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ABSTRACT

This report reviews and evaluates available
information pertinent to an assessment of benzene
contamination of the environment. Benzene losses
from commercial (production and use) and non~commercial
(autqmotive emissions and oil spills) sources are
considered. It is estimated that of the to%al
quaﬁtity that is released to the environment more than
half résults"from motor vehic;e emigaiona.”'ﬁopitor;ég
data somewhat support this contention. Available |
information on the environmental persistence of bengzene

suggests that it degrades slowly.
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I. INTRODUCTION

This report reviews and evaluates available infofmatioh that is
pertinent to an assessment of benzene contamination of the environment.
‘Physical and chemical properﬁies, monitoring dat;, and environmental fate
information are considered. In addition, the possible sources (both natural
and man-made) of benzene in.the en&ironment'are reviewed and quantitatively

compared.

II. CHEMICAL STRUCTURE AND PROPER:IES

"Benzene, C6H6, is a volatile, colorless, and f}ammable liquid aromatic
hydrocarbon, which possesses a very characteristic odor" (Ayers and Muder,
1964), The compound consists of a planar molecule with six carbon atoms

formed into a hexagon. Several chemical structure representations of benzene

have been suggested (e.g. the Kekule structures I and IT), but the most frequently

H

H l H
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C/\ﬁ/ |
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I H
"H

Kekule Ring A Abbreviated

Formula ' Kekule Formula |

I II III

used formula, which gives a more realistic picture of the structufe.of benzene,
is depictea by a hexagon with a circle in the middle (III). Each C-C and C-H
bond in benzene is 1.3§§ and 1.08% long, respectively.
Benzene possesses greater thermal stability than would normally be pre-
dicted from the Kekule formula (3 double and 3 single C-C bpnds). This difference

(36.0 kcal/mole) between the energy required for dehydrogenation of cyclohexane



to benzene and the energy normally required fof the formation of tﬁree double
bonds is attributed to the resonance energy of benzene. The resagance energy
is considered to be due to the interaction of the six m electromns which form
"doughnut" shaped electron orbitals above and below the piane of the ring.

A number of physical properties of‘benzene are listed in Tabie 1. |
The water solubility (1800 ppm) and volatilityA(Yapor pressure - _
100 mm Hg at 26°C) are important parameters to environmental considerations.

These parameters are temperature dependent and may be affected by various

environmental conditions. For example, McAuliffe (1963) has reviewed a number

Table I. Pfoperties of Benzene (Ayers & Muder, 1964)

Constant Value
£p, °C - 5.553
bp, °C - 80.100
density, at 25°C,g/ml - 0.8737
vapor pressure at 26.075°C,mm Hg 100
refractive index, 3>  1.49792
viscosity (absolute) at 20°C, cP 0.6468
surface tension at 25°C, dyn/cm 28.18
critical temp, °C 289.45
critical pressure, atm ' 48.6
critical density, g/ml : _ 0.300
flash point (closed cup), °C -11.1 .
ignition temp in air, °C _ 538
flammability limits in air, vol % : _ . 1.5-8.0
heat of fusion, kcal/mole 2.351

" heat of vaporization at 80.100°C, kcal/mole 8.090
heat of combustion at constant pressure and ' :
25°C (liquid CgHg to liquid H,0 and

gaseous CO,), kcal/g ‘ 9.999
solubility in water at 25°C, g/100 g water 0.180
solubility of water in benzene at 25°C, g/100

g benzene - 0.05




of reported values (1730-1790 ppm) for the solubility of benzene in water.
The variation is probably attributable to different teﬁperatures or the low
precision of the techniques. ~Both salting-in and salting-out (increase and
decrease in solubility) effects have been noted for benzene inlaqueous solu-~
tions (Giacomeili and Spinetti, 19725. Sutton and Calder (1974) have noted
a decrease in the solubility of higher molecular weight n-paraffins in salt
water compared to distilled water. A similar decrease occurs with the

water soluble fraction (inclﬁding benzene) of crude oils (Lee gg{él., 1974).
Thus the solubility of benzene in salt water 1s probably less than the

reported distilled water value.

The benzene product available commercially is extremely pure. The

specifications for the various commercial products are noted in Table II.

Table II. Physical Specifications of Commercial Benzene
(ASTM D835, 1973; ASTM D2359, 1974)

‘ ST - Refined
Industrial Grade Refined (Nitration Grade)
Distillation Range, \ .
760 mm ' Not more than Not more than Not more than
2°C including 80.1°C 1°C including 80.1°C 1°C including 80.1°C
Specific Gravity,
15.56/15/56° 0.875~0.886 - 0.8820~-0.8860 . 0.8820-0.8860
Thiophene S - : ' 1 ppm max -
Nonaromatics - ’ 0.15 percent max -




Gas chromatographic analysis has shown that no more than about 0.2% and usually
no more than 0.1% hydrocarbon impurities_(e.g. paraffinic, cycloparaffinic,

olefinic hydrocarbons and toluene) are found in commercial bénzene which has a
boiling range no greater than 1°C. 0;her impurities in the commefcial product

include traces of thiophene and carbon disulfide (Ayers and Muder, 1964).

III.  BENZENE CHEMISTRY
This section reviews chemical reactions which ére commercially or
environmentally important. Since the méjor commercial use of benzepe is as a
chemