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Abstract : Oxidative coupling reactions of humic substances (HS) can be catalyzed by a variety of natural extracellular enzymes and
metal oxides. In this study, property changes of HS induced by a natural enzyme, horseradish peroxidase (HRP), and the effect
of it to microfiltration (MF) were investigated. PAHA was transformed by oxidative coupling reaction with HRP and hydrogen pero-
xide (H,0»), verifying the catalytic effects of the HRP. Size exclusion chromatography (SEC) revealed that weight-average molecular
weight (MWw) of PAHA was proportionally increased with the dosages of HRP and H,O,, indicating the transform action of HS
into larger and complex molecules. An increase in the conformational stability of HS was achieved through the promotion of inter-
molecular covalent bondings between heterogeneous humic molecules. Spectroscopic analysis (fluorescence and infrared spectroscopy)
proved that functional groups were transformed by the reaction. Additionally, HS and transformed products were undergone micro-
filtration (MF) to examine the treatment potential of them in a water treatment facility. Original HS could not be removed by MF
but larger molecules of transformed products could be removed. Meanwhile, transformed products caused more fouling on the filtra-
tion than original HS. This results proved that natural organic matter (NOM) can be removed by MF after its increase in molecular
size by oxidative coupling reaction.
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&5 9] R}AFSHauto-oxidation)Y, <§H(condensation)S
3 AET|E =y, o|g s WAL Fu ‘§}(hum1ﬁcat10n)
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% B33 H(Nuclear magnetic resonance, NMR), FT-IR
(fourier transform infrared spectroscopy), GC-MS (gas chro-
matography mass spectroscopy), L2l ESI-MS (electrospray-
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Peroxidase %oJ| 4] horseradish peroxidase (HRP)+= 1%
o Zuff wAYZo sl 5Es] 2 Il maxolth. HRP
= A 3ol (horseradish) @] H oA &5 +=, Yl 7|
9] disulfide bridgeE X3l T ¢l ZejHE o, B
AL ~44kDa AEo|t. FAHET} EAISHE A
HRP= ¥4 7]& 9 thd A 2}Ak](single-electron oxida-
tion)E {+=3ko] phenoxy =ttlZe &/dshH, Fig. 1o 1
Ehd Al 1R 3149 B EReie S Aol2e
2t Zuj) Afo]Z-2 TAISIGA0] ©]3 HRPO| Akt o
s AlaEol, ma wﬂﬂ 2 BRI 0 o

oA B FIHAAE B WEA 7| ARsE sl A
A2 AAGA, ThE Th FUAREY £} phenory o
R I SE Ei= A WA

A ah STHYHE

SAolA o] HlEmA V|HRRE AAE THAA F
A phenoxy 2H]Z-g AAstn Zefjo] 4= FEoprt
aL, o2 A A Abo] 22 ¢4 EJE} RP Zufj Afo]Zof 4]
gz A vR(F W Hhg) ExHoz

HA
7} A ot} Peroxidase 2 -5 i_/:: kS Afo]Zo) A AY
E= TUE

A=l phenoxy Tz A= 71 A3t ASH IR}
A3hd 4 glom, eFolA SoE e FAsH 4
A AAE = A=, ol AHES HAEY ESR7I
g2 Agslol 1 B40] AlelAA Hek
HSE §he4 ol A48 188 Fyel Eeln, &
A WSS 90d & Ug Jlos At dsins
Ao A= HRPO| 2J3t FYAKHA : Humic acid)®] At
HETREA ot B T ASELLE 2
/d=0°] Y(membrane)oi} o v]2= FF= H7ISHA

th. Fol EASH= NOM AAE #13 Y= 5, Hieo]
THnanofiltration, NF)Q} &A1 E(reverse osmosis, RO)S] ®
HE 59 NOME AlAst=H £ AaE HoFARt,
3t ¢ o] I (ultrafiltration, UF) & A o] T microfiltration, MF)
of Ab&-E= 2el9he] 37 (pore size)> NOM 2455 A
Aehize] 5 Ak whgol olrk. ZeEu, NF 9 ROE
UFLt MFo] vl8l| s8amrt 33 fAES] He =Y
o] Wasith E jiie] NOM R45S 1 BAol
g A J o 7]7] Golat Mo o= E NFL} RO
el o] B Z7ha 4 9lek. olof & Aol i MF
of ojg HS AlAT&O] ABETNE A A5
2bstol, 0.05 um 3799 MF 0% A1g3to] 7 AT S Jg
75k,
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< AH- +HO

