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ABSTRACT

Ferrihydrite is an iron oxide mineral that is easily found in the natural environment, including acid mine drainage, and has a low
crystallinity and high specific surface area, resulting in high reactivity with other ions, and can remove environmentally hazardous
substances. However, because ferrihydrite is a metastable mineral, there is a possibility of releasing adsorbed ions by phase
transformation to other minerals having low surface area and high crystallinity. In this study, the adsorption characteristics of arsenate,
chromate, and selenate on ferrihydrite and the oxyanion removal efficiency of ferrihydrite were studied considering mineral phase
transformation. At both pH 4 and 8, the adsorption of oxyanions used in the study were in good agreement with both Langmuir and
Freundlich adsorption models except for selenate at pH 8. Due to the difference in surface charge according to pH, at pH 4 a higher
amount of ions were adsorbed than at pH 8. The adsorption amount were in the order of arsenate, chromate, and selenate. These
different adsorption models and adsorption amounts were due to different adsorption mechanisms for each oxyanions on the surface of
ferrihydrite. These adsorption characteristics were closely related to changes in the mineral phase. At pH 4, a phase transformation to
goethite or hematite was observed, but only a phase transformation to hematite was observed at pH 8. Among the oxyanion species on
ferrihydrite, arsenate showed the highest adsorption capacity and hardly caused phase transformation during the experimental period
after adsorption. Contrary to this, chromate and selenate showed faster mineral phase transformation than arsenate, and selenate had
the lowest retardation effect among the three oxyanions. Ferrihydrite can effectively remove arsenate due to its high adsorption
capacity and low phase transformation rate. However, the removal efficiency for other two oxyanions were low by the low adsorption
amount and additional mineral phase transformation. For chromate, the efficient removal is expected only at low concentrations in low
pH environments.
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o 2] MBLg0l & A FiS ATEHCh A Al pH 49 S04 Q1Fo] AFEH ABhgol 50l SH-E pH sA el
@& A9/5k3 LangmuirS} Freundich ¥ 3 2903} 2 QAsiglc). 2 A18lgol o) FATe phol o el Asiol A}
SER 2 ke ulakel, ZEAG, 105 AlElEael] £4S olalt. o)

ol pi 4] 4 pH 83c} o 9I. 5
o 2t ekgol 2ol 52t A slelstolSetolE ERlolA Slofihe AR hE 52t 7148 4 cjuigick. ol
S g2 %Ag% sEate] Walehs WS o] Atk pH 404 AAA S HAMomol Apsls HolRgo,
pi 8ol 434020 Ahuisiato] HAEGIch, Hahgole & 5 VUL /1Y e GALLE nolTul, 524 7 selolo]
g 717k o) 7o) APEHE 21071A et olo} tel SEAbel Al i Ae o] Hlel B W)
o Wpo) *ﬂ Abshgol e % MalEAka o] Al Eulrh 14 Worth el stol Seto| B ulAbeo] iste] & F2t e}
She ot Slstel matAel A7 /S SHAITE T F AShgele S8 e YT F7HH R st ulkelo]
Hsto] A7) 37 Wol A3 AR L] A9 e pH S04 e o) A Sofolut TR A A 77} 7Hs e Ao ke,

o
H]

FR0| : sjestolsetols, Avhgole, §4714, st A
LN 2 WA 52 % 2 712 sejsto|Setol=oke] At

