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Peroxidase-Catalyzed Removal of Aromatic Pollutants
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ABSTRACT

In the removal of phenolic precipitates formed by horseradish peroxidase (HRP) and H,0, from
waste water, the effects of the concentrations of phenolic compounds and H,0, on the removal efficien-
cy of various phenols were studied. More than 90% of various phenolic compounds were removed from
the aqueous solutions (pH 5-7) by HRP and H.0.. The removal efficiency of phenolic compounds by
HRP was reduced to a great extent when the initial concentration of H,0, was over 10mM. Further-
more, no phenolic compounds were removed when 50mM of H,0, was used. The HRP’s turnover num-
ber, which indicates the number of phenolic molecules removed per one molecule of HRP, was the larg-
est as 18047 for p-ethoxyphenol while it was the smallest as 1244 for m-chlorophenol when the initial
concentrations of phenolic compounds and H;O, were the same at ImM. HRP which was separated
from the aqueous solution containing phenol and H,0, after 24hr of reaction revealed structural chang-
es and diminished activity. The Soret absorbance near 404nm of this HRP sample was decreased to 48
9% of that of fresh HRP. The values of keat and kcat/Km of this HRP sample for the oxidation of guai-
acol were also reduced to 41% and 51% of those of fresh HRP, respectively. The removals of
nonphenolic aromatic compounds such as benzene, ethylbenzene, and toluene (BET) by HRP and H,0,
were enhanced when phenols were coexisting in the aqueous solutions of BET.
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o|-&- Whle] Blws}ed i 77| wjRol AbduS
o Ml o|43l7) AHgteict. WA SEA =
A=s AALI] sl dAFHz Q= ek
WL ZA tyrosinased o]4g w4 (9, 10)3} per-
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£H02 4t5tA]7|7(16) HAE #H=L chitin 2
chitosang-2-& o83t} AAZT}E. zept o)edt
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o7]iA AHe HeEg, A- = FAsgduzs Jet
Hrt, whol ofsid QA E HEejrie] gyre
gheiz whgoll ofste] mEak3} el Peroxidaseo]
A AAHE HEudale FLAdA Lz}
Zrastel Ao}, gelx MY AsA5de
o3t 2 AAlEeiel &4 Zieks] AA” 4 9t
Peroxidase & o]43 #H&=9 AA-= 198343 Kli-
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Peroxidase® o|4-8 wWkA {249 A7
Hells F 7121 F41™e] glr}h. Ass, F4uH%d)
SJaA A4 st gel s peroxidase)
Z4o] Ad = d4oltt. F peroxidase & -7}
F AAE § e HEEae 5 s turn
over number7} 2h& F T4 9 o] Asutx] ¢
£ oA Atole T ghe A Aot
AAH 2= sEe] F5Fol wfeba 6,000~40,000
Abole) e ZIAE Zo 2 2AETH(1, 12). 9
g Foizl vx9 HE g BF AAs] Y=
&9} turnover number 285 § 49 Ageke A
Aol Aok 4L, v HEA $HE2 BET9}
nitrophenol3} Zo] peroxidase2}9] ¥l&Ajo] gl
#&2 peroxidased o]43te] AAY & gk A
o]}, Klibanov(1983) = peroxidase®} peroxidase
ko] whg-Ao] £ HE S EAlo) ALLsE kLA
o] m|2kgk polychlorinated biphenyls(PCB) & #)7
& 5 ok Rydgdoh(1l). 28u oy Alexl
H,0,9) 27]5=7} peroxidase2] Z4jo] #x)7|
AlAtekhe H 0,9 =9 0.2mM(17)0] B|3}o] o)
$%2 100mMZ4 PCB #|A7} peroxidase)
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wol s Aol Hlskel Azigo] ok 27}
& Bich(12).
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kard, HP8452A) & AH8-3l4 404nmol|A]2] E3%
S SAstx HRPY 404nmellr9] F3A S,
102mM™'em™ & o]&3tey AAs}git}(12).