Post-enzymetic
reactions

AH-

Post -enzymetic
reactions

Fig. 1, Schematic representation of HRP mediated catalytic cycle_5)

2. gz 3 WY
2.1. PAHA®} HRP

A3 ol AL8% HAE= humic acid sodium salt (technical
grade)E Aldrich Chemical Co.25-€ Lufjslo], AA|1}4 S
AA FHl(humin)@} ashE A|Ast HA ¥ &3 <,
FAxst] ANESETE AAl e AX7] dliZoll PAHA
(purified aldrich humic acid)® P35}t A FHL&
Kildufte} Weber7} AIAISE Wle wakom, thgo] o]
e fokaoe”

nhoe] Relol FulE 33} ZRaol 831470 F NaOH

S

£ ol&s pH 112 2Hsta AHEE T3l A=A
huminz} ashE A|AstGch ASHL 1 pm GF/C ZEQ}
0.45 um PTFE WE|2 ofaalole. o] e Aol
A ore w7 WHE F, | N HC §o10% HAS A4
A713L A5l AAS T HHE-2 0.010 M NaOH &

Aol GaAA 2 A=xstA ™ AHEsH7] A7EA] EAIA
olElo] HTBUCE PAHAS| HEl £97/5ha =37
(TOC-Vcp, Shimadzu)E ©]-&3}e] =43}t HRP (RZ
(1.2), 113 units/mg)Q} IHAFSI=2~(30% (w/w))= Aldrich Che-
mical Co.2 HE| Fuljgle] AA| glo] AR5}t Peroxidase
849 ZA T pyrogallol unit®2 FHE W, pyrogallol 1
unit> pH 6.0, 20 C ol 4] 202 52 pyrogallol 25-E 1.0 mg
9] purpurogalling FAAT = = FHYEE TIch

2.2. SEC-UV 24

HSO| a4t ¥igks Awir] Qs 27|mjAlazrt=
T (SEC) £4S HAlsto HR7| BA B EA =K appa-
rent weight-average MW (MW,))2 =43}l SEC AlA~
B0 HPLO(G @ 7]7]) AlAEe] UV AZ7]|(UVI30D)E 2
%3190 ™, Waters Protein Pak 125 SEC column2 ©]-&3}
AT o]5Ar pH 6.82 ZHE QARG €H5-8-94(0.002
M NaH,PO;H,O + 0.002 M Na,HPO4)< 0.1 M NaCl &
o H7Istg e, 42 0.8 mL/minZ 3}t e ME
2 0.45 um PVDF syringe filter2 o]1}5}o] X514 0,
Polyscience Inc.Z2H-E Hufjgt 18, 8, 46 % 1.8 k PSS
(polystyrene sulfonate)?} acetone (58 Da)& HEFEZZE AL
gatect. FEA] o) HuH PSSe] A HAHMW,)
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R&3 - A= - 2Fs - 242

£ 7427} 15,200, 6,530, 4,950, 2 1,430 Dao]Qict. E & 2.4, 5|2A| B =215t A3

=4 AEE2 UV 34 254 nmof|A] F3 =5 574 2 I ARat sk AYS AAseler,

stk 2 B0 A ula Ho| A FAIZka log MW, gt A AFAEe] A 2AT 9ARH] PAHA 10 mg-C/L,

< o] gste] AFBAY PE AP ZAsHYTHR = HRP 3, 6 units/mL, H,O; 2, 4 mM Z7o| A Arw 2 Qlch.

