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Photochemistry of Nitrogen Dioxide in the Environment-Formation of
Glyoxals, Nitrophenols and Epoxides in Air
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Faculty of Pharmaceutical Sciences, Josai University, 1—1, Keyakidai,
Sakado, 350—02, Japan

Nitrogen dioxide is known to be an air pollutant inducing photochemical smog, in which
reactive species such as an oxygen atom O (®P), ozone and hydroxyl radical etc. could take part
in its appearance. Aromatic hydrocarbons released from automobiles into the troposphere
underwent a ring fission leading to glyoxals (a-diketones) and the hydroxyl-nitration of the ring
leading to nitrophenols under the circumstances. Their formation could be attributed to the action
of the above active species. Moreover, «-diketones or suspended particulates, one of air pollut-
_ants, caused the photo-epoxidation, for example, converting aldrin into the corresponding epox-

ide, dieldrin.

Keywords —— NO, ; oxygen atom O (®P) ; ozone ; hydroxyl radical ; «-diketone ; suspend-
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NO, NO+O(P) (1)

OCP)+0,+M—>0,+M(M=N,) (2)
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Tasie I. Classification of Air Pollutants

Major classes Subclasses Typical members of the subclasses
Inorganic Oxides of Nitric oxide, nitrogen dioxide
gases nitrogen :
- Oxides of sulfur Sulfur dioxide, sulfur trioxide
Oxides of carbon Carbon monoxide, carbon dioxide
Other inorganics Hydrogen sulfide, hydrogen
fluoride, ammonia, chlorine
Organic Hydrocarbons Methane, butane, octane, benzene
gases acetylene, ethylene, butadiene
Aldehydes and Formaldehyde, acetone
ketones
Other organics Chlorinated hydrocarbons, benzo-[«]-
pyrene, alcohols, organic acids
Particulates Solid Fume, dust, smoke; ash, carbon, lead,
particulates asbestos
Liquid Mist, spray; oil, grease, acids
particulates

—
air pollutant
P—

water pollutant

— .
soil pollutant
e.__

Fig.1 Translation of Environmental Pollutants
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Concentration of reaction products (ppm)
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Initial concentration of nitrogen dioxide

Fig.2. Glyoxals (a-Diketone) Obtained by Photochemical Reactions of Aromatic
Hydrocarbons with Nitrogen Dioxide in Air

Initial concentration of aromatic hydrocarbon : 1000 ppm

—-—-—: Glyoxal
——: Methylglyoxal

® : 1 h Irradiation
A : 3 h Irradiation
W : 5 h Irradiation
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hv (24<430nm)

1) NOe NO + O(®P)
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Biacetyl (Dimethylglyoxal)
H 9 S
———=> CHgC-CHO Methylglyox:
Hs ry . 3
3) | — > Similar Reaction
- \——> CHO-CHO  Glyoxal
Chart 1
PETE2FNCEBIDEEZLNE.® 2) FEROB#ELZELLVRE (1) =*t

Z ORI HE 21X, MG ERRICKED S
DTN A X — VD ERICOWT L B TRET
H5,

—7%, Atkinson b b, E—DRTORALEKIGIZ
Yo THBFROBBEFRWTH D a-P7 F (T
JAXY—N, AFAT) I XH—, ET TN
DEFF FT-IR N A7 b vk &2 By T
BLTWBY, ZOEBICKEET AN BEE L
TWB EHHLTWS, 19 F7, Gery 613, o-% ¥
Vb KEREET U v (BB O H» bR LN
724 D) DRIGH LRIBRIC a-P 7 P (7)) 4 %
HF—, XFNT)F XY —), ETEFN) 2%
LI, W X512, Dumdi HiF, Fovxz> & NOx &D
BAMDONIREC L 2 KEBES O A NDEKERET
a-PT MV (VA XY=, AFNT )X
H—) BBFLND EHEL TW3,