H0.9 $=& Few §o| A4 iodide We
AH-ste] F3koch(18). FAAQ 2ubye e
3 2t} $5F9 500mLol potassium iodide 33g,
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0.1ge &HAAH(EY A). = gE 254
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% FF5 25mLE E¢¥. o] Egade] H0,7}
=o1%e &9 05mLE 7} £ T 352nmoll4] &
T $RET S4V HO St $34
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2 2mMa} ImMol H£% A7k F Fem7)ol
4 150rpme 2 wekstHA 25°Co A 2447k whg-
Agich W F A4E A0EAe LR o
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Z7H2 2Astoet. o8] 744 29 guaiacolF
H,0,(%5%n] 1:1)7} #H71El 248k o4) 436nm
AlAe] FF=rt Alzkell webM o ol F7iEhA|
¢ do) Ho)FHzel o|g AHEE guaiacold] X
7|5 % Abolo] w|HBAE o]t FREY FIt
£% & guaiacol?] £R4£EE Yehfgid

>

o 2 oXx I

HRPS} H=g 0|83t BET MAHAH

BET 9 #&o] Zg5] & %5844 (100mM
sodium acetate pH 5) 10mLo| HRP 1mg3 H.0,
S5mME 7}3ksick. &2 wuk7)oiA 150rpmo? W
HhslE A 25ColA 2417 ARFE ubsEGES o
ABgete] AANETALE AAGE oJdo EF =]
ol= BETY #5Fakg HPLCE o]f3leo &5t
t}. HPLC9 £3# columng& C'® reverse-phase
column(Waters, USA) & A28 o o|FAte B
A+ CHLN/H,0(60:40 v/v) E£34< 1ml/min
o] £ 2 FFegnt. Aie AYARETE o
3lod &g om benzened 254nm, ethylben-
zene?} toluened 262nmoll4 7&Es}ict.
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Table 1. Removal % of phenolic compounds by

HRP and HO.

pH 3 5 7 9
p-Ethoxyphenol 526 637 88.0 85.3
pEthylphenol 788 80.4 80.8 706
pCresol 679 81.0 81.1 72.5
Phenol 839 849 81.1 59.2
p~Chlorophenot 79.4 90.0 853 715
¢-Chlorophenol 100 100 100 972
m-Chlorophenol 94.0 979 100 98.2
2,4-Dichlorophenol 710 772 709 60.5
Petachlorophenol - - 74.0 16.0
p-Nitrophenol 0 0 0 0

Buffers used were sodium acetate(pH 3, 5), sodium mono-
phosphate(pH 7), sodium borate(pH 9) at 100mM each.
Reaction conditions are described in the text.

CEREE

HEo #x U 2S3He| pHIt HRPo|| 2/t T
ZH ol o|x|= dE

Peroxidase?] 7|# <l #&& aromatic ring®] 3
27| FFol wheby Faote] uke-Ade] Hslsl &
3] A&7)ef ArRlFo] F55F ubEAdo] FUi
t(19). B dFedAe w8 pHE 3~9 &
HollA WA g ¢ HAA A FAo] o2 X%
718 72 9l o8] 7HA] =<9 HRPe| & A
Az ES 4819 vhe-goe Bo= 10mLe]2
s ¥ HO0 275 2 ImMolgler
HRP| Apgeke 0.lmg/mLgith. ¥l¢-2 H& 2
HRP7} &85 &olo] HO.E H7IgF & 25CollA
2217k 53t A% E ek HO. 8 #H7isial whab 2
2] wiAg AAdEAe] A= Al=bsigidh. v
-+ 3 AL AAEAS AR 2led AATE
% ofde] AFstn e HEY FEEF spectro-
photometerg o|-&3tof ZAaA 27] FAFFEol
gt AAEE Febgdem 2 ZAde Table 1o
ebfigich. HRPo 2J& #lE A4 78S A pHzt 5
2 7oA 80% colAtelgdtt. zzvh 2,4-dichloro-
phenol % pentachlorophenol®] 7%= %2 pH
ol 5 7oA e) A AEo] 42 77.2%2} T4%2A
ygtth. HRP9}9] uk-g-Ado] w]ekdt p-nitrophenol
2 pH 3~9 Afololl A A3 AARA otch. =g
g9 pH 937} 3~9 Apolol 4] HRP| ozt
9 AAEE &4 pHell qlztsbA W)= sk
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Fig. 1. Effects of HRP concentration on the re-
moval of selected substituted phenols; (@),
pethoxyphenol; (l), p-chlorophenol; (A),
phenol. Reaction conditions are described
in the text.

