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Removal of Natural Organic Matter using Potassium ferrate(VI)
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ABSTRACT : In this research, we synthesized potassium ferrate(VI) acting as an oxidant, disinfectant, and coagulant, and used it to treat
natural organic matter™NOM, HA and FA) in river water. The removal efficiencies obtained by UVass ranged from 20.7 to 73.6% for 10
mg/LL HA and from 52.6 to 77.5% for 10 mg/L FA in Nakdong river sample as the ferrate dose varied from 2 to 46 mg/L(as Fe). However,
the removal efficiencies by TOC analysis ranged from 0 to 20.3% for HA and from 0 to 26.6% for FA at the same ferrate doses. The
removal efficiencies of NOM increased either with decreasing pH or with increasing temperature. The removal efficiency of HA by ferrate
was comparable to those by traditional coagulants such as AL(SQu); - 18H0, FeSOs - 7TH,O, and FeO(OH). The reaction between ferrate
and HA reached a steady state within 60 seconds, showing first-order with respect to the reaction time. The removal efficiencies of HA
by traditional coagulants were improved by pretreatment of HA using a small amount of ferrate.
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29 1 B ATNNE A8, 254, SYAZM Ao AGeHE potassium ferate(V)E T3] 45712 H(NOM, HASH FA)Z
£99 328 Adse 48 FPSA) Ferate FYF2~46 mg/l as Fojo] B2 35 A8 EFH A& 10 mg/l HAS
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3 haloacetic acids(HAAs)9} 22 AFRAEY AP 3 HAZ 10,000~100,0008] ZA#E 7FX 3, AMHA g
&stehed Atk olg 2 AZRAEL FAFAYAN & E42 FAolH EXEE 1,000~10,0000]t}h HA= pH 2

3 ALSEE OF, 9% 2L VAL 539 AA§IE oI5 A4 Bk %A g3 1 B o HL pH
A (Natural Organic Matter, NOM)9] ¥ 0 2 2E WA= AT BE AT, FAE BE pH 2744 &8k’

Aoz gEA o' wEly @4 B35y dF= NOM HZ A8, &%, &3 71%& A X ferrate(VI)7}
9 AAZLE T AT S £HIYAE QAT & 71& FAZA e AAEZEZA FETL it} Ferrate
RNE M2 AL Mdsts Ad 288 233 gk’ = o7t Ao A2 pH A el Ae 84 2 &
AAZ Zg3, HdzPA AT A &8

¥ Corresponding author A8 #AA Y7t Erh(ferrate: 2.2 V, & 2.07 V). 281
?érl?a(l)léllfélt?gi%};hu.ac.kr Fax: 051-410-4433 TAER —‘?—%73,49] Fe(III)E— Bgted o= %X}}Z'ﬂi A&

ot A Sl X] 204 1232, 20073 124



1338 Qulg - AW

Fraction

11)

Fig. 1. Speciation of ferrate(VI).
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2.1. Potassium ferrate(K.FeQs) B4 X EM EA
Al AREEF7] 9§ potassium ferrate(KoFeO,)E Delaude
“and Laszlo™$} Licht et al™o] g Woz $4se 1
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ALwFgz dAAIEAN B@sHch. #4F potassium
ferrate(K,FeO4)+= UV-Vis spectrophotometer(Shimadzu, UV-
1201), FT-IR(Perkin Elmer, Spectrum GX), XRD(Philips,
X'Pert-MPD system), SEM(Hitachi, $-2400)& o]&3la =1
E4¢ g4s9om,” chromite HFPVow £52E B
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& EA4& UV-Vis spectrophotometer(Shimadzu, UV-1201),
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TOC-chfl), AAS(Perkin Elmer, AAnalyst 200)E o] &35}
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AP AHEE 3E2F 233 459 AARVEE 5=
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FAE AT &=7F o822 S A Qlo] €4
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Table 1. Physical and chemical properties of water samples

. Value
Property Unit —
Nakdong River Oncheon Stream

UV254 mg/L 3.34 2.86
Turbidity NTU 7.08 438
pH 7.65 7.35
TOC . mg/L 5.01 4.76
Anion

NO;5 mg/L 23.07 27.47

NOy mg/L ND ND

Cr mg/L 4473 3026

SO~ mg/L 4845 8139

Br mg/L ND 2.58

PO~ mg/L ND ND

F mg/L ND ND

ND: Not Detected



84F9 HA $58 UVauZ 3357 A3 22T
AP Be? 20 HAE @714 89olA 837} %7
B 1A HAZ 1 M NaOHo| £3JA1AA 23] 500 mg/L
2 WE 5 5 mgl, 10 mglL, 15 mgLE 242 F4sjed 254
nmol N FFEE P4t

2.3. Ferate(V)S 0|28t NOM HMIAH

2.3.1. Ferrate F=RJ&F0| [E HA2} FA NIHEE

G52 233 AE4 HAS FAZE 2442 3719 471A
AlE 100 mLAE AZZatizel @i 3§43 ferrate A

T2E 2~46 mg/l(as Fe) $E2 F{I3ke] 20C, 300 rpm
A 1%, 35 rpmol A 208 IHAZT 22 L §HEEA)
k1

R Folgle ferrateE F9A1717] A8 NaSO; + TH0(s0-
dium sulfite)& UPF(as SO3) FYstA 300 rpmolA 28
H AEAR] F SRS GHEI(0.45 um) UVase9} TOC
Analyzer2 £e1%9] HAS FA B55 2439t oq
N2,S0; - TH,09] FYF2 NaSO; - TH,09 KoFe0,9] #H-g
2oz AT F gloed AL gey 2o

3805 + 2Fe04” + SH™ — 380, + 2F¢” + 50H  (4)

2.3.2. Ferrate2} HA = FAS| BISOIM pH & 2E2f HEt
pHY @& GotiE AP HA, FAZ 42 49 &
7% A 29 pHE NaOH, HCIE Al83ld 747 3, 112
ZFHA OE shvte A9 pH a2 FJoH(7.8+
02), ¥g2EE 20CE 1F3GTh 39, 259 gFe ¢
oliE AFPM vl ex: 27 10T, 20T, 30CE 13
3 pHE 23 gl0) A94 2t At

A 2ol 229 pHE ZEF A1B(10 mg/L) 42 30
mg/L(as Fe) ferrate® FY3t 20T, 300 rpmolA 18, 35
pmellA 2087 THIAIZIT) o)W, ferrate FUF B9 ferrate
FUFg| Z HAS FA AAZES YolEE AFS 54l
AR SGT). Ferrated] WL 2937 915) NaySO; - TH,0
£ 48¥ FYst 300 rpmolA 283 @R & A5
& AFH5}(045 pm) UVyse 22 E 33T

2.3.3. ghSA|Zt0ll E HA MHEE H38

WhgAIZE] 2 HA AAZEE vFsh:s 298 s
HAE &3A12]1 G587 AlE2Y ferrateE 22} 10 mg/L, 20
mg/L, 30 mg/L(as Fe) UL 10~ 1803 F¢} stirring bar
E ol &A mwEtdh 4 wEAbE FES AR H
ferrated] W& FAA77] 98] NaSOs - TH,0E F0 38
o 300 rpmol|A] 28 Bt ailslth AE5AE 7045 pm)
SFA UVyss £42 3R
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Potassium Ferrate(VD)E ©] &3 57182 AA 1339

& Agle] &3] AMEEE Al(S0s); ¢ 18H;O(Aluminum sulfate),
FeSO, - TH,O(Ferrous sulfate), FeO(OH)(Iron(Ill) hydroxide)
Z MeEa9h FeO(OH): ferrate E34HEQ1 Fe(llDY <
FEEE gotry] A3 Adaitt. +58 Alsd &4 3
A 2~46 mg/L(as Fe(VI), Al, Fe(ll), Fe(lIN)S FUa+ 20T,
300 rpmell A} 18, 35 rpmell A 2083 AN F, F5H
<€ A7H0.45 pm)stL UVys BAE AT

