE EF 100%
F7H e At Eeues ZoE UERATHFIg. 3).
2 A9 ol A34AH, pHrt BerE G7FE vy
7ol ol sl FHEE ¢+ U CMCE JiEE
G7Fd Y=dAe] PZC(point of zero chargey’} 6.1 T
= 6420l S AT w), pH 6 o3 W 7K
egzke] 5o S71ete olsAo] 7HAaE AoFE A
F¥(He et al., 2008, 2009). Baalousha et al.(2007)
TS B Adde} visss s Basignt 15 A
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1 Porevolume _ 2 Pore volume _
1.01{ ' '
0.8 (a)
=
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1
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Fig. 4. Effect of ionic strength on the transport of CMC-modifed
ZVI nanoparticles through a sand column at pH 7: (a) under
different NaCl concentrations and (b) under different CaCl,
concentrations.

TAxe] k=2 iron oxide nanoparticles®] §58 Aol
A pH7} $oFd4== iron oxide nanoparticles®] -8-%°]
7V, BRE pH 2014 52 mobdas A=
71 Ao = e

3.2. oA Z=0f| e WU LI-iXte| o|sY It

A7 WREeqdRke] Aaliel] o)EAdell gk o] 2471
o] ks AT fEiA CMCE JiEE F7FE Ui
AAREA ZFZE 100 mM2} 1000 mM Na'2} 10 mM<}
S50mM Ca™s €3] =<1 % ] ol 29 olsA
AFES AT BE o]2A7] AFddME pHE 72
TSI Na' o] 2A7] AdollMd= Fig. 4(apl UERS
AAE = F3] 2PV oPdolx Na7h E3heo] QU
ZAY 2= e A 5 visSH FUT £
FEO] 80%] W7FH =S Pt ERvee BoE &

1.2
__1Porevolume _ 2 Pore volume _
104 - ’
—@— 0% kaolinite
0.8 { —V— 1% kaolinite

——— 5% kaolinite

0.6 1

C/Cy

0.4 1

0.2 1

0.0 ' . ‘
0.0 0.5 1.0 1.5 2.0

Pore volume

Fig. 5. Effect of clay content on the transport of CMC-modifed
ZVI nanoparticles through a sand column at pH 7.

AE AT} FESE Ca* o] 2A17] AFIME Fig 4(b)ell Y
ERd ZAE 3= 33 2 PV oldollx Ca’7t EjHE o]
PA FAY E3E] e G7FE e JAF BT vl
A AT e w50l 80%2] 71 WhreiAt &
Ues Aoz vEiTth weid B AFS B8l 100
mMe}F 1000mM Na'9} 10 mMe}F 50 mM Ca?t T&=F
oAM= CMCE 7idE F7F Wie=gixte] ofsd= o]
2A717F ARl we} tha wolRle RoE ®HYlon 1
atole AA] e¥sktt.

3.3. HE 0| ME H7H LiclXte| 0|4 HIt

vt B i AEZER] TREEURIES AR
sl 7R WAool s/l gk FEE 2AkSkaL
7L Btk B R Foll EAshs HES] gl we
CMC-97Hd Wegate] o)sAds 41817] fleliM =
AL Bafjol] 7122 o) E (kaolinite)S 1%} 5% F-AH
Wt%)= ddsH 4 & A ol A4S AN
th RE HE AoA pHE 7= ZSATE Fig. 500
UeRd ZXE 1% 7REEUe|ES ¥3eE RefEHs =
ebA] e HPS o83l olsd A3AH, 3= F
3] 2PV oPdellA EEubes F7HE W=k A9
HS A Webtt). B3 5%°] 7heejuelErt 23k 2
H oleA A TREAURIES IitelA] B2 A3
AME FHue s 7H WA AY BisssAl v
et 2 A8, JES] o] CMCE /" 97t
A edate] olsAdell A FEFS FA B A=
YEPAT}. Shekrick et al.(2004)2 Tlst 2435 71X
U= EYOE hydrophilic carbon} poly(acrylic acid)-
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1.2
_1 Pore volume _ 2 Pore volume _
101 . ’
0 —&— 0 ppmHA
08 4=V~ 100 ppm HA
" |—-m— 1000 ppm HA

