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For a long time, there is much interest in the superoxide anion radical as one of reactive oxygen species (ROS) not only
in the basic research field of chemistry and physics but also in the life science (or biotechnology). Recently, it is becoming
ever more vital since the toxic property of nanomaterials as well as advanced oxidation processes (AOP) frequently employed
for controlling pollutants are connected with the formation of superoxide anion radicals. Despite many researches on super-
oxide anion radical, the quantitative information of its presence and its detailed reaction mechanism in aqueous environments
remains largely unclear, causing the controversy and confusion. In this review paper, we attempted to summarize the phys-
icochemical property, mechanisms, and applications of superoxide anion radical. In addition, we briefly incorporated the im-
portant application of superoxide anion radical in AOP, nanomaterials, and life science (or biotechnology).
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Figure 1. The electronic configuration of the highest occupied orbitals
of superoxide anion radicall5].
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Figure 2. Absorption spectra of HO, - in air-saturated HCIOy4 solution
at pH 1.5 and O; - in air-saturated 0.001 M sodium formate solution
containing 1 X 10* M EDTA at pH 10.5[3].

Table 1. Effective Extinction Coefficient of the Total Radical Concen-
tration Corrected for the Absorption of H;O, Formed during Decay|3]

pH €230 nm €240 nm €250 nm €260 nm
2.0 1369 1242 906 536
2.5 1372 1246 911 541
3.0 1381 1248 925 556
3.5 1408 1293 968 693
4.0 1482 1391 1090 727
4.5 1647 1423 1355 1004
5.0 1879 1909 1734 1396
5.5 2061 2147 1949 1703
6.0 2149 2262 2170 1852
6.5 2182 2305 2223 1907
7.0 2193 2319 2241 1925
7.5 2196 2324 2246 1931
8.0~9.0 2198 2326 2248 1933
9.5 2195 2324 2248 1932
10.0 2188 2319 2244 1929
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Figure 3. Second-order rate constant for the decay HO, - /O, - plotted

as a function of pH|[3|.
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Figure 4. Effective Henry’s constant[19,80].

Table 2. Compilation of the Reduction Potentials of Some Inorganic
Radicals|2]

Couple Oxidation-Reduction Potential, eV
-OH, H/H0 +2.73
- OH/OH +1.90
05/05 - (pH 11~12) +1.01
L -2I +1.05
HO, -, H'/H0, (pH 0) +1.48
HO, - /HOy +0.79
0,05 - -0.33
aq/€aq -2.87
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Figure 6. Kinetics of the primary steps in photoelectrochemical
mechanism[3,37,40,45].
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=
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Table 3. Summary of the Results (pH, Half-life, Concentration) in the
Determination of HO,-/O;, - [23]

wo e ke EOOL
(sec) M s) M) M)
9.26 178.90 3.33E+03 1.68E-06 1.41E-08
9.20 125.66 3.82E+03 2.08E-06 1.85E-08
9.10 129.33 4.82E+03 1.61E-06 1.44E-08
8.74 76.86 1.10E+04 1.18E-06 1.53E-08
8.5 92.07 1.92E+04 5.67E-07 9.29E-09
8.46 53.44 2.10E+04 8.91E-07 9.58E-09
8.12 41.53 4.59E+04 5.24E-07 6.04E-09
7.51 42.34 1.87E+05 1.27E-07 2.22E-09
7.41 36.87 2.35E+05 1.16E-07 1.28E-09
6.95 32.69 6.71E+05 4.56E-08 5.74E-10
6.11 44.96 4.28E+06 5.19E-09 9.53E-11
5.00 42.67 2.31E+07 1.02E-09 3.22E-11
4.15 26.80 1.51E+07 2.46E-09 3.79E-11
o} 5, olv] 2 dejxl F0)359] F3FHK(light-emitting photon) 7} #]

TE(quantum yield)S o]8-3to] AA| 152] A AA]olA A==
THSA|E Fol2 g w55 JFgsiict o] W 3% 47
Ao E Fol& gtz ok 2,0 x 10" em” &2 BaEkIch B3
ol ATolA FHEALO|E SOl gt Zdo] FNkg S B i
o olgdalA] Falal Al FAE FHlE SASITi ®Iasigit
JFeNE B8 7SS Fol gl old W= &3
o gk AHA A8 Ayl= y%}_o].l;].

