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Abstract

Selenium(Se) is an essential micronutrient that is necessary for cancer
prevention and cure, heavy metal detoxication, body metabolism and so on
in human and animal bodies. However, excessive intake of Se may cause
severe reverse effect such as poisoning. In this study we investigated the
adsorption of Se(IV) onto hematite, which usually exists in soils and rocks,
focusing on the effect of NOM. In other words, we investigated the
adsorption reactions of Se(IV) with the synthesized hematite under various
physicochemical conditions (ionic strenth, pH, concentration of Se(IV)) in the
presence of the NOM. Results show that the selenium adsorption onto
hematite varies with the contact time, finally reaching an equilibrium state
in 5 hours. By carrying out the modeling on the acquisited kinetic data, we
found that the result is in good agreement with the Parabolic diffusion
equation (R® = 097). In addition, the adsorption with different initial
selenium concentrations was also reproduced fairly with a Langmuir
isotherm (R® = 0.92). It was found that the adsorption efficiency of Se(IV)
increased with decreasing pH, particularly at pH lower than pHp.. The Se
(IV) adsorption reduced by increasing ionic strength, is best modeled under
the assumption that Se(IV) forms an outer-sphere surface complex. The
adsorption of Se(IV) onto hematite in ternary system (Se-hematite-—humic
acid) decreased more than that in binary system (Se-hematite). Results
obtained through this study would be helpful to understand the fate and
transport of Se in natural environment and to remove selenium. In addition,
it would provide an important basic reference in the field of geochemistry of

metal oxyanions.
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Fig. 2.1 selenium pe-plIl diagram at 25C, 1 bar pressure and I=0 for a

dissolved selenium activity of 10'° mol 1'(F.Seby et al., 2001)
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Table 2.1 Various pHp. values of hematite(Fe2Os).

pHpzc
8.5 Davis and Kent (1990)
8.5 Parks and deBruyn (1962)
8.5 Rustad, Wasserman and Felmy (1998)
8.6~9.3 Atkinson, Posner, Quirk and Phys (1967)
7.2 Carter et al.,(1986)
6.7 Watanabe and Seto (1990)

2.3 Humic Acid(HA) ¢ EA

231 A4 R 7254

Ao A= M T AF=ekA Q] F9 =2 (humic)> F4 2 (humic

substance)o]#Faltx 3l ol AL Ao RojEH = HAA FAHHE EI
AG EHAEA BEY 4, B8, Mg, Zdete] H4E= A g o]y gk FH
EdL dutdoz gIro uwe ERst dd Ak VR FEE FEF
of AHstE = #AHE 1HIAESE W FEHA Ee AE AFEE (FW
(humic), AH3te FE QoA FHAFH+= E2S (b)) F2)4Hhumic acid), 2H4

71 EAE () Y AHfulvic acid) o] &3 gk},



Soil or Sediment

Extral:t with
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fijeld g].;;d soln.
[ I

HA FaA

E:tractr with
ethanol

soluble
HYMATOMELANIC
ACID

Fig. 2.2 Scheme for the fractionation of soil organic
matterthumus), (Schintzer, 1982)



Ayto]tHKile et al,
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Table 2.2 Ash-Free Elemental Contents of Various Humic and Fulvic Acids

(%)
Sample C H 0] N S P Total Ash
Sanhedron soil humic
d 58.03 3.64 35.59 3.26 0.47 0.10 99.09 1.19
aci
Sanhedron soil fulvic 100.5
. 48.71 4.36  43.35  2.77 0.81 0.59 2.25
acid 9
Suwannee River humic
- 54.22 4.14 39.00 1.21 0.82 0.01 99.40 3.18
aci
Suwannee River fulvic
d 53.78 4.24  40.28 0.65 0.60 0.01 99.56  0.68
aci
Aldrich humic acid,
sodium Salt(lot no. 69.42 5.04 39.29 0.75 4.25 0.15 1189 31.0
1204 PE, 1984)
Fluka-Tridom humic
acid(lot no, 65.79 5.51 37.79 0.71 3.16 <0.05 113.0 32.8
159128115, 1974)
Calcasieu River humic
56.68 4.69 35.72 1.14 0.64 - 98.87  3.63