t}. ote}s HRPE o4 #HE9 Al e vl
A W W HdgAeo AH- 7leE AeE A
Z+=ict
He=MAHE 28t HRP2 turnover number 54
9 AgAA A3 vbEAIZHE 241702 M &
aukgol d4dd 5 Qe %‘"ﬁ:f{ AZkol ek (12).
ey 2A17F ool uk-g-o| A & glg AR R
BEE-A|7be] = spgAe] don® HR3AI7E 12
A7Zre 2 F7HA 7). oluf HRPS) AL8aks 1248/
mL(272.70M) o322 Z%9& 7¢ o FHEdl
thete] g4 AbgEke] Wigld) w2 HE A AL
FAs4d. JE 2 0.9 2755+ 2474 1ImM
olqdct. ¥ F Ea 9 ¥ 1‘13}5]11 e ol
A<l 73-?-"““ 8 2A@Tt S ¥ AS &
a9 ARgFel FAGlo] HE e 11]713"’] 100% 7}
5] ojo} %h:} Fig. 14l p-ethoxyphenol, p-chloro-
phenol ¥ phenold] ¢ oE S04 Yebhd 77
Zol HEY AARE Aok wEEE 14
t}. 53] phenol?] 74 ¥bEA7HE 2447k R &
THIAZ AAEL ¥ %"lﬂ"’] 1227k e} 79
H]2=3kgiet. mebdq HRP7} 12‘]7} ool k-4
oA Yol A BAE Y& /ﬂé 2 5 9l
#4753} HRP AHg-F9] v]#)| 34 25-¢] HRP
9] turnover number¥ 9&%°] FHEEA| oiste
T8t} (Table 2). HRP9] turnover number: p-
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Table 2. The turnover numbers of HRP to re-
move various phenols.

Phenol Turmnover number
p-Ethoxyphenol 18047
pEthylphenol 7983
p~Cresol 3109
Phenol” 2220
Phenol® 1996
Phenol* 2348
pChlorophenol 4330
o~Chlorophenol 3062
mChlorophenol 1244
2,4-Dichlorophenol 3188
Pentachlorophenol’ 7611

The initial concentrations of phenol and HA; were the

same at ImM. Various concentrations of HRP between 18

t0 273nM were used in a 10mL of a buffer(100mM sodi-

um acetate, pH 5).

*: Phenol and HRP were added prior to the addition of
HLO..

®: Phenol and H.O; were added prior to the addition of
HRP.

“: Reaction time was increased to 24 h,

*: Buffer was 100 mM sodium phophate (pH 7).

ethoxyphenol®] 7-$- 1804724 7} oo m-
chlorophenol 9] 7-¢ 124424 7}2 Hgic}. =3
HRP2] turnover number= 2379 9% u}a}
4 wiglslgdct. & p-chlorophenole] 7<% HRP2
turnover numberl‘— 433024 m- chlorophenolﬂ
7R} o 3.5 Fskglch ol A a4
Hhgoll oste] AAE HEer)tEe uksAe] 7
G55 549 4o 6% asts 74e Jed
th. 5 p-ethoxyphenol®] 7¢ Halgodide] ol
ethoxyl7| & 7}3] 024 Fiukge s AXE
etz goarzie EAudlA v|HAsE
(delocalized) 0 2.4 2tt]zte] ok A o] Fr}bsle F
Aol Whg-Ado] Ztaghe}. wbwol m-chlorophenol 2
A% AAAsAe] & chloror]E 7HR o 24 )
Zro] M |o](localized) EAd-go 2Js)- YA=
gl uke-Ao] Frleted A £ aaR
Ao} ukg-3hod F 4o %‘é% %A & Zlo|c}. HRP
] turnover numberE HH&-EA 9] Eql o) mje}
A #3tolch. & phenold) 73 HRP¥9] turnover
number:= phenolol 5o gle &do HRPE
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Table 3. Effects of the initial concentration of
phenol and HO. on the turnover num-

ber of HRP.
Initial concentration Initial concentration Turnover
of phenol(mM) of HO{mM) number
0.5 1 1971
1 1 2220
2 1 1923
3 1 2730
4 1 2729
10 1 4015
20 1 4662
1 0.5 2440
1 2 2496
1 3 2156
1 2535
1 8 2320
1 10 1982
1 15 1603
1 20 1044
1 30 532
2 2 3989
5 5 3962
6 6 4248
8 8 1242
10 10 0

Various concentrations of HRP between 455 to
182nM were used in a 10mL of a buffer(100mM sodi-
um acetate, pH 5).