2.3.5. MAE|MZA ferrate2] &1}

HAE 71& SAAZ Asty] Ao ferrate2 AA 8=
AFE golrgtt 10 mg/L HAE ferrate 0 mg/L, 2 mg/L,
4 mglL2 747 A T, 433 AJ7] AL(SO4)s - 18H0
1~6 mg/L(as Al), FeSO4 - TH,O 2~18 mg/L(as Fe(I))E
2z 2413k 20°C, 300 rpmoll A 18, 35 rpmol| A 2087+
FTEAZ) B AERS GTH045 um)3tT UVysy BAG 3}
Aok F &3AY FLFE NP 4¥E T3 &It e
v Hes AT Aol
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3.1. Potassium ferrate(K:FeOq) M 2 E4M 24
Potassium ferrateE Delaude and Laszlo™¥} Licht et al.™
9 WyoE F4PL ¥ £% 93~9%6%9] A2 uA T
de E2E 48 F AT T IAEE] pota-
ssium ferrateQ1 XS &2137] €3] UV/Vis, FT-IR, XRDZ
BAHYI ol Yt 9ag 7zgde 2%s vw
Stk UV/VisE ol8d A HEe E4F ARE mB
505 nmojlA W ZF Hol=d ol V|EZATe} AR ST
FT-IR 24 23E 7|2 249 279 n3riA= 800 em’
oA Zag Btk XRDE BN 2 94 JlE 8
AP T4 AARTE 2HPE 9 velve H=
7} 21719 ¥=BH potassium ferrate?] 329} 90% o] LA
8= AoR Hol T EFo] 8] potassium ferrate

23,26
e g+ AqH

3.2. Femate(V)& 028 NOM M AH

3.2.1. Ferrate TS| HE HASL FA MHES

HA9 FAREE °F 10 mgLE AFd FE2459 234 A
8ol ferrate2~46 mg/L as Fe)& FUFHL v, BdL o
9 ferrate= HAEE FASLS] WS Fo Moz wglon
o] Fe(VD)7} Fe(IDE FLHUSE 9u|dth HA E&=
FAE &7 A5t =348 gy ferrate2 A3l Q7
39 NOM ti o] AAH F@3A HAth A8 pH
£ Table 2] veld Aol o] ferrate FHF v|#H 3o
7HE ZUHEtATh ol ¥hE4 (A & F ARl FF
oAl ferrate’t BLHAN MAHE OH @ Eolch?”

2Fe0,” + SH0 — 2Fe’" + 3/20, + 100H )
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Table 2. pH change of water samples according to the ferrate
dose

Ferrate dose(mg/LasFe) | 0 2 6 10 18 26 34 40 46

Nakdong river sample [7.87 7.91 8.36 8.63 9.27 9.44 9.66 9.83 9.98

pH

Oncheon stream sample |7.61 7.83 8.15 8.53 8.95 9.29 9.52 9.76 9.87

UVass 24 23, ferrate FUAZF whel HAS 20.7~73.6%
(BB R), 256~T2.7%ZAANZ}F AAHYT, FAQ
52.6~77.5%(FEAA 8), 482~76.8%(LAAAR)7F A|A
HJed, ol ferrate7} NOM A Ao F34A L RdZ=
Ao th(Fig. 2).

F A9 ferrate £27F w5t Fe(IDE SASHA Ak
g A (AA LA TS £ LHEZARY WSS §3
2YEAES AL Fe(llDZ QA= By} 9o ?®

FeO,” + H20 — HFeOy + OH (6)
HFeOs + FeOs” — Fe,0° + OH )
Fe,077 + 2H,0 — O, + HoFeOy, + HyFeOy 8y
80
—X—X
—X
X

60 ——elee HA {JV254)

'CE ————— FA (UV2s4)
g ---@---HA (TOC)
s 4o0r «eeX---FA (TOC)
20 p N ce---0-®
. . °---0
0 "'—‘XFX' el . i . a2
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Ferrate dose (mg/L as Fe)
(@
80 XX
X~
60
— /x @ HA (TV2s4)
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g 40} ---@---HA (fOC)
e -« X~~~ FA {fOC)
o
X X~x*
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e

0 bitoxox—e—ae .
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Ferrate dose (mg/L as Fe)
(b)
Fig. 2. Removal efficiencies of HA and FA by UViss and TOC
analysis according to the ferrate dose: (a) Nakdong
river sample, (b) Oncheon stream sample.
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Ferrate?} HAQ] #-&2 ofa EY3HA HWeAA = %A
w99} 22 ferrated] EAJS B W, ferrateZte] XA £l vl
&5 B3 APE Aol 9 HAVE 438k - BalEAY, ferrate
7} HAS} A3 whg3te] HAE 8] ¥ Fe(IDZ 34
Hoial A4 & Ak 283 HAY 728 B 93 1
29l carboxyl group¥} phenolic hydroxyl groupo] &3}
o 3R] pKa #2 747 4.5 .00 &HA vk AA
& pH(%F 7.8)o1A1 HA®] phenolic hydroxyl group2 4%
312 F) 3L carboxyl group2 HE fEFo] Fol& FJHZE
AT o2 AME B w7 o] %g7)7} Fe(lll)o]
23 ZAFsAU Fe(OH) ol s &3 - AA"T J4d
T At