e A e A7} 423 = QItH(Zhu ef al., 2011; Johnston
7| 2] 5} o] & g} o] E(ferrihydrite) = AFA -4l 4=(Acid and Chrysochoou, 2012; Das et al., 2013; Das et al., 2014;
Mine Drainage, AMD)E 23}t 2}i3t7 o 4] &3] df Jiang et al., 2015; Antelo et al., 2015; Ni et al., 2016;
AE= Aol Al A 3E 2 (Jambor and Dutrizac, Johnston and Chrysochoou, 2016; Mamun et al., 2017).
1998; Cornell and Schwertmann, 2003), FeO, A}H A<} 18, w|2]slo| Eafo] E G oElA] o 72 oFA )R] oF
FeO, THA R A AAF2E 7HAe Ueddd  of AR pH, &%=, 48k 59 24 w2t F=
(nanocrystalline) 3-E0]tH(Michel ef al., 2007; Hiemstra, Abo] W= Z29H (metastable) FE-0|7] wj&Eof A7] 4]
2013). E3L, H2jslo] =] E= thE AlSL A Feof B] o= HEjsto|Etol B9 QM FAEA S As
3 AAE7}F o Yol vjxHZF o] 331 &2 =8 ETF 293F 4= 9Jth(Boland et al., 2013; Liu et al., 2016). &
PAeaic oleje S shiel, selsiolSelolm e B3 wHoR sfelsol=elol St WA goctitet 42
&8 uEsto] ofe] 0B AR Aolshot] F8 (hematite)9] HT-EY(precursonE LA glov], 25
3} &S Stc}(Schultz ef al., 1987; Jambor and Dutrizac, ol5 LEZ Zo|Hr}. o]} THBI Hglsto|=alolE
1998; Swedlund and Webster, 2001; Cornell and Schwertmann, o] Ah3lo]| thajjA] o] AAFE5o] £=8=|¢th(Schwertmann
2003; Rout et al., 2012; Hiemstra, 2013). and Murad, 1983; Zhao et al., 1994; Schwertmann et al.,
Za&a) 7o S EA = ujAlg-S Z3El= AERS 1999; Schwertmann et al., 2004; Cudennec and Lecerf,
oleE5L 7 B XA ujAo] EAE= A TLEo 2006; Das et al., 2011a, Shin et al., 2021). F-AH| X OS2,
S2E o] AFo] AlRkE 4= Qlet. o]e} Tt O‘IEi Z  Schwertmann and Murad(1983)2 #|2|3}o] =alo] E7} A
A FE FolA 4EE H FEo], 1 SR E2 HE 2 HeolA FEAR HHAHoR AFHslsi, A 9



slefstol=eto]=0] Atahgol

G714 el FAN T etk SAISHL, oF 6
oAl 8 Ao Sl 77k pH HelolA AHHo=
O] W3kt SAHAl Yofuh= A EALskRIth. E3F, Das
et al.(2011a)2 2o A5 ¥ 112-0] Hejo| A =25t
o|=gfo| Eo] WIS pH 2, 7, 1AL 10 &f 2o A
st W5 E AlLbsto] A|AISEGH. o] Rt A
st B 53k, HE]stol=efo| E AT A8 A e
ARE FE 23 Aer v Ao] skl o]
& 8l S&F A=7F g, FAEAY 33E =40
A|7bo]| whet A 413 W E ch(Fuller ef al., 1993; Martinez
et al., 1999; Pedersen et al., 2006; Vu and Moreau, 2015).

AuHA 0 2, Heto| Sl EL I L FHS B
o g Al A= Aoz odeA Uth(Cornell, 1988;
Jambor and Dutrizac, 1998; Cornell and Schwertmann,
2003). whebA] B, 25 9 e ekl
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HCI fﬁ"”—% ol-gsto] pHE XHsHqtt. 1aL 7k 4=
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FAE Ak A o] Wy AEhgel o] F2kEl
Helstol =eto] £of Abuish At 3 B Avish vl g
Aste] FE AR tste] X-A )& (X-ray diffraction,
XRD) $41& 4-3s}3ch. XRD £42 7} 2ur A ze)
AF 7 A ool e, AR 5
FAIGO] XAl 32 547] (DMax-2500, Rigaku)S o]
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3.1. H2|5l0|=2l0|EL| &Y

4% dlelstol=2to]= o] XRD 3fele 20 34° 1)
a1 62° BtoA EAAQ] F Y] Hal ot s B
olaL Qletl, ol W& AAEE 7HA+= 2-line |25}
oj=efolEe] B4 & wejak glrhzh 25A, 154,
Das et al., 2011b; Soltis et al., 2016) (Fig. 1). 4% A]
=of gt SEM ok A3y 1]=2] XRD dfjglof A
AABk AT o] A MR e YRS o)
oA U2 HoETH(Fig. 2). TR BET Hl#HA] &4
A3}, H2jsto|=gto|EQ] wEHZL oF 310 mY/go &
Z74uo] B2 MEWAS HolET Ych,