F|<2oll Kwon[49]- 35wl 3w ol 4] *M T EALIE Fol&
grizo] & & bulkE ol F5E F AT ATH A Hol FUTh
o] A7+ AuelA= A=l EHelA ‘%Zﬁ*{] TFHSALO|E Fol2 2
tze] 7k oM JRR B g uk Sl

33. KR[M/aiSleA 3

22 Aks A 38 7P A IshEA 3 BRF At A
OF AAAE Age AFAEET
sk AN ERL & S %‘E}[ 0-53]. ATk} AA] 28] FofellA] =

o] ZRA ALE 1 Q7] wlEel 1 TR0 EE w1
[54,55].

A o 7 Ao/ Aitsra 33 01]*1 sk FAke] s ATt
Zel el Sal FEslEo] F wAke] Ak s At RkE
14)[51-55]. ©] W} Ak} 2oz {HTO}% e} 9} TRA] HES
sto] FESAlO|E Fol& driz-g AAITHEES 15)[23]. whebA
olg FAMA FESA|ESolR gt A vl FQEitta
g e

o K

30 kQ oX
~

H,0, +hv —2-OH (14)

“OH + H,0, — HO,-/0y - + H,0 (15)
A AEE FHSA|E SOl
< #Ze] FFA AFE o]FRA| EIithb FHel o2
Kwon and Lee[23]°] &]3l] o]Fo]FT]. o]E52] AT-ellA] AjZo] 77

SIS ol erize] FFs e AAsglon], 1 Fre

T 5 AslEea
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Mo

A&

H,0 —\A— H,0* + e 10¢s
H,0
4.8 H;O* + 4.8-OH 104
48e,, 1025
Spur expansion and reaction
26e,, +06H+27-OH
+ 0.45 H, + 0.7 H,0, + 2.6 H;0* 107 s

Figure 7. Scheme for the radiolysis of water. G-values for species in
neutral water at 10" to 107 s after imadiation[72]. In S.L units the
radiation chemical yield G is expressed as mol J'. The relationship
between this quantity and that defined in the text is G (molecules/100
eV) = 103.6 G nmol J' (0.1036 G pmol J)[72].

1.68 uM (pH 9.26)°14] 1.02 nM (pH 5.01)°]l o]2&= A& ¥ 11ald}
(Table 3). o5 A& Avwd, AJH 7o SAfo| = Fol2 itz
o] FE&NEE pHell WE Evts3 Whgol g3 Al ovlsta
AUtk ESE FESALO|E Fol& Hr]Ze] W)= oF 27 sellA 178
soll o]=2& Zo=w Husgith

1 lell% #EA Sl Hl2]SAk 0] E(ferrioxalate) Al Z~Elol|A]
S FHEA|E Fol& gfr e ke Fasttlse]. A2/t
a3 RV R At eeds Ao A A E
o]-84d F = FARSAHC|E AAH A FHEALo|E Fol 2 2}
UZE A2RE] ASEE SlEiA 529l de) AEk) S it
A Al o] 8-E]Y] wlolths6].

3.4. MK
2 oA (high energy)
ZAtel| W 22 (electron beam) -’F Jﬂé 23] B Qs
A o] gr57-59]. FAR 93*1
A} efelge] Ade] el &
SR EEEES EERE
I SiTH24].

S7Ae] R Qe F2 SEH Ak 2
2 QTHBOD), T2 u] PR Ak
FolA] ghrhs58-62]. Htell AA T 2l 771852 A7
o $-g571% 3IrH60-68]. ol AT L AEL A= 7}
A F AR AR ouA) Al EL A

1’“ OLJ

[

X] }‘ﬂ ]E 7]’:0]'tq 7%'7“ TI‘X]O]’C‘ ;ﬂo] ]7%2_& E]t:ﬂ' é?‘iol
ALTH58,59]. 1A A o W qﬁw} grize] e §

T3] 98 9% AV 2dE A7 WaE vE 9rH63,69-71].
SARE o)1 Z=F MU .aﬂr~ o9~ A ekAQl 712%, T2 Ex3}
ST e e 1l BARES HolFe Zlo® Wud vl
7k ATHS8].

ARFA] 0 2 AL Figure 7014 Hoixl ukel o] w9 chek
ST ES AP o ® WAAT|Al Bk AAp F7ge] 27

R
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Al(spur expansion and reaction)oll4] A== IS T2 A}
2z, 4 92l AAKaqueous electron) 50|H, o]& 3}EEFE9]
A9 Az W35 T3l sk a 9 VIER] tE SEEEE A
Al dck 2Ev A EE ke ARkl A dAbe TR OE
= SAr7]E 580l ] ulEel vl 859 Atk B2}
o} A& Whgato] FESALo|E ol raE s drt
[3,72]. ©] W BAE FHEFAPIE Fol& A Rk 27 dAe]l
A AR ke A Al vlEl A e E whgAdo]

7] Wgel AR 37l &3t 2 @E2] Ml Adoldt vkg A=2E
fEshe Q1o = 2838 Hrl58,65,73,74].