AL 222002 H,0,& HRP

B} Az £ A9 ghal 19960 v|s}ed 7k
—7}3}934 ol A} & FA4o) obAE A
& BdFE Alolgich ubgATte] 2417 A%
phenol A7AE 93 HRPS turnover number+
23482 A ub-gA|Zo] 124]7k 73'?‘15} o7t %7}
stalort ol 37bHal Eamge] o
Bohe AAE HEAdAdEd % S o" £ :§.
_’-:“\}F"ﬂ s AR Jﬂi"f]":] de-J al
o = H]E‘/\Z-]o] al/kl-o{] _,]a‘]— o7 .
Al-Kassim £(1994)9] A#e)} <jsis HRP2
turnover number7} p-cresol®] A% 4250001910
o m-chlorophenol®] 7% 5700084 £ Agd
A 2Ag guok Hoh(12). 22y o)L s
£4%%d 3 turnover numberg F3}glonE
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2 =2olAs} 2o o2} Mol ToPEE A
A5 A9 ABALLE O Qa5 A5
ojzIc.

He 2 HO0,2 =71 HRPY turnover num-
berdl] jx/= 2%
A=A AS 28 49 turnover numbery Fo

HEs ARl dste] AQd T4 A
AAs7] gt} Fedct. et HE g HO,
2% 7} HRP9 turnover numberd| =|*|+& o33k
phenol& thato 2 ZAlslgict(Table 3). H.O,
9 27|57} ImME dAsl2 phenold 27|15 %
7} ImM(94ppm)~20mM(1882ppm) = ol 4] ¥
3t99¢ o HRP9Y turnover numbery 1971~
4662 Abolgd o phenold %7|%E7} S5t o
2k4] HRPY turnover number% %7}3}%it}. Phe-
nol9 x7)5= & ImME AAHA stz H.0.8 2
eEs W3S ASele HO0.9 2757}
10mM o]xto 2 Z715tH HRP turnover number
£ #3435 Zasises 50mM olgd Atels
phenole] A7 == egkr}. =&+ phenols} H.0,9
271552 1112 §A8H 449 28 2mM
~6mME ¥WA7e¢ A% HRP9 turnover num-
bert 3989~42482 Z7}3tgch. o]= wE vl L4
T2 olate] HRPY Z4742AEr} 27 e vt
+27]9 %2 phenole] AAE7] gl Hoz A
Z-). 22y phenoldt H0,9 271555 2H2t
8mME Z7}A)7E¢ A% peroxidase®] turnover
number:= 12422 743l on 10mME E7HA 7
< A% FHEe AY AMAHA ket wetA per-
oxidase® EEHoZ AHEE7] HEAe “J%%%‘
% H0.9 =% 10mM oJ3t2 fAso} &
4 9)gich. Phenol®} H,0,9 ¥%7} 7+ ZmM»}
5mM°]_1_ HRP——] oko] 1mg/10mL°]‘,§‘a o, vk
(25, 2407 2 WAL bl BF3E 5
EA4E9 F& HPLCE ol&3ted 543 27 phe-
nol& 435 AAFHGUR o3 27k phenol
oligomerEo| #Eagiom 1 ok& peak WAL

71EHAE o 27 AE & 7% At

o o ao rﬁ

v

1.4

Hz % HO Btsol| oft HRP2| X 3
g2y Hst

H=A7 4 HRP7} $38} turnover number®
A E AZRE wheol oJste} HRPS] #Afo]

Rege & 4 otk B AT 98 F ARE
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Fig. 2. The Soret-absorbance of fresh HRP (a)
and HRP after storing at 25°C for 24h in
the presence of phenol only (b) or both of
phenol and H.O; (c). The initial concentra-
tions of phenol and H.O. were 2mM and
ImM, respectively.