3.2. H2lsto|=afol=0l ci3t 24
AF 23 A8 Al BRel 4
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o] gL Hejsto|=
e wolZ} Fig. 2
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Fig. 1. XRD pattern (A) and SEM images (B) of synthetic
ferrihydrite used in this study.
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Fig. 2. Adsorption isotherms of As(V), Cr(VI), and Se(VI) on
ferrihydrite. The solid line shows the result of fitting with the
Langmuir isotherm and the dashed line shows the result of fitting
with the Freundlich isotherm.
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5} (point of zero charge, PZC)= 7.9-8.7 A= 9] 4
zr31 Qloj(Bompoti et ald., 2017) pH 4= o] ZrETh
of selsol=efol =] e Fs] ool el A
Hode Ao oISETh. HAIe] Ho) FHLL pH 4
oA oF 1.403 mmol/go]™, pH 8|4 2F 0.752 mmol/g
o]al, AEAFYE-2 717 1.108%} 0.340 mmol/g, 1|31 A
AT ZF2F 0.6331F 0.055 mmol/go] 1 th(Table 1).
uba], pHOF 22 FUet 27 sfollA #|2|sto| =afo)
ES 9 FAFS BAY > A4k > AElEAld Y
A5 HolEth 53], 7MY F2ke] Zpol7t & HlAkY
I AelEAta el -, pH 4 olA= oF 2 ulf o], pH 8
A 13 ] OS] 2 2k Aol ol
olejer H2 BAS vals] Fato] F2- A
7= Langmuir?} Freundlich®] &2} dlof %85}
W3 th. Langmuir?} Freundlich &-2F gl 7—}
qe=bCeqy/(1+bCHL} q=kC. "0 2 FAHH 9} Cai= 3
o Abeol ] FatE okl 80 So) FES Uehfe,
G2t FALE, b2} kiz 217F WA} Bl
o]q B A8 Ayl Aub oz Al Asleo]eo] B3
F G o} @ im0, dage
H 49} 804 % 2l W 96 % o 49| A &S Mol
F g3 e F QATHS IS, TEA Eat
S B2 = 95 % o)) UxIstalct. v, Ae
BAMHS pH 4 01]/\1“ E; 94 % ooz &
25145k, pH 82] 79 Freundlich &7} of 88 % <
ol 744 skt
el B S0 Aelstelelol et 7 Aol
Flel AelE 54 43U & . Wk o
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Table 1. Langmuir isotherm constants of arsenate, chromate, and selenate adsorption on ferrihydrite at pH 4 and 8

pH 4 pH 8
Langmuir b(L/mg) qm(mg/g) qm(mol/g) b(L/mg) qm(mg/g) qm(mol/g) R’
Arsenate 0.48 105.13 1.403 0.9654 0.15 56.32 0.752 0.9920
Chromate 0.17 57.62 1.108 0.9520 0.09 17.66 0.346 0.9902
Selenate 0.15 54.35 0.633 0.9973 0.01 4.71 0.055 0.9490

Table 2. Freundlich isotherm constants of arsenate, chromate, and selenate adsorption on ferrihydrite at pH 4 and 8

pH 4 pH 8
Fruendlich k(L/mg) n k(L/mg) n R’
Arsenate 73.70 18.76 0.9681 28.50 8.86 0.9926
Chromate 33.12 11.24 0.9542 12.18 24.36 0.9676
Selenate 31.50 12.75 0.9694 2.46 8.25 0.8828




306 wt -

Al AgHstcH(Waychunas et al., 1993; Waychunas et al.,
1996; Jia et al., 2007; Zhu et al., 2011; Das et al., 2014;
Jiang et al., 2015; Antelo et al., 2015). ZSAIEL 7|2
Slo|Eg}o] E 9] EHoj A monodentate 2! bidentate inner-
sphere complexesE FAI5to] S2HE| 1L, pH Ao whe}
monodentate inner-sphere complexes®] H|-&-0] Z7}3}H
outer-sphere complexesE UX FA3tctar R Eo] Q)
th(Zachara et al., 1987; Johnston and Chrysochoou, 2012;
Johnston and Chrysochoou, 2016; Mamun et al., 2017). ©]
of ¥isto] AellwAild> 2o wet inner-sphere =2
outer-sphere complexesE A5, pH7| =245 outer-
sphere complexesE -A|5HA] & AJsko] S2Eth(Manceau
and Charlet, 1994; Peak and Sparks, 2002; Das et al.,
2013; Johnston and Chrysochoou, 2016). o]&dt A=
Hl4xtgoll vlste] =& pHOlA 34, 53] AddlsAt
Aol A% S daet dsto] A¥E 4= ok o
kA, & 52k A diks Akskgoldt ¥jg]ste|=at
o|E 9] O] At 5ol kS ol ZF Algksol
1}9] bidentate 2-2 monodentate inner-sphere complexes,
Z18]3l outer-sphere complexes®] Ao 7]|Q1%l= AL
2 240, Hejslo|Seto| e} Aakgol e Ajolo] A
Felnt 2o ST ABAE B0 AL Ao
7Ty,