07z /)= NVEDER — BRPTOFEERRA
KFE L ZBIBREORERGIC L > T, FER
DR EL LT VERBLEL NS, FERRILK
FzrLT_r¥y, by, 722V %2
WwizflE Tablel iR L7z, Xy Erhpbid=r1tn
RPN EEEDE L TRLN, DV Tp-=tu
T/ —=NADERLN, ZORIBIE, BRELTX
/T 7THERSTOREEEZ A TLREERIC
EITT A2 LRI N D E e, Py RO
Tt AV LEERME L T2-2F)N-4-=
e 72/ —nVBRUQ10-7oF> AV X /00
rnEhELs Nz, e —%, Kb b bk
NO, & DHALERIE2MET L, Table IIIC/RT &
SIERWO—EE L=t 7z /—VE (=}
o7V —NH) 2B Tw5,1

EESHEREIN =t 7 /DS b, 9-

TapLe II. Products Obtained by Photochemical Reactions of Aromatic Hydrocarbons

with Nitrogen Dioxide in Air

Reactants Ratio of conversion Products (yield)®
Nitrobenzene (5.59%) 2, 6-Dinitrophenol (1.19%)
Benzene+NO,? 109 o-Nitrophenol  (2.99%) 2, 4-Dinitrophenol (1.3%)
p-Nitrophenol  (4.8%)
Benzaldehyde (0.82%) 2-Methyl-6-nitrophenol (0.34%)
Toluene+NQO,? 25% 0-Cresol (0.35%) 2-Methyl-4-nitrophenol (5.9%)
m-Nitrotoluene (0.69%) 3-Methyl-4-nitrophenol (1.2%)
9-Phenanthrol (ND)#
Phenanthrene+ NQO,® 8.0% 9-Hydroxy-10-nitrophenanthrene (1.3%)

9.10-Phenanthrenequinone (6.5%)

Benzene or toluene, 89.2 umol; NO,, 44.6 umol; irradiation time, 5 h.
Phenanthrene, 44.6 ymol ; NO,, 44.6 umol; irradiation time, 3 h.
Yields are based on the quantity of aromatic hydrocarbon converted.
ND: not detected.

a)
b)
c)
d)
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TasLe III. Relative Product Yield (cresols+nitrocresols=1.0) in the Photooxidation
of the NO,-Toluene-O,/N, System (total pressure="760 torr)

Initial NO; NOaeq 0, Benzaldehyde = Cresols Benzylnitrate m-Nitrotoluene Nitrocresols
(ppm) (ppm)  (Torr)
174 92 160 0.26 0.23 0.052 0.021 0.77
145 64 160 0.21 0.45 0.040 . 0.015 0.55
38 13 160 0.21 0.89 0.033 0.062 0.11
20 7 160 0.18 091 0.023 0.060 0.09
11 5 160 0.20 0.89 0.021 0.071 0.11
24 6 47 0.15 . 0.93 0.016 0.030 0.07
30 12 418 0.21. 0.84 0.018 0.043 0.16
30 23 760 0.24 0.68 0.017 0.045 0.32
TaBLe IV. Nitrophenols in Suspended Particulates
Day Particulate Nitrophenols (1zg/g particulate)
(mg/day) la 1b 1c 1d 2a 2b 3b Sa
1982 '
5/24—5/25 28.7 ND2 51 3.0 2.4 0.52 0.9 1.7 ND#
5/25—5/26 28.1 ND# 7.3 3.2 2.6 1.1 3.0 2.7 ND#
5/26—5/27 54.2 Tr® 42 3.7 4.5 2.7 18 4.2 ND#
5/27—5/28 67.0 3.9 10 5.8 12 0.75 4.0 1.2 ND?
5/28—5/29 62.7 34 8.0 9.2 6.0 0.67 2.6 035 =~ ND2
a) Not detected. b) Tr<0.55 ug/g particulate.

la, o-nitrophenol; 1b, p-nitrophenol;

le, 2,6-dinitrophenol ;

1d, 2,4-dinitrophenol; 2a, 2-methyl-6-nitrophenol; 2b, 2-methyl-4-nitrophenql;

3b, 3-methyl-4-nitrophenol ;

EFexsd10-=bu 72+ RV VICHWERE
MEEEDED SN2, o=t v 7/ — T
3RBD S NAh - 72,19 ‘
BEARRPTL=tu 7=/ —VESERL T
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T2 /=N (Ab) E2-2F b=} T2/
(2b) NFEREFOESER &, BIERIC BT 2 KE5
TMETHEAXL I b, —BILEER UV ERL
EXRBELOBOMBZFEANL LS, TableVic

5a, 9-hydroxy-10-nitrophenanthrene.