SEE5E 2% HRPY Tzwislel gA4uste
4314t Fig. 201= ¥ &4 (a), phenolo]
2mM 7" 438-M(100mM sodium acetate,
pH 5)ell4 25, 2427t 73} % (b), 22]x phe-
nol 2mM 2 H,0, ImMo] 715l 3glel4
25°C, 24217t AF F(c) 4 ubgEll4 s
249 404nmol|A9] Soret FYTE =3 A
£ vehidch. HRPO A4k 1mg/mlLo)gith.
Phenolo] 2mM ¥7}% gb&8-do4 25°7C, 2447
T AR Felz wkg4ddx 2% HRPY
FREE A5 FHE A gk o=
HRP¢] 7|42l phenolo] &9 tAAE 4HA] 7|
T A& EAFE Fleldh ey} gEg-del phe-
nol ¥ H,0.7} o] &4 ukgu]el 2mM=} ImM & 7z
7t A7hd 43494 E2)9 HRPE 404nmel A
o FRFEs} defEde) FHE 48%E A 7
3tgict. w3 w4 Yo ZRE Eejgl HRPE o]4
gted guaiacol?] Abzel2-o] digt Michaelis-Men-
ten ¥H-&A§ F8lo] Table 49 vjeluigict. Phe-
nolet H7td $F4dezRy Ry HRPY
kcat/Kmzte 42 HRP9 zte) <F 95%¢c}. 2
Zt phenol @ H,0,7} §Alell 37} wiggfo
23 £2i5] HRPY kcat/Kmzt2 ¥z HRP<]
e oF 51% 2 7r4slgdon keatghe el HRP
o] z+el oF 41% 4}, Phenol 7 dlg HRP<
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Table 4. Kinetic constants of HRP samples sep-
arated from buffers containing phenol
or HO, after 24 h at 25C.

Phenol HLO: Kea Kn Ka/Km
(mM) (mM) (sec™) (mM)  (ec™'™M™)
fresh HRP 16252 093  1747X10'
2 0 16225 098  1654x107
2 1 6636 074  8972X10°

Michaelis-Menten kinetic constants were obtained by a
nonlinear regression method for the oxidation of guaiacol
(04~7mM) in the presence of 0.2mM H:0; and 36.5nM
of HRP in a buffer solution(100mM soduim phosphate,
pH 7).

turnover number 22204 7]FoE FHE AL
2mM 9] phenolg $A3 A As 7| AAE S54
o 10mL% <f 0.4mge] HRPE Algstd &%3
oh 2y £ AgeMe ¥ ¥ HRPY ey
WA 5 ole LT Aksto] 10mge] HRP
£ AH&stelch. wiebA] phenol b S0 ZRE
+2]% HRP9 dREe BAHE x| 4 7o
A7+=el, w3k Phenolglo] T35l fofo 2 X g9
HRP ®e]488& 88%%2™ phenoldt H,07} X
TR HEAA Ao 2Ry HEIAE YA
2 ¥ £8% HRPY &2 o 25%rt. ojat
A A48k HRP] oF 63%7} HE3 A543 &7
AAL NS & + gt

Ator £(20)3} Atore} Ortiz de Montellano
(21)= HRP7} H,0,9 34 7tz alkylhydrazines
Z-& phenylhydrazinez} ¥F-&-3W &4 9 #A%-9
9l hemeo] ¥h-go) A WA= alkyl radical %
phenyl radicals} 443 o2 a28A ¢
Soret #7H(404nm)el|4e) FR=r} 2agcly B
Tadct. aiebd HEEAY AAde F ulgo)
s A A HEelggy whg-Ae] 242 HRP
4o Aol t S e AS &+ Q). ol
Azt Table 29 Yehd #lE9] £Fq] o}2 HRP
9] turnover numberzte] z}o]lE AmE £ 9l
ghel,

HRPE 0|85t vlml =7 FliSE e HAH

BET: 9E4<) wad) 8 22olch. 2ot of
23k E&e HRPeole] uksAo] g}, 2z
KlibanovE HRPg} H,0,0 &4 AA=A o=
4,4’ - dichlorobiphenyl 3} 2,4,5 - trichlorobiphenyl
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Table 5. Removal % of BET by HRP and HO:
in the presence of phenols.