0.6 1

C/Co

0.4 1

0.2 1

0.0

0.0 0.5 1.0 1.5 2.0
Pore volume

Fig. 6. Effect of NOM content on the transport of CMC-modifed
ZVI nanoparticles through a sand column at pH 7.

supported F7Hd W=qdAte] ol sAES At A
E7 AA =39 EF A= hydrophilic carbon}
poly(acrylic acid)-supported F7Fd H=d}ke] ofs4de]
ol Ao Bt ARl HES HlEo] 2
EolA HESY Foldslz sl /A e F7F
AT BEYS Bochs 20 Rugch sAg & A9
e HES I ZAZILIH HES A
e A¥olMe G7F WedAte] ol Aol tEAl b
ERA] 29kth. o] Shekrick et al.(2004) AFolM =
AAEF] HE HlEo] 30% oPdoIAARE 2 AFelA
= 1%} 5%2] 7heRUelE AiHles T A9
A7 wEolth §HH w& Yol X8 (cation
exchange capacity, CEC)S 71 HEFJES ARE 7%,
F7FE =Sl o558 gEl 4 it wE B
A HE SRl wet Q7 WedA ] olede A
Aoz Aozt vehd 4= 3t

3.4. Humic acid SX0 [E LE-Xte| 0|5 It

A7 1855 WE CMCE AEE G7FE ey
2o ol sde WA fleliA Az F7HE At
SAol] 100 ppm2} 1000 ppme] AFA-F-71E-221 humic
acids & § ZH o5 AFS ANt B A
AF71EA APAE pHE 72 AT Fig 69
yehd AX" 100 ppmet 1000 ppme] AA-F7]1E<1
humic acidE ¥33F oA 24¥H humic acids ¥
31A] %2 o]FA AFolA humic acide F7H V=it
o] olgAell= FAl FIFS 7IXA F= Zo= YERT

SHH Baalousha et al.(2007)2 TRFSE pH Z7A35|lA]
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o)
iron oxide nanoparticles®] -3 (aggregation)ol] 3l =}
FF7IEANOM)S] FEFs AR A, Adf7 1549
Tt 7S $Flo] & dolue As Haslsirt
olel= HHIZ Johnson. et al.(2009) 5ol &Ik Al
ofeh, AAR7IEHEY] 5t SRS 7FE e
YA ks FXIATNAL ool w} @rpEe] olFo] F
7¥eh= o0& JEdth
4.2 E
2 AFME okt 2dstolA
H H edAe] ols8s 29
AlEIATE. CMCE 7HEEA] & 71de EYiAE &
HHoz FHA FEsh= Aoz YeEPATE 0.8%
CMCZE 7§d9 7Fd Weak= 2Pve] 7H vy
A FAIAE v 27 sl vl oF 80wl 7k
W2t ofsshe o= vepttt. —12]an 7094 5=
pH7F SobsS W) cMCE AdE F7FE Wedake oF
100% =5 Zeusith. ol8st 232 FE pHrh W
5 P7H Ye=dAke] olsAe STk Zts AlsEnh
ol W7Hd v=9iAke] Pzl 6 ol dwl 7k v
=947t SHo] F7tsl] F=miAlAe] o] Fo] st
= Aog Algdth @9 100 mMF} 1000 mMe] Na*
T 10mMP} 50 mM Ca?*9] o] =5 7FK -&ljo)
Al CMCE MEE G7F Wedate] olsd A4y
ol =7} SV weEl @7 egAte] olE e
Tha ZHssielt). 1ejal HESH) e F7F e
71e] o5 AFolM= 1%9} 5% F 719] 7ol
Ekg oA CMCE 7iEE 7 WAk ofF
Aol ¥ o7t gt T3 AAR71E4S] humic
acid= 0.8% CMCZE 712 F7Fd We=dxe] ols/del
= 92 vHA o= Aog Yelith B 234w,
CMCZ 7IEH Y7H WAl st ESF 8]l
AE £ olgAs B ZoZ 7IiiE™ inssitu B -
Aelr 28Rl Ao ARE S Ao AlE
Aok, AR A @ EYulel Tkt HEFEY 2}
Af7IEC] EAH] ol F7HE WA ls ol8sh
in-situ 7[HS Z-8A] Hh AAGE F2)7} 81 Aoltt

0.8% CMCZ 7§42
e o183l A

=

AA
w AT e = - Asls LaiAlend
ARgdne] A7) A|elE whol = Ay
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