FHZ AlA Kwon et al.[24]2 AR 744 AA3E 7H-SA)
ol Fol& #HiE o] &3 A & Y A7 F3E vtk 9l
t}. o] ?i:rLoﬂjﬂ—E‘ «PIQ/*}O]‘: ol BdE 7 e
A A} HE-S(Fenton-like reaction)= ©]-&-3}At}
=, A 3ol 37} A Z-E(Fe(Ill)-EDTA)S 710 M penta-
chlorophenol (PCP)2] ¢hdst 37} o] 5 qxlt whde) ksl A
9] 7Rz PCPe] 2allE WEletHA FAlel Bk HAES S &
k= Ao YERsith 53], o]F AzelA] Fe(ll)-EDTAS] A8}

oM Aol = Fol& ez #AE) e AR ] dekgo]
AR ofuAef] whet oF 14~56%¢] o]2= RAoR Kt

e}
27

o &

r?i‘
il

4. LI==EOM FIESAPI=
=oM

0|2 ElCIZ2|

100 nm ©]ate] wlj-¢- 22 A% As) =2s}etA
ZE‘(bulk materials) 2= 37 T2}, YeEdL =2

71E9 GAEROE 459 3 sHS 7L 9o
382 2/ (optical activity) O % 13l 7HAIEA 9 2}
3 FANEE o] &3] e SAlsH: Ralsh @
dEds A 5 ATHo-11]. o2 Y=o 82 A
gl FeAe] S8 A okl 1 87 S = Far 3l
o, Tl AEAA A7) ke Fstar gtk 53],
17150 3 Zofre] F82 vhemde] wul4, sehA, d 14
SASS o8 B AR or g3 VeR X]ﬂ% Row 7
Hok

Ty A 2719 vieEde AlEEe] Fad 9 A 24
(biological tissues)©.Z2] F(uptake)oll &t M|XEFE2] AEHAE
T A, SAlel WS mHAo R Q] w2 3 veES &
sk o g4 A E5F0] A AE | M(oxidative stress) S Sstt)
[10]. o213t oF= VheE AR Q1% AlsHd AEHAE Ayehs &
T 2 AR et Al (cytotoxicity)o]H T Lolrt
Ay Aol F2E NAGS 7L dEH10].

8718 AlEE73] Al e Aol BHAAFROS)OE, thin
=49 wdlel F3E AT vhesd o BRlelA A wo}
et ol Y w2719 x4 ROS7F 7 SAlO = &

o] gitjZo|H(Figure 8), ©l52 HHA] Ewtark-gol el Fitsks
2(H00)5 s Hal A8 skt Uiesd o] g
EA= AR 5 HolFE AEET WS, &, JEY-S(Fenton
reaction) 2 FE FAF HE-g-ofl o8| ZFE st AbslA|Ql Aats) 2l
(- OH)& A A1Z1A] FcKFigure 8). “L
oJef) AEFEY] AEHAE FEE 5 gl

o
o] £2)3}8}4)(physicochemical) 430 vlErS: & Ui B2 0] HEA)

T
58
it
i
r‘o
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Material
composition, e.g.,
UV activation of ! discontinuous
electron hole pairs | crystal planes and
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splitting and radical 1 active electronic
formation ! configurations

Oy -

Media interactions; Redox cycling and
by particlei catalytic chemistry
dissolution, coating,! via coating metals
passivation and! (e.g., Fe) and
hydrophobicity/hydr; organics (e.g.,
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Dissolution
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H,O H,0,

OH Fenton chemistry
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Figure 8. Possible mechanisms by which nanomaterials interact with
biological tissue[10].

T ROS?| %3} H7F 22 71E4 27 e

/el ow FEuEo] QA obek BEgh A 2R 2008
3 H7h= A Aot 75). 18

ZH ?rﬁ%A}OlE ol& E‘rﬂ%‘% - Q)zto) oa) ke 4=
= ]l speE oM, v ARk FeiAd
= %Mo%atﬂ EAOW 8 7S AT = & slow Az,

5. HSAO|= S0[2 2iElZe] 24 U

TFHEAL| S Fol2 HTZHHO/O,)& A41817] 13 vhaket W
HEo] MEEo] 9lvk AAAAE o]§3F ESR, 3 FEH(UVivis
spectrophotometry), 574 &322 &3(fluorescence)® |} 31312 1t
Fe](chemiluminescence) & ©]-43t #37]& Tol dlizolzt &
T ATH3]. HZolle FHSARIE Fol& E‘r‘qﬂ gozs S35
f] 3 FrjEs o] &gt 5ehA gl #gh AgtEo] Watd w9l
TH39]. &3k = Eo/\]-Wf(Fenton-llke reaction)= ©]&-3F o] A
2F3l(calibration) Wt} 4] A+ Ay} AR EITH23).