No
BET phenol Ethoxl;;henol Phenol Chlorcl)’}—)henol
Benzene 283 326 409 73.6
Ethylbenzene 349 509 554 53.8
Toluene 446 60.7 728 71.1

The initial concentrations of benzene, toluene, and phe-
nols were 2mM, respectively while those of ethylbenzene
and H:0: were 0.5mM and 5mM, respectively.

(#7+e] =¥ 10ppm¥} 3ppm) & EL2HHEE
HEALL AU AS 85% oA AAL T
& BRAG(11). 22 olg AH-E HO0,9 ¥%
100mMgich o)l & A7l WAl Zi o
HRPS] #EA7 f&o] F43 2437l Aaste
H0, $5< 10mMEt} w$ 52 ot wjet
A 0|59 Azl= HRP HRP &K o3 Azlet
T A2 4 gtk $2l= HRP 2 H.0.3 4
=2 A7 A4S BET/F AAE ¢ devks A
gsldow 1 AFE Table 50 viebye}l. Ben-
zene, toluene ¥ #HE9 27|¥sx= 72t 2mMo)
97 ethylbenzened] Z7]FEE 0.5mMeojgled
H0,9 271%%& 5mMolgict. HRP} Ahgake
lmg/10mLo]glem ke 25°CoA 241 F<F
A&=Qch e £ Y APERLE AL
gaflA A F ojde dolgle BETS 42
HPLCE o|&38led £A3t%{ch. Benzened 7%
HRP 2 HOo 9JaiA o 28.2%7F #AA=HA
ukg-golol] phenol 2 p-chlorophenol& #7}3}sl
¢ AL A2 409%9 736%7F AR
Ethylbenzene % toluene®} 7% phenolz} Zo] u}
£2 A AS A gl B 728%9 554% =
Z7}stdct. olw) BET9} 7 3718 phenold 2
= A5 p-Nitrophenole BET9= ]
HRP % H,0,% @74 =g Aslsivjets A7
A ¢¥orr}d. Klibanov 5(11)2 HRP, H.0, ¥
phenol& AHE-3ted  polychlorinated  biphenyls
(PCB)& AAZ A4 HRPY 7]do] ofd
PCBE: d&AAES A $AHA AA" A=
22319t 2AY 4% HRP, H0, ¥ BET %
gatz gle fodo A BAS WY AF
BET9 AAge] Frlste AL Edbeol o
BET®] Abhhg-2chs BET/} phenol A0} ¢
A LA =o] AAHNE Ae2 Azt

e oo 2

687
8 9

HAEol T & 444 HRP ¥ HO.F
Arlete] e AA 2 AAXTE welA, #
Eo) 259} H% 2 H0,9 5=} HRP &4
7 &gl e 9%E ARl o7 7HA E
AR #A 9344 (pH 5~7)4 HRP H,
0,5 AHE3lM 90% ol AAZ & Atk HO,
9 =57} 10mM o|4d of HRP| #HEAA ¢
o] 343 zastgen HO,9 ¥=7F 50mM o]
Ao W HRPS HEAA &g&d A dddch
HRP & 2x% AAZ & sy sy 45
(turnover number): H,0, ¥ #HEE29 27|%
%7} zkz+ 1mM< o), p-ethoxyphenole 7%
180472 7} #ZHeomw m-chlorophenol?] 7
124424 744 A}, &3} vhg $£(25C, 24h)
wlegxgng 2"l HRP9 Soret A
(404nm) e A9 FHEE Ui 48%E T4
3192 keat 2 keat/Kmgte 77 slefjas o 41
%% 51% 2 zrage 24 HAE A7 HRPY T
zu3st 2 AL 2AHASE & 7 AN
g3 A B SiEA BEA A WA, A"y
A, EFA(BET)E ZiHstn e 4o HRP %
H,0,2 %7t BETY AA&o] 3713k

A

2 d7E 19959 w§Y AEF AT
A (AL E-13)0 elako] st on ol
PAE Ve,
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