AT LI, To20D=tu7x /LB
L& & DEIcEm 1B (1b, ¥=0.972; 2b, y=
0.97) H@Bd> b2, /2, 200D=}tu7x /)—
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TasLe V. Contents of Nitrophenols (1b and 2b) and Concentrations
of Oxidants, NO and NO,

Day Nlt{gp henol (u géﬁlay) Oxidants (ppm)? NO (ppm)? NO (ppm)?
1982 Ave Ave Ave
5/24—5/25 0.147 0.055 0.0442 0.00675 0.0251
5/25—5/26 0.205 0.084 0.0287 0.00854 0.0270
5/26—5/27 2.278 0.976 0.0282 0.01338 0.0306
5/27—5/28 0.670 0.268 0.0528 0.00910 0.0332
5/28—5/29 0.503 0.163 0.0367 0.00860 0.0228

a) These data were supplied by the Government of Kanagawa Prefecture, Yokohama, Kanagawa.

TasLe VI?., Formation of Epoxides by Photochemical Reactions of
Olefinic Compounds with Nitrogen Dioxide in Air

Olefinic compound

Ratio of conversion

Product (yield)

trans-Stilbene 449%
Cyclohexene —9
4, 5-Dibromocyclohexene 519%
Aldrin 32%

trans-Stilbene oxide (23%)°
Cyclohexene oxide (519)?

4, 5-Dibromocyclohexene oxide (20%)°
Dieldrin (34%)

@) Olefinic compound, 44.6 ymol ; NO,, 44.6umol ; irradiation time, 1 h.

b) After 1 h irradiation, cyclohexene almost disappeared.

¢) Yields are based on the quantity of olefinic compound converted.
d) Yield is based on the quantity of olefinic compound used.
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TasLe VII Schemes for the Reactions of Arene Oxides or Phenols with Nitrogen
Dioxide in Air

) OH OH OH
0 NO-
NO= NO= ©/ +
| Z - - NO
2
1 Phenol la 1b
CHs CHa CHs CHs
NO- OH NO- @: OH _OH
—_— —_ +
J ©f 0. *oal0)
2 o-Cresol 2a 2b
CHa CHa CHs CHa CHs

N0 NO- NO: 0.
[ i : —_— + @ +
OH OH OH OH
02

NO-

m-Cresol 3a 3b 3c
. CHa o CHs
0 — Q

OH OH
p-Cresol da

/OH _NEE_, O OH

9-Phenanthrol 5a 5b

|

s
O
d?m

1a, o-nitrophenol ; 1b, p-nitrophenol ; 2a, 2-methyl-6-nitrophenol ;
2b, 2-methyl-4-nitrophenol ; 3a, 3-methyl-2-nitrophenol ;

3b, 3-methyl-4-nitrophenol ; 3c, 5-methyl-2-nitrophenol ;

4a, 4-methyl-2-nitrophenol ; 5a, 9-hydroxy-10-nitrophenanthrene ;
5b, 9,10-phenanthrenequinone

CHa CHs CHs
hy 0
Q) + N —— or >0
in air
2 3
J NO:
CHa CHs CHa
H (1P OH OH
—_——— +
NO: 0=N

o-cresol 2a b
Chart 2

T, ZBREEREIEBHEZLEL L LWT 72
=NV ERIGL T, Table VIIicRL72 &9 %=
e 7 /) —NVEZ2ERIEE = uibRETH
D, CHOZBERICEI=ufbiz=te= 4
44> (NO,*) ¢ RBIC7 = /—WVENEFEED

BOALE, ThbbKEBRECHLTANLMID B W
NN TERIRNICEZ 22 XML N TW
é. 17,36)