0.9990). Zf Al&o] MW, gt T A& o83 A dH3t  z1zto] wbox Bu 100 mL, | LE 3}¢ic}. 3154 A

A 3} F2std Ao Aol F719ke] A4 HE {5

At HE5lA AL X&ZF el MEgog v Qo

i(h']”W) 3 o5 F719 HFo| o]Fo] Ak Hh-S-EHS pH= 1 M
S 1l S0 o J5L0] o AlS)

MW, =" M NaOH @ HCl 1 M &0z 7008 2Asgon, A3

A7NA hi= ABES UV ZF % gholal, MWix PSS Bx};
ol &3t Fhold, & 71 2 xﬂ%*lﬁ oA &
st Fkelth SECO AdAdL HAF 5% u|wro = £
Lebsith

2.3, KjQIM 2 ST ABEZ 2N

A} ) A B33 = 7](UV  spectrophotometer, UV mini, Shi-
madzu) & ol §3fel, AeH AMERS] Wsh PAEL B
shick 1 em 27e] 4] FUE AFgoIAom, 1A 3}
9] 9= 200~800 nmo]gitt UV AHEZHO 2 HE A
T Qe QIAES Table 1of] Yel ik E, &gE33
7] (spectrofluorophotometer, RF5301PC, Shimadzu)E ©]-&5}
of, WarTEe] s} FARS HAIsIich WAl
olgt BAe = Al AR PR 4 ok A v
excitation (Ex) 42 11743}, emission (Em) IS A7
sh= ol e, &= WA, synchronous(FA|2H A7
3= "ol Qlth. synchronous AR EH-S Ex 1}AMY} Em
abge] Aolg B wom, wbake) Aol EAA
off ujel choatA MEElolgktie.s. A= 18, 20, 21, 32 40,
44, 60, 66, 77, 100 nm). A] HAZ, EEM (excitation-emi-
ssion matrix) 3ol gith o] ¥HE A HA ] W
A Ex 9H4e msksio] 3349 Wake] TojIs b by
olct.”' EEM £4] 9 synchronous £4] 7|¥-& & ‘E?-Oﬂ
143‘8]—93\2131 Ex/Em slit-2 10 nmoj|A] EA4315°0H, E

2 Ex 240~400 nm (5 nm 7+4), Em 300~600 nm (1 nm 7}
7—5‘,) ol A EA5F4 . Synchronous A#E &2 Ex 220
nm FE A\ 21, 32, 44, 66, 77 nmo|| A Em 700nm7}Z] £
Mot

g
Of

Table 1, Indices of UV absorption characteristics
Index Meaning

A280 Aromaticity indicator

Index of humification
A4B5/A665 (Decrease with humification)
A254/A204 Aromatic carbon/Aliphatic carbon
A254/A436 Aquatic fraction/Terrestrial fraction
SUVA (specific ultraviolet absorption) | (A254/DOC) x 100

A e 20N SR ABE 96x17), FHEHA Ao

A T2A17F Fot o] Foj At} A|ZE 0.45 pm PVDF syringe

filter (Millex-HV, Millipore)& of #}-5}o] FA43}¢ct.
=85t AT oML AL 5 77} Z7tE

PAHA E3o] wtoa} FHo njx g AmE7] 9
3, S92 AFS Akt SYA AP wrhEteE

A2} (stirred cell, HP4750 STIRRED CELL, STERITECH™)
2 Agstgon, Bes AYd A8 Wudel Be:
Isopore membrane (polycarbonate, hydrophilic, 0.05 um, 47
mm, white, plain)o]itt. MF 2 UF9] 1%5($PH)=(driving
force)S UHFH O (0.5~10 bar FEoA AAEFE=Z, H
AelAE AR ofo)e] RS mefste, N, (99.99%)
o oI5k 4 bare] ZAo) A Telx AFS MAston, U
HE Sas ofole 42w §A Azt vt BAE 24
a3k

ot
=)
il

CEEESRRNEE NS ERE JOERNE:
24 AT AlmE 54 A=xsto] FT-IR (FT-
pectrometer, Spectrum One, Perkin Elmer)& ©]-83}¢]
3HlT). IR B4 ¥ 9] 450~4,000 cm™'o]Qlowm, F2

A& 1 mgi} KBr 300 mgl 2 A 2% pellets &
Abg-3hgict.