4, FAY AAEELo] HART © Eed, 2 olf:s
23 2t} FAS] EAEo] HARTY Z3L(FA: 1000 ~5000,
HA: 10,000~100,000), 2x}9] 94T H® FAL g9
TAH)&(FA: 40.7~50.6%, HA: 53.8~58.7%)°0] HART}
wom, A4 9] H|E(FA: 39.7~49.8%, HA: 32.8~38.3%)
o] ¥h” o9 22 FA BATZE 544 FAY ©4ZF|
HARTH 4A AAH UVasy AAEEO] 2 ALZE HQ
th E3l FAo|= HAS} vl COOHSt OH 1&0°] ¢ o)
EA5h ol23td COO'% O ferrate”t FAF W7l
Fe''el o] 2232 B AAL & et o] JA FAY A
AZEgo] HAO Hl&] £ olR=Z & ¢ Ut

a8y TOC 84 AFAE BY ferrateE 2~18 mg/L(as Fe)
FYARE A $54TH 23A A8 ZF9A TOC A
AR Etrt. Ferrate FAFE 18~40 mg/l(as Fe)E &
7MAE ® HAS dis] F2da 233 AlzolA Z2F 143~
20.3%, 0.9~15.1%9%] AALEES KA FAd s 42} 26.6~
29.3%, 21.7~26.7%¢] AALLL BYTHFig. 2). o/ E
&) ferrate= 254 nmo)A] UVE Eets ga7te 29
7o UV &3 Al I MAGZEC] AT 71848 &
A5 Fress 225 i &8 TOC AAZES ¥
A veid A & F Utk

3.2.2. Ferrate2} HA EE= FAQ| EIZ0|M pH X 2=9| P&
pHE 3, 112 2Hsta g shvte Ads IHR(7.8+
02) T 2574 N39 ferrate 30 mg/L(as Fe)Z A7MH< o),
pH 3914 HAS} FAY AAZEL Y& F 71X pH =7
of ¥} wA WebsthFig. 3(). ol Y2 pHOA ferrate
7t B AES 3L AW mEA Fe(l)z FA=EA
BAE Qe 5% Aske Aot pH 789
pH 119149 AAZE Aole A Ao 2 HA 2
FAS} ferrate®] whg %ol pH W38 34 g w Table 33
2 ATE AUtk Ferrate F7} Fo] BE ZAA pHA}
Z71819.e £3] pH 391 Al83Y pH W3} 713 Zo o]
© HzANN w2 SAFELANE e ferate’} FF
o] Folest A Fe(l)s} EL A5t wgo] w
2A gody] f o’V

9, ferrates} HAS) B1$2%Z 10T, 20T, 30TE &
Y A9 wg2Ert 2ol 58 AARE] T AcKFig.
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Fig. 3. Effects of pH and temperature on the removal of
NOMHA and FA) by ferrate.

Table 3. pH change after the reaction between NOM(HA and
FA) and ferrate

NOM . pH
initial 3.05 7.78 1132
HA
final 6.08 8.76 11.79
initial 3.11 7.72 10.96
FA
final 6.73 8.38 11.62

3(b). ol HAS ferraterto] 9] wgo] FAwSol 939
e §ue Weol AP Andh

3.2.3. HISA|ZH0l| IHE HA HIHAE HEl

Ferrate =J&E 10 mg/L, 20 mg/L, 30 mg/l(as Fe)& t}
FHA st AlZte] WE HA AAES AHERE o, <F 60
Z oo ¥hgo] PR Ho] I o]FE R steady stateo] o]
HA ATt 13} dke-& JER A THFig. 4(a)). ©]
Y &R U o] ¥¥E F Utk

-d[Fe(VD)}/dt = -d[HA}/dt = k[Fe(VD)]"[HA]" 9)

oJ7) A, [ferrate] = ferrate H=(mg/L as Fe), [
(gL, ¢ = WBARKsec), m, n = WSAF k = WIEEYS