extract
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2.5 Hematite °] A3 FTa5F FFd wE AAR7E49
2.5.1 Hematite °ll 9l¢t T a5 FFAAS
HematiteE ©] &3l B4 ke dia] S343E& 3t At 4847 A5 =
AN =EHS o™ Freundlich &-=-g22) o] 2+ gk} wdk 249
AAel &2 A AZA¥}EE Hematite = Ferrite—-A > Na-Bentonite >
Ferrite-B 9] <o]31 2™ Hematite®} Ferrite & F7]& S 3&o] wHojuyrli= A
< YEsAT
Se(IV) 9} hematite ¢ 5243 23 Langmuir 2o o 4A3}+319 3L, pH
of 9J3t JFL thE FHEY v R ¢t pHol A S&FEo] =gk ®3
pHell thdlk &&o] thokA 2 triple layer surface complexation ¥ FITEQL 3
2a9E o] 83 mdof| gos] Z AdHt. FITEQLE o] &3t =de 3
A3 FFFEH FE27F Fe0SeO; ©l ™ log K = 549 9 #h& A HMiquel
Rovira et al., 2007).
Fes(SeOs)s - 6H:0 == 2Fe” + 3Se05” + 6Hz0
pKs = 4158 + 0.11 (Rai et al., 1968)
2.5.2 Hematiteoll 9l¢t AA{7154 &

Humic acid®} hematite®] &&4l$-& pH7F F&2 @8 o gydo=

o I ol E e pHolA HAREZF 43S 2wl hematite?

pHy 3k olstoll A FHd3E A 7] widelty. & Ad7]|4 3oz

= Aol



2.5.3 Selenium ¥} Humic acid®] &&ad-

3L 5 ratio—active 3t Seo] EAS ol dtE=H g0 Huh &3 Ay At

254 Hematite®} 54 &9 dist AAF71=429 493

As - hematite - humic acid &2 HFg-o| 4 HAZF &%3tE #™ hematite =5
H uA4AE @371}, 28]3 humic acid £ Z® ¥ hematite 29 3-8 o
Agcy, wWelA humic acidZ Z®H ¥ hematiteo] gk W] AEFAHH-S2 o ¢
- ¢]9, hematite o H}IE EF &= A Hup e RS Welth(lwon Ko
et al, 2004). %3 Uranium(VI) - hematite - humic acid ¢ S-ZHFgo|A] b
< pHelA $ebw &2 o] &Hw pl7l ¢z HH=z F7F dus F3E

ZFH 4%t (John J. et al, 1999).
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31 234 =

3.1.1 Hematite(Fe:03) 2] A

Hematite $H4 S Sugimoto ¥ (Ko et al, 2007)& FA3 =28 Faste] g
Adstelow AR FHE Az 5 dAACIH  w#skivh e
Hematite 3= X-ray diffractomet(XRD, X'Pert-MPD System)Z o]-&3}o] =<1
S 319 o  Laser Diffraction Particle Size Analyzer (BECKMAN
COULTER(USA), LS 1332005 o83t d=sxs HAsklal nxus =
A 7] (Quantachrome, Auto sorb-1)2 &3Fc] A2 HHAS 22183t

S g Aol AHEE Ee 24

ZorMilli-Q)=2 g H AejA A

3.1.1.1 Hematite A

250 mL-&%e] ulAl 2.0 M FeCls 100 mLE %3 6.0 M NaOH 100 mLE&

2 Arlste] F83 AolErh o] &9-2 Vaccum Drying Oven (100 =+

AgCl& o] &3l d2

.
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3.1.1.2 A3 Hematite &2 2 54 4