7NN
flo

N

PO =)

=2

3.1.1.DOC 2!
H o A= PAHAS DOC %=, HRP a4 ¥ H0,
L E HIAA AFS 353l Reaction 12] AL
PAHA 10 mgC/L, HRP 3 units/mL, H,O, 2 mM©o|%l &
Reaction 29| A2 PAHA 10 mgC/L, HRP 6 units/mL,
H;0; 4 mMo|glt}.

24 23}, HRP7} 347 whgof 1“ PAHA ¥} ohuzt
HRPo|| 7]¢1sk= DOC 5= HA| Wkg Fof Fashqich
Reaction 13} 29] 27| DOCx Z+7h, 86063—]( 25.402 mgC/L

o|glon, o]l 52 W3 &, Z+zF 9.7871 14.120 mg-C/LZE
Zk23tlch ¥R B DOCLE PAHA®| 7]918}= DOCH.th

¥ o= Fulsio] els) AAE BA
M=ol oo 4°H L
To 2 weET, HRP W Ha0o®] 2%=71 571

QM ATEZ EM

o
oo
o
_?L: N
ofy
ﬂ
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Table 2, UV indices of PAHA and DOM fraction after oxida-
tive coupling reaction

A4B5/ABB5  A254/A204  A254/A436  SUVA
PAHA Only 78136 0.7786 53813 10.1043
Reaction1 8.2975 0.4855 6.4271 11,4084
Reaction2 7.2391 0.3738 6.7471 8.56320

PAHA 10 mg-C/L, Reaction 1; PAHA with 3 units/mL of HRP and 2
mM H,O,, Reaction 2; PAHA with 6 units/mL of HRP and 4 mM HxO5,
pH7.0

3 PAHA Only
— — — Reaction 1
Reaction 2
2
\

Absorbance

200 300 400 500 600 700 800

Wavelength (nm)
Fig. 2. UV spectrum of PAHA and DOM fraction after oxida-
tive coupling reaction,

3.1.2. x| 2

Fig. 3] PAHA®} WH$- 59| SEC I 2nt=E13-S teh)
itk SEC Z@ohe ol 4 Abskaaikgel ofe Aa
o Z7p7h WekshA Uebsth HRP 9 H,0.9) 43 ol
PAHAGIA R -2 ARALANA UV FHE7} 2715
o, o= PAHAS| FAaamt iz 249 A4S
oJujgtty. EFEAQ PSS Y acetoned] EAHS 7|FO
sfel SEC AzniE-sle] B BAF U BAY BE
AT 312 Fig. 40] UERf AT PAHAS] RAke
5 A 1,468 Da¢]| A, Reaction 19|4] 3,061 Da, Reaction 2
A 3,597 Dac. 28] ol4F olAlEh. a4 Fig. 404
S glsol, BARE 6 K olo] w7} shelo] S7shl
o, AsEERgel ofs) A5olel PAHA £
ol dsstdee & vk o]’ A= Huang &

2o me 2 oo fou

8
],\\ —— PAHA Only
], \ ~~~~~~~~~ Reaction 1
N ,; \ ——— Reaction 2
i
i
]
]
= j/
5 4- /
2
2 .
0

20

Retention Time (min)
Fig. 3. MW,, MW,, polydispersity, and MW,, distribution of PAHA
and DOM fraction after oxidative coupling reaction,

60

mmm PAHA Only

__ 501 @z Reaction 1

R XV Reaction 2

c

2 40 A

1

©

5

3

3 J

e 30

13

[3)

[

2 20 A

]

5 ;