EZAT, JerinalZ b5y FIFEIZE 2
REBEWORIED b ERBEDIL 0- 71V — VT,
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PUbomBzd ez, Przrafle LT TRL
SBREDEXKFTORMEGIC LS =272
J—=NEDEREFEZ DL Chart2 D L ) ICEHT
&%, Tihbb, ZEBLERONE, LELE
ERENEBRZEFETFO (P) 13, Pz EREL,
FELTCLIAFNARVE X FPHLENTIX
FNR U AFXFLFELDL, ZTHOMVZ T XY
Flid LewisB@ TH 5 Bt ERICL->To-7 v
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ZZRPTOHAERGICE->T, =ba 72 /=)
By HEEFR= oty T 5 (Table
)., 2oz ki, =ru7z/—VEDEKICEE
L ¢, 5= o{bt&%H key material & L T/E
MY 5% pathway b BETE LW, FEHEE= b vibd
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TagLe VIII. Products Obtained by the

s

Yp(=buoxXr¥ry, og-=butizy, m=tnu
frrzo, p-=tubtrzr,9=tua7F AV
¥) DRBHTIEBITRGERDEFATASL
&,3%6a30 Taple VIIIIC/RT & H ICEBRFP THOXR
T, ML L TE2 LAY R0 = T vk
KERFEICEML L 727 =/ — VDR E iz, —H,
BRPTORBH T, =+ e 7=/ —NVEHDER
PHER I NI, BEBTOXEHICE-TiE, =}
o b VI ESEBEKBLEIN L) = te T
J—=NVERITER L v,

& Z AT, Hastings & Matsen [3= F a~X> &>
DEABFRICBIT 2 HALERET= ey E2r2s
—ruyRvErEp=tu7z /AR LN
52 ERL, ZDERKIT= X2 £ 25260 nm
DRI, BERRFL= oy XrErricsy
L, ZZTHRLNLBREETF=aXrEr
RiGLTp-=tra7=/—NC% b EHMBEL T
5.3 —7%, Kitaura & Matsuura i, 2,6-Y X 5L
bRy HLNVIE26-V7un fry
LI IIKEENH L= nErFO=t
N PUHEERDA Y TR LT L2 — LRIz BT
WAL L > T= vy o @FEkpo =
o ESKBEICELL 2T s S VESRL NS
ZERRL, ZNT7 2 /—)EHNERKIL, Chart 3
AT LI, = tuxrErFEERN=T v - FA
b A b ERA38039 [T HDC LB L TV 5,40

FHEODVBEL FEEE= it rbsn=1t
o7z /—)ENERKIE ik L 7z Hastings &

Photolysis of Aromatic Nitro Compounds

Material Ratio of conversion Product (yield)®
Nitrobenzene® 389% o-Nitrophenol (3.19%), p-Nitrophenol (4.6%)
Nitrobenzene? 25% Phenol (5.8%)
o-Nitrotoluene® 79% 2-Methyl-4-nitrophenol (7.5%)

2-Methyl-6-nitrophenol (6.1%)
o-Nitrotoluene® 71% 0-Cresol (8.5%)

‘ 3-Methy!l-2-nitrophenol (trace)

m-Nitrotoluene® 209% 3-Methyl-4-nitrophenol (4.6%)
3-Methyl-6-nitrophenol (trace)

m-Nitrotoluene? 18% m-Cresol (9.8%)

p-Nitrotoluene® 389% 4-Methyl-2-nitrophenol (6.1%)

p-Nitrotoluene? 20% p-Cresol (2.9%) o

9-Nitrophenanthrene® 8.1% 9-Hydroxy-10-nitrophenanthrene (0.79)

' 9. 10-Phenanthrenequinone (2.5%)
9-Nitrophenanthrene? 7.0% 9-Phenanthrol (2.2%)

a) Reacted in air. b) Reacted in nitrogen.

tively.