343k Hematite & X-ray diffractomet(XRD, X'Pert-MPD System) & ©|&
o] FeOs9-S  &913tlal  Laser Diffraction Particle Size Analyzer
(BECKMAN COULTER(USA), LS 13320)% #AX3lo] dAE9 AZV|EXEE
sreolatder. w3k v W E =4 (Quantachrome, Auto sorb-1)2 %3] hematite

o 294 %e Fehyvh

312 A u(Se)d Ax

Se(IV) = Na:SeOs (Sigma Co., USA) 0.865 g & AE3] do} 50 mL &£HF=
g =o 01 M & Azl on ol Ads] 34sto] AbEolrt gt
Aol b ARt wE Se(lV)9] BEf WstE F<1sy] flal Kinetic A
Ay 71E Se(lV) ¥ =2 92 v& Wgo] a8 St

)
loky

aeil

S IC B B4

roi
mlo

3.1.3 Humic Acid(HA)9 A=

Ao ALg3F HAYF Elemental Analyzer(Elementar Analysensysteme Gmbl,
Vario MICRO-Cube) & o]&3le A+ 4S8 3oy AdZ4yE TOC

analyzer = #2189 7] W&o humic acid®] ©4x(C) AES 7|Fo2 &9
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14529 hematiteE A S & A < o] & o] &l AHF
A

™ o]u] hematite &, Ml F &
A vpFstA Ak 22 3L humic

=
S FAsEoM vpAmon At

w
N
—
an
o
=S
=
o
2
=
e
)
=
Hr

A &9t Hematite o] &4 &8 -3
o] Adsalr

3211 FHAEA/FAA HAAN & 24

2% (I = 001 M NaCh=
& NaOHE o] &3t pH=
pmO 2 25T oAl wykal At 244 7HE <l

HeQl #FY= ofxste pH A4 § FHEL
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2k A9

3.21.2 ¥k3 A

By

o w

rl
ool

AlZkol wbE FARRGE obny] f18ko] WRGAIZRS Ut #Zo] SR 5,
10, 30, 60, 180, 300, 600, 1440, 2830 min (5% ~48A|3h). & 2&=2/E 2 A v &
A A3E Z313e] hematite?] ¥S 16 g/LE 393 Se(lV)e % 50 p
M 2 33k 12]al o] 2FEE 001 M NaCl 2 A3y on AA84%

Cl® H<& pH’} 5~6 Alo]7t H&=%

H
o] £EE 25T + 12 FASRHoM Wg SR

AEE 01 m HEH AHZ oAiste] pH 54 & ST TH 4
Standard Methodsell uwg} A E o] T AgEe A4S ICP-OES
(ACTIVA, JY HORIVA) & =4A 39}

o

3213 23R 43

Ada s Ha 10 pMelA A 400 uM 74 dA-E 2135}
hematite 1.6 g/Le} WA w7k A] 2 o] %=( 1T = 001 M NaCl )&
Ao AALESE 50 mL 2 9E ¥ HE pHYF 56 Aot HEE
0.1 M HClZ Z43ach vz 7F 2 25T + 1604 225 rpmO = 24A|7F E¢
WS, Whgo] Evk AlRE 0.1 m WEHSQ] AHE oty pH FAH &
FAe AT AANAY 9 Standard Methodsol wel AAE sto] AuFe] &

S ICP-OES (ACTIVA, JY HORIVA) & =A 3¢},

3214 pH o 93 I

(i
BN

z7] Adw FE 50 uM= kil o= o]y iR = o] 24+
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As9a I = 001 M NaCl) % v} o= 2dstA ekdvh pHE 01 M
HCl # 1 M NaOHE ©]&3to] 4~11 7] SAEE

2 9rEduh o] 7)o hematite 1.6 g/LS ¥ & 2 uwt7]|E o] &3te] 25T+
1ol A4l 225 rpm & SE= 24A17F &< wnkstdt) vkgo] &y AlEE 0.1
ArEEel dHz ofxstel pH 34 §F FHATAAEY % Standard
Methodsel we} AA 8 & 33e] ICP-OES(ACTIVA, JY HORIVA)E o] &3}

e Adae e AU

3.2.2 Hematiteol] digt AAF7]|E29 Fa439

Ol
o

AF7)1 %2 F humic acidol thale] hematite & o] &3 &2 238 23

gk Aol FRFS 9v) 918 HA FEE G s1FUn el w2 pH

Hematiteoll ik HAS] Ho F2FE Fobulr] 9Jste] tha3} Zo] A3

b A¥ % HAE 25 50, 100, 150, 200, 300, 500 mg/L. = A3 3438 &
O] EE ZH(0.01 M NaClD 3t9lew HE pH 7} 5~6 ©o] HES 01 M