[

& N

10 \ y
3 \ \
\ \ \
N |
° N N N

~30K 30~12K 12~6K 6~3K 3~1K 1~0.5K 0.5K~

Molecular Weight
Fig. 4. MW,, distributions of PAHA and DOM fraction after oxi-
dative coupling reaction,

i} Piccolo 52 Ao A Ztobm 4= itk 0|52 HSY
T2 egAdo] Eaol ofs HujE Abshikgo 2 RE )
FAA TR Aole] FRATHY A o) FHE
Atk sigon, SECeh R 24& B3 o5 FYa
o}* o5 E, HS 29| ¢H43lr} HRPo| o] Zuj
# HA9) AFshihgo] 013t aryl, alkyl ethers(o €] 2)2] %4
T} Bapm7)9] F7to| 7]Qlgeha F4stich” 1w, HRP
= TR PR E FEAEE AY BolA &%t=H,
o= Adel A8H ah FEI AR W] i e

d

2 getEch

313 Y AMEZ £

Figs. 5 ¥ 60 &gEd1ol 23k EEM ¥ synchronous
2#EYE Uehfgich PAHASL HRP} ¥1-3-© 2 2, EEM

3} synchronous A2HEZHo] %= W3} 514ttt EEMO 25
g Hkg-o] Zagof wet Fu4Hd (humic acid-like) =2
ZAE YeElY = Ex 310~340 nm, Em 450~500 nm A}o]2]

intensity7} 2010 AL B 2 Qrh0 o= Fusr} e
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Fig. 5. EEMs of PAHA and DOM fraction after oxidative coupling
reaction ((@) PAHA only, (b) Reaction 1,

550 600

550 600

550 600

(c) Reaction 2),

30 | T
PAHA 0n|y1
251 ——— Reaction 1|
Reaction 2|
|
20 A = |
|
> |
.g ,.T

8 15 -
= |
|
10 - :
|
|
51 I
|
|
0 1l I , Bl e
300 400 500 600 700

Emission Wavelength (nm)
Fig, 6. Synchronous spectra (AA=77) of oPAHA and DOM
fraction after oxidative coupling reaction,

Y= a1, 444 AFA(hydrophobic acid) E40] 2 &7}
3 AL oJujgic) $HH, Ex270/Em470 ¢ o] njat )
Afulvic acid) 54 Lehie, o] ox] PAHAS] gt
goll oja) A5siglow, Fu4k dele] Fupwe F7)
of wla) Ay AL ASkTh ol U neTx WS
shgrge] 4ol oA Fust Bgow a4 4 9
th. Wang 5ol 2Jstd, EEM 29| “red shift”(2}7go] 11
Zo0g ol%x) 7l2RdS 3§35t= X% 7|(carbonyl con-
taining substituents), <=4+7|(hydroxyl), alkokyl, ©}7]l=(amino)
groups, 12|31 7}2 5 Al carboxyl) T4 f.40F AFHE o] 9]
ok wbE, “blue shift"(Fo] Fe Zo olF)L &
Fl(condensed) WEE 40] Hafjol HApEo] & 2ol
22 GH(fragment © 20| a2l ATEE, ol 17}
A2E Aol ke, dgE el e, Hel FROA
B3txel Age] g, AP AsdoRRE uAF A
2" 020 A3 EE carbonyl, hydroxyl, amineS 35}
L 28 a%e) AAR gla) 2y st

EEM2] EAJal 713 2 dX]3}= AA=772] synchronous
2~HEHLS Fig. 69 UeEFU At} Synchronous AHEH2
EEMS 7127] 12 el BEMS 541 Jej2 maket 2ol
t}. o] EEM HAlo] 28 5% A7 ©Est7] 913 3
o] & 4 olt}. Fig. 60]4] ¥hSo] Aol e} 400-500
nm % 9] intensity+= A3}l 540~650 nm F < 9] inten-
syl Tha 4L oF 4 glom, o EEM sj4 A}
9} AA)3ct 2, PAHA 9] synchronous A3 EZoj| A -2k