3719 AP E Fol2 E}‘:VL HE P FolA &3] AR
AL HEZHYEZHWEHC(NO,),, tetranitromethane, TNM), AFO]EZ
& C (cytochrome C (Cyt C)), UER EF E|E&}z8]%(Nitro Blue
Tetrazolium, NBT) 52 574 &3} E(probe)> o]&3AY =&
nlo] 72 5—(115) Al S L3t 33 o) 1:]—[3] o] HPHS
OI'EH w3 16"‘%‘1Fg Sﬁ]' 7EL°L @%%7.%10] Trvﬂif‘]'olt ﬁoli o}
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filo
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ofd
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Zqgenn WAl 44e
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Az ek, Wb AR ¢
S| Lol el

[UlO Eiol‘
O:i

X b
NORML

C(NO) + 0+ — C(NOy; +NO; + 0, (16)
Cyt C (F€H)+0,- — Cyt C (FEH+0, 17
NBT* +0,- — 12 MF' + 0, (18)

2 B FoNE TNMe| b duEo 1
o] ATE FHASAOIE golg HUT WE BAL AMgET

J. Korean Ind. Eng. Chem., Vol. 20, No. 6, 2009



600 A

ZolAE TNM S o]43 T3 SAo| = Fol2 gz
HnE —%@ | w2 WhS ARE AER ) stk 3 SAle|E 50
l TNM 2 x 10° M §'9) £5 AR oj$ wEA] vkt

QL T AES CINO)s oIt (- 16). AAHE C(NO)s
34 350 nmellA] °F 15000 M'em'o]th zent
TNME 2Hdolut S2dellA /g o2 ZAekAIRE 9714 718k pH
> 6)°4] TNM2 71=isllol] 93] EehdaiAl= 54 7 Qitk
[31]. H3F HHS- 19914 G4k} o]2o] TNM U] s a9} BHS-3)
o] C(NOp)s 9t Zato]l 2 Aol g8l ok 1A 73 SALo]
= gol& gijztate] Wk AT C(NO,); & AAIEHA o 773
SApo| = Fol2 gtz Favl YuErkE 4 ole 2ARE U

skar 9k
C(N02)4 + OH — C(N02)3- + NOs + H,O

HEE LS 200149 o] TNMe] atstol 23} wEgato] ol Atahet
Ao} obaA ol W BRAR RaE I gdrhl)

C(NOz)s + 4OH — CO, + 4NOs + 2H,O (20)

J“;Oﬂ TNM %! C(NOy); & 23 RhgakA] frh(RES- 21, ka
=10 M' s" W WS 22k = 14 x 10° M §).

C(NO,)s + O3 — products 21
C(NOy);" + O3 — products 22)

TebA TNME 0188 38 Ajo]= Bol Bl Ze 2% B
o AAE CINOy); W s A ghsh = g9 = A

st Fe5 A4
Hrk Aol olE 54 ¥ERT ESR 59 SV FEHE
Hlgl] ot "olx] mlsk EA]e)] o] &3 ]’7]‘:’"1_ AgtalA] okt
3719 FARE sldsty] el H FH|E(luminol, L)& ©]-8-8t
3}8h2] kg (chemiluminescent method)O] W= SATH39). —Hﬂ%
o183 AP B gol Hr]ke] HA el Wk 233 WhE- 2
off VFERAISITE 73 SAto| B ol efr]dd) Fu)Ehe] nkgo 4
3] 274191 ©37]9 3-aminophthalate (AP)7} 7144 ElZ 7bAA f
HEE 3RS A7) ASE HAESFOEN FHSA|E Fol g

Y

°
=

2 Az Aok ey Frls Aok o837 i SAlE &
o] etjZe] HAEL A 19 wkgrte] EAfsk= Zlo] ofyet v
&t ikg S A AEE RS wiiel FrlEE old%
HE S A o ARgHoof ditk 71, Fask Wl o
2 FulE ikeE Fal AEE

Sl Bl o] SEE Abs
AR OR p3i Sl & =

THakS- 23)[8].
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A7t Fulee Q714 23stelA] tslraeks wkeshAl #
CHRES 24)[76,77].
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