HCl ¢k 1 M NaOHE o]&3kef =43t} 12|l hematiteE 0.8 g/L %]
25C* 1eA4 225 rpm o &5 24A7HEer wykelalel vhgo] Fdk AlEE
O0.1um MEH] Y= oA3sle] pH 54 §F FHAdTAAEH Standard
Methodsel] w2} A7 E 3Fe] TOC analyzer (Vario TOC cube)E ©]-&3}9]
TS HAS & SAsATH

)
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3.2.3 Hematite ¢} A& we] F&ol| @ Ad/71229 4F

Se 3 hematite®] FHu-gel Qo] AAFIFAE) ol WE WL HAY
g e sl FAUPL ATk 22T pHol 9 FFE Awu Y

.

3231 pHe 9F

kst pHel Al Se(IV)¥# hematite®] S2Wk-g-olA HAS] F3Fs &olrr] 9
sto] v o]l HEedth Se(lV)e] ¥EE 50 pM= 3kl o] 2% =
001 M NaChE =43t 22 2Ho=z 3 AE ¢ Axd & o
100 mg/L=Z 3|43 HAE HolFal tE AEd = obfAx ¥A i F50

mL= %50 F9loh pHE 4~11

S
R
g
&
i
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i
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o
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o
S
"
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=
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=
=
8
i

231 25C ol Al 225 rpmo. 2 244| %t
pm WEH AHE oystel pH A 5 T ATAAEY 2 Standard
Methodsell we} dxg] & 3 & ICP-OESE o] &3l g2 Adwe 4+ =
A8t

3.23.2 ¥ HAF A9 A5} hematited] FHN-E

el A@gAde] ne} HAS T%E o A3 st A3& 38k 5, 10, 25,
50, 100, 200, 300 mg/L. Se(IV)¢] HE&E 50 uMZ don oj27m oA
0.01 M NaClZ xHaF9cth pHE 5~602 x4 3 5 16

E 9 25CoA 225 rpmOE 2447k For wukEgth whg-o
0l WEHS FBHE o3ste] pH 54 & FH2ATHANEY 2 Standard

Methodsol we} A2l & dto] ICP-OESE @2 A#dwel Fe FAH3Ah
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4.1 Hematite(Fe203)9] 54 w4

Sugimoto WH (Ko et al, 2007)S A =S Fasdle] FAH3 A3} ol
2Rl A KB uke o] o Ff A 9] hematiteE A I
e AR 3Hdslor stmE 20 M FeCls o 6.0 M NaOH & 41& Al #H1
gk @Wol AolF= Aol Fasith X ¥ 2EFE HE S50 AFsFo ok
st A A Al hematite YAZF WS 7B =3 EE7F oF 2 A= A4lE
& 3F7|% 3AY} Freeze Dryer & |83 712 3%t hematite B2 221

Sl Hlo ofef ARl 2l

Fig. 4.1 Synthesized hematite
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X-ray diffractometer (D/MAX-2000) & ©]&3}e] #2438 A3} FeO5 Yo

AH AL Fol A Bz npsp o] HA| FeO3 o v]=9} thy-w A3k

Peak LET

Poztor [2The

Fig.4.2 Analysis of hematite by XRD
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St Ame A=Y B¥XE 247] 9@ Laser Diffraction Particle Size
Analyzer (ELS-8000)E o|&3le] E4%9ey o A3 104 nm~718 nm =

78] 1E FEE KA

Ls Int. Distribution(ls)

Ls Int. Distribution

10 100 1000 10000

Diameter (nm)