¢) Yields are based on the quantity of material converted, respec-
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Chart5 D L IZRENT B W F2KILdH bV
I e ZRLER & DR TOIALFE G & e
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CHa CHa ' CHa
nitro-nitrite Hz0
— —> N0 +
NO. rearrangement ONO OH
. . hv
m-nitrotoluene tolylnitrite m-cresol
NO + -OH

CHa CHa CHa

02

No: 0N NO-
+ + —
OH ~OH OH

NO.
3a 3b 3c

Chart 4
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CH,00:- CH:20- CHO
NQ 2:(N0) [jj +HO, (HNOx)
CHB CHz' 02/( +N02 2 X
@ +0H — @ +H0 CH; benzaldehyde
\\ OH
CH;s NO; H — +H.0
[j:FOH g NO: NO:
H H
\‘i‘ CH;s o m-nitrotoluene
+HO:
o-cresol
Chart 5

Tasre IX. Nitrophenol Formation Yields from the Gas-Phase Reactions of OH and
NO; Radicals with Phenol and the Cresols, in the Presence of NO,

Reaction with

Reactant Product OH NO.®
Phenol 2-Nitrophenol 0.067+0.015 0.251+0.051
0-Cresol 6-Methyl-2-nitrophenol 0.051+0.015 0.128+0.028
m-Cresol 3-Methyl-2-nitrophenol 0.016+0.010 0.168 +0.029

5-Methyl-2-nitrophenol 0.016+0.010? 0.196+0.036
p-Cresol 4-Methyl-2-nitrophenol 0.10 +£0.04° 0.74 +0.16

@) Indicated errors are 2 least-squares standard deviations combined with estimated overall uncertainties in the
GC-FID calibration factors for the reactants and products of +1094 each, unless indicated otherwise.
b) Interference on GC-FID analysis ; GC/MS analysis indicated a similar yield to 3-methyl-2-nitrophenol.

¢) See text.

NE2LRAFNA= b T ) —VDEREHERL,
5, INbLDEBICEL TIKERET 2 A LD
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5.0
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BoTwazids, 2R WERET 22
LITE T, M, KEF TR - Wb%RI6 %
WET LI L0MEETH L, 20BE LT, S
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VR, BWEBFTHR= P ulbtAWY h b=t
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BHE»EET 3B ERSIc W Tidh E D as
nTwiwn,

I Z TR EBER BESALER R X% L {bic B 53
ST DTS 28, BIRTHSIRE HMZ)] 1]
TERBFrOBRLECREL 238K ELHY, I
WAV 74 MG ELTT AR Y 28FL, %
BELTTANE) v OERERAN:, ZOE,
Table X I2R T & 9 HFNETT 4 V) > 5378
b, FERMEIC & - TR R X S ALh T
52 & BFERL 7250 WAL ERIGIC W 72 E

TasLe X?. Photochemical Epoxidation of Aldrin with Suspended Particulates in Air

Particulate

Run Day (mg/d)

Reactants

Ratio of conversion®  Product (yield)?

1993
19 1/21—1/22 30
29 3/ 3—3/4 60
39 4/ 6—4/7 47
49 4/12—4/13 46
59 4/19—4/20 55

Aldrin+1.7 mg particulate
Aldrin+3.4 mg particulate
Aldrin+2.4 mg particulate
Aldrin+2.3 mg particulate
Aldrin+2.8 mg particulate

39+1.8% Dieldrin (14+0.6%)
37+1.5% Dieldrin (17+0.7%)
30+1.3% Dieldrin ( 94£0.4%)
41+2.0% Dieldrin (21+0.9%)
22+1.1% Dieldrin (1440.7%)

Data reported represents the mean+S. D. of three experiments.

@) Aldrin, 44:6 ymol ; irradiation time, 5h.

b) Ratio of conversions are [the molar amounts of aldrin reacted/the molar amounts of aldrin used] x100:
¢) Yields are [the molar amounts of dieldrin formed/the molar amounts of aldrin used] x100.

d) Cellulose fiber filter.
e) Glass fiber filter.

NOx, hv
FHERRIUKSR

in air

—FEROMM (£ L Ta—-v5 h ViERY)

—BFBEROIMH (L LT raT ) —LERY)

Chart 6
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