3.3. I{|2|5I0|ECI0|EQ| Z=At HS|

3.3.1. pH 40]4 2] 4wzt

we]sto| Sato] E0] AMSH= pHYF W4 LejX]
J1(Schwertmann and Murad, 1983; Das ef al., 2011a), &

MM
M
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T T T T T T
10 20 30 40 50 60 70 80
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Relative intensity

Fig. 3. XRD patterns of final products of phase transformation
from ferrihydrite after 40 weeks at pH 4. (A) Ferrihydrite without
adsorbate, (B) AsOg-ferrihydrite, (C) CrO,-ferrihydrite, (D) SeO,-
ferrihydrite. G: goethite (JCPDS No. 29-0713).

g

oAl & Aute} Zo] FAF EIF pHYt HEeE St
sb7] wizoll, AAA = pH 404 2] 417} pH 89
AETE A AE= Aoz YEthFig. 3). Akekso]2o]
SAEA] 2 HEsto|=ato|EofA= 40 = Bif &
PAAI AAA F FEo] FAEeY ebds] B
st EAl = gksttt. ole D wAkdS SRR A
= A 713 Sot RS e R] gkron, o= 4
7] 714 watde]l B4ow g Aow AztEn
(Waychunas et al., 1993; Jia et al., 2007; Das et al., 2011b;
Das et al., 2014; Jiang et al., 2015; Wang et al., 2015).

AFAMH ] 9= pH 4ol = BlAabdo] F2HE Al
A A A9 717 Fet outt FERe AHste o
ZHE|A] oo} Atehgol o] SR A] oF2 Hgsto| =t
o|Eof Hlal| A3 A AE Aoz YeRgTh o] A2
W& pHOlA 2 FAFFl 71Q1et Aoz Azt A
dlEitg el Aeolls Atgkgolo] FAEA] o4 He
sto]Eafo| EO] AFW3t Abmm A - A1} 3H A o] o]
A= A g A9 717 Sl JAEA Y] oant #
ZHe] Qlet. o] 23t At 22 2%=9F pH 27 oA
2Ll Absto]2of ofstel AA| APt 4ol FEd e

2 5= EE HoiEh

utt oot

3.32. pH 80 49] Az}

pH 8ol A= Alslgol Lo r F2EA] ke Hejsto]
Sefol] Wl 7h4 ZAckFig 4). o] AR 49 7]
Aoz Aueitelon F2E Hesto Seto| =} )
2+%F XRD 2745 ol U 2)ste] =t =) u)

(A) Fh

L

Mw

(D) Se-Fh

Relative intensity

I I I I I U
10 20 30 40 50 60 70 80

20

Fig. 4. XRD patterns of final products of phase transformation
from ferrihydrite after 40 weeks at pH 8. (A) Ferrihydrite without
adsorbate, (B) AsOg-ferrihydrite, (C) CrO,-ferrihydrite, (D) SeO,-
ferrihydrite. G: goethite (JCPDS No. 29-0713), H: hematite (JCPDS
No. 33-0664).



sejstol=etol=0] 4ishee]

7 bk 20 340 Tel3 620 R2olA A
o8 g Hefsto]=ato] ES] XRD #] =9 HiF
Z7F SAEA] 2 Hgfsto| Eeto]Eof HIste] Aty
o2 w2 AL nHsHH ASkol o2 F2hEX] ¢F
Hejstol =etol =7t Aelmatdon F2kE Helstol
gol o] ulate] Al 23 o AAH Ao gt
HAch(Fig. 4). DA SR AE, AEheoleow
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o o] AY 7|3t 5k sk WA kst o]
£ el selslolSatolE o] chopet ®Hl wheo] 7
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inner-sphere complexesE &Adslo] F714Q SA T} &
3= At A|7]7]= &}al(Das et al., 2014; Wang et al.,
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S ol AdAo] AIsHAl ¥4 Fth(Schwertmann
and Murad, 1983; Zhao et al., 1994; Schwertmann et al.,
1999; Schwertmann et al., 2004; Cudennec and Lecerf,
2006; Das ef al., 2011a). X A5t o5 w|g]s}o]
oo EVL MAA 0 R Aok S AHeR flue=
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