Fig. 4.3 Analysis of hematite by PSA

HH

3 v A =4 7](Quantachrome, Auto sorb-1)& %3k hematite %M 2
=4 A 3418 mY/g 9 & & & YA °l= EGME method & ©]&3}

=238 12 mYg(Carter et al, 1986)9} BETE o] &3 84 m”/g (Prelot et
al., 2003) ¢ vt& dAyAAEv 2 Folddrh ol hematite Al W E U
shal 7§18k A =Sl Agele A7 80 o wdeka 2] Wil AeE B

It

JNr

£

|

4.2 Hematiteol] )3+ Se(lV) FFWH-S

Se(IV) 2ol 9lo] hematite®] 2AW&S &7 98 23

>

Qi
o
N
>
o3
i
2
ol
ol
R
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a2 AaE Farske] Wk A Se 9o FIt, o2k, pH T o# =93}

421 FHAEZ/FFA HAAn &9 44

Hematite®] %% 0.05~1g 7FA @AERZ F43lo] Sel(lV)¥} wvk& Al AR Ay}
hematite”} °F 0.3 g ©]3 Se(IV)e] ¥ %7F 200 pME ™ A€ 100% < AA &
28 Hoth ueld doze] AES Se(lV)e ¥EE 50 uM o2 &9aL

hematite®] H A %2 008 g o2 AT

100 A A
A

? B A
©
>
o
=
& 5 r
>
b A
S
) 25 B
©
oS A

O 1 1 1 1 1 1

0 0.2 0.4 0.6 0.8 1 1.2

hematite (g)

Fig. 4.4 Rate of Se(IV) removal with increasing of hematite (g)
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Hhgo] Hdol EEszbA e ARbe 7] 98kl Se(lv) 200 uM o %

of WhEAIZEE M4 5ol A 84 A s Far A

A8 A|7He 24X 7o 7 3R FSTh

10
£ T 3 3 :
2 8 L
L% 5
3
4
S
o
2 2
<C
O 1 1 ]
0 20 40 60

Time(h)

Fig. 4.5 Kinetics of adsorption of Se(IV) by hematite for 48h

Z 2o AHS 3o hematite EHA ] he Se TA S ER AT
3k

99 aezelA] miznksh ol eAWSE = 05 WR W F Yt 2
3]

o] A3}E Eu® First order, Second order, Power funtion, Simple Elovich,

Parabolic diffusion 2o &&A|AH A@AGT ks 7343 ofefo] HolA HE
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kel 7Fo] First order, Second order 2] 0.90]3}= u}gkar 1 2] Power
funtion, Simple Elovich, Parabolic diffusion 2} %% 099¢]4e] o= =7
ugkth g ol Al Parabolic diffusion 29 A#A5 ghe] A9l 1o <43k 3t

o 5 Utk

K

S polmE (R® = 0971) o] mdo] 714 Egsirt

Table 4.1 Correlation coefficients for the fitness of selenium

adsorption on hematite to several kinetic equations

.. . ] Correlation
Kinetic equation Equation o 2
Coefficient (R?)
First order 1-C/Ceo = ae®™ 0.883
Second order 1-C/Cs = 1/(at+Db) 0.863
Power function In(C/Ce) = aln(t) + b 0.901
Simple Elovich C/Cs = aln(t) + b 0.94
Parabolic diffusion C/tCw = at™™ + b 0.971

Parabolic diffusion 2] E 3} Eoku|y o] &3l o]0 W&y B F

=

o,
o
<
u}
=
N
i)

AEZAZF 9 diffusion-controlled &
423 Ad¥ Swol WE L5

Ay wEwEel e §449 A3 ol Fig 46 o4 mi nieh 2ol Se
(V)9 557t Z7h 342 EREES dasts AL 2 & Aok & 54 @

%)%= hematite ¢ EHAE DA wke] Se o FEA Fhehs] gl

N

ol AZE Aews HoErh

E{o{n
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Fig. 4.6 Rate of Se(IV) removal with increasing concentration of Se(IV)
91 ZEfzol A Hi= mpel o] S owel ARAy o xlrvp 1w AR al g