= F g3= Bl &J3) “blue shift” = ich. o= AFs}
SURESol &3 hydroxyl, amines Z3sh= 2§ T150]
22597 yrog Ferdn. Ty, ogst Aup o

A 9] intensity 7FA7} TR ALEHNS Z7MHAE 59 A&
A BA0) Z7lo] AT B Sl gich P4 AFEUE
o], §kg- #ofl DOC7} AA| H4sk3l7] wioll, Fuhd

Aol A intensitys UEIH &= EA} AESE AAdE0] A
AEo] AAEG7 ez gt == ok ®3, 21
o] - =2 WS E= E2|Hli(polyphenol) 5 E

2
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314 FHREMN

PR oREE d&5H 2859 ®sks Bk 24
A AR el FT-IR &4 3gstgon, 1 At
£ Fig. 7o YEtHi¢ich Steavenson & 2] M=o E4
A FE Table 33} Zro] A A vl k" ofof whaw, vt
& Folli= PAHAO H]3 v W2 2§ 70| ElEle
™, PAHA E§29 W= oA Aid g3 A7]o] #sks
Holth HRPLEO] ¥k &, C=0 A-E yehle 73%}
(1,660~1,630 cm’') COO'™ stretching®] ] 3(1,590~1,517 cm’™)
7F Yepgton, C=C A Yelds 73(1,170~950,
1,280~1,200 cm™)2] A|7|7} Z7}ekgict. 181}, phenolic

B2 Uehdie #1(1,400~1,390 em™)o] M= A)7]E A

Table 3, Main IR absorption bands of humic substances™

Frquency (cm'1) Assignment
3400-3300 |O-H stretching, N-H stretching (trace)
2940-2900 |Aliphatic C-H stretching
1725-1720 |C=0 stretching of COOH and ketones (trace)
C=0 stretching of amide groups (amide | band),
1660-1630 | quinone C=0 and/or C=0 of H-bonded C=0 of
conjugated ketones
1620-1600 Aromat|c C=(, strongly H-bonded C=0 of
conjugated ketons?
COQ" symmetric stretching , N-H deformation +
1590-1517 C=N stretching (amide Il band)
1460-1450 |Aliphatic C-H
OH-deformation and C-O streching of phenolic OH,
1400-1390 | C-H deformation of CH, and CHs groups, COO-
antisymmetric stretching
1280-1200 C-0 stretchlng and OH defomation of COOH, C-O
stretching of aryl ethers
C-0 stretching of polysaccharide or polysaccharide-
1170-950 |, . o . "y
like substances, Si-O of silicate impurities

PAHA only
@ Reaction 1
e
£
T Reaction 2
[}
c
E 1620~1600

1170~950
1280~1200
2940~2900
1400~1390
1460~1450
1590~1517
§400~§300 | | | | 16§D~16I30 |

4000 3000 2000 1000

Frequency (cm™)
Fig. 7. FT-IR spectra of PAHA and DOM fraction after oxida-
tive coupling reaction,

gjg oz At ol Fakgol 98 OH T1go] I
FAARNeH, ol wel C=0 ZAF 9 C=C Aol
FegAA @ AeR @wdEch E3L AWS CH HE
(2,940~2,900 em™)<] Ak EFE FEE QI

3.2. S=st ¥

3.2.1.DOC, XI2|M AHEH EM
HRP2 vl 7}l PAHAS] Abs}sah)
W& Wrhsks] 918) Bk A@e AAshert PAHA,
FHAFSL4=4 9 HRPO] &t 7hzb |
units/mLE 3} o, 27] pH= 7.0

A T2A7F B9 1 B4 RskE AE Rt PAHA T,
123l PAHAQ} HRP Tro = ZH|3 84S AEE A&
2 3lo] FAlo FUS HES Yo, e TR T
of gHoR ZYA AFS AAIste] "ozt FAgof w|A|
£ 9% Auucith FYsty Ade 3|E] Ay g
2], Al&AFHol| et vhEEo] A7|Hog Fr59] Aka
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