A (9F HAY F=wste AlZkel w2 (10), (1DZ
A

Potassium Ferrate(V)E o] &3t

-d[HAY/dt = ki[HAT"

In([HAJ/[HAJo) = -kit

AAR7BY AA 1341

(10)

(11)

4714, ki = k[Fe(VD]", n=1, [HAL, = HA 27155, [HA]L
=t AN HA BE, t = A3t

HAE ferrate$}9] ¥hgollA) Al7hell wa} In((HAJ/[HAJo) 3k
o] YHsH ZrFow FBAGIE BYTHE = 0.9976, 0.9950,

80
60
®
>
o
g 40 F
2
3 ~—— ferrate 10 mo/L (as Fe)
20 —0O— ferrate20 mg/L (as Fe)
—a#— ferrate30 mo/L (as Fe)
0 L . s
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Reaction time (sec)
16)]
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P0G S S
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< 04 r N
é r’=0.9976
= 0.6
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= -0.8
g T 1?=0.9837 A
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3
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Fig. 4. Kinetics of the reaction between ferrate and HA: (a)
Removal efficiency of HA according to the reaction
time through UVys, (b) Linear relation between the
logarithmic [HA] and reaction time, (c) Linear relation
between the k; value and ferrate dose.
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0.9837). o] A= HAS} ferrated] whgo] 13} ¥1g30E 9
U] g th(Fig. 4(b)).

&3 ferrate YTl 10 mg/L, 20 mg/L, 30 mg/LEZ &7}
- ferratedt HA $A719] $Eo] @3] doji} HA A
A&zgol F713t9th. FerrateFY 33} ki Alolo] A@@A7}
A vdehte A2 REE =0.9993) HAS ferrate 8+2o0]
ferrates-eoll 3 13 HgdE& & 5 UrkFig. 4(c)).

3.24. Ferrate2} 7|£ SEMS| HA M+ & Hln
Ferrate$} 7]1& 83419 HA AAEZLL wz§ ZAHE Fig
59 Yeh Atk FerrateE AMEAE W AAZEL 21.7~
78.2%= FeSO4 - TH,02 &8 13.4~55.5%, FeO(OH)9] &
&2 132~168%E0 ¥4 Yelgtth o714 371 39 24
A}l FeO(OH)S) $HEEHT} ferrated] &7} Aoz
o 2 A& B o, ferrate”} 282 Bl HAY £34¢
STHIFIAY ferrate7t A=) A& 37} Fhe L3
Aol o Hold AoE AP 22 Jiang et al.(2006)”
2 FAA A A FeSOs - TH,09} ferrate?] &2 Hlmat A
e 33 ferrate= 213} - SFEHL FAd 21 Y7 WE
I &8°] FeSOs - TH0E T} Fria A 6l Qe
2 AT dAsh= Aotk Alum(Aluminum sulfate)
Az AT B9 2~6 mg/las ADY ¥ =0
| AZEO] 55.7~T04%2 ferrate(21.7~46.5%)5] H]4)
HYERRA T FUFE 6 mg/l(as Al) o]Fog Z714)
- 582 I ZA2FATE Alumo] ferrateRt} R
2 ¥2 288 Uehle A2 Hol © AAFA
FIEY 3 FUFS Holkg W & gol ga
A BAFo] grte EAAE At £, alum
AzAT A&t ferraters SHA R ofg} EA]
A, 2FA2ZA9 7leE JHAA glens 71E g3
A EZE FE JHesivda ggdn.
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3.25. MAMEIMEZN ferrate2| &3}

2% ferrated AMRsld HAS HA2Z 3 Fol alum, ferrous
sulfate 2 33 A AL WY Agags Golrgin)l o

80
3 /X\X\X\XK.//-

K—x—
60 KX ——x—x

—&— Potassium ferrate
—X=— Aluminium sulfate
—&— Ferrous sulfate

—0— Iron(lll} hydroxide

%removal
-
[—]
L]

0 10 20 30 40 50
Coagulant dose (mg/L as Fe, Al)

Fig. 5. Removal efficiencies of HA by various coagulants
through UVzs4.
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100
=
g Aluminum sutfate
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= 81 mg/L
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2 4
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