5
AeS YEES & 4 ol o] A= Langmuir ¢ Freundlich 4l
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Table 4.2 Freundlich and Langmuir parameters and correlation coefficients

for isotherms of Se(IV) adsorption on hematite

Freundlich Langmuir
m n R? a b R?
-4.77 -0.15 0.47 31.06 -53.67 0.92
0016
*
0014 y = 00322x — 00006
0012 L R®=09212

001
0008

Cw/Cs

0006
0004
0002

05

Cw

Fig. 4.7 Adsorption isotherms of Se(IV) for hematite
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424 pH ° o3& &

Se(lV) 50 uM ¥} hematite 0.08 g ¢ &2HEgS TSk pH 4~11914 2y
ot} Fig. 4.8 oA ¥ npel o] pH7f 71 s &3 o] & oty E3
pH 10014 oAl 58 525 2o},

A ionic strength = OM NaCl

4 -
o) M ionic strength = 001M NacCl
< L | I |
3 8 ]
c A
By > A |
2 A
x
o [ ]
»n 1 F
2 A m
o) n
3 0 : : -
2 4 6 9 m
_1 L
pH

Fig. 4.8 Adsorption of Se(IV) increasing of pH

e pHol Al F2o] ©] &5 o]f& A7) 4A dHo=z Aol fArt d97t
0% pHE pHye #F 31, hematite™= ©F 7.2~95 Alo]e] e 7[A| 22 o|H Y}
| FHAEE HA Ho] gol2l Se(lV)e] &zEo] Fof

HE
rlo
)
T
=
>
rir
=5
0o
O

Ak, w2 pHYF 3=obAl ™ hematite o] X3S H 2z vz R 2
=9l Se(IV)ete] Wity o= Fago] "olxA Hrh %2 pH AEHA =
oA FHo] Hi= AL SHFE # hematite EHH Se S-0]2Alole] 3}

32 Aol YAAAY FLH AFIee) A4S FHA Aow M
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Fig. 4.9 Species distribution of Se(IV), CrSe = 10°M

el oA H= nle} o] Al HEe pH 2 o]3tol A= HoSeOs &}8HE0]
=2 o231 It} pH7F Z71ae] wek HSeOs 7} E45h pH 8 o] 2ol A&
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Se0z + H:O = H:S5eOs
H2SeOs == H + HSeOs
HSeOs = H + SeOs”
Se(s) + 2¢° — Se”

Se(s) + H + 2¢ — HSe™

HSeO* + 6H' + 6e — HSe + 30
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43.1. HA 9 F3u3

Hematite®] %< 004 ¢ 22 393 HAS <8 FH2A 10 ppmelA] Hth 500

ppm 7HA| F7FA F T}

250 r
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100

Adsorbed HA (ugl/kg)
3
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o
»
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HA in solution (mg/L)

Fig.4.10 Adsorption isotherm of HA by hematite

-
S
o] P =] Fe-humic 7ol v& sigteEs AMstsE Aoz Helt

(Ramos-Tejada et al., 2003).
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4.4 Hematite ¢ Ay FF 3 AA{7IE4d9 43

441 pH® 4% - HA &

o2

Hematiteo} Se(IV) ¢ koA Adfrl=de] & Loty vt HAS <F
< 100 ppm o.& sto] A Ay HAE ¥4 &3ks wuv Se (V)9 &

o] drjorm=z HAYE Se(lV)o] hematiteo] &&3t= AS wefsivta &2 &
=

)

iy

o

o
=

oboll #A] AF W H] A-hematite-humic acid &2+ 23 43} 9}
tob. E3) pH 7F 5~7 Abolol A2 #o]7} =& pH o wyy 7 owu
pH 10~11 &= HA o wE Zo]7} ALl glgit).

e
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O
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= ] s U A Se + hematite
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- Bioa
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g 0 I L A_._I

3 g 6 9 A

<C

Se in solution (x 1072 M)

Fig. 4.11 Adsorption isotherm of Se(IV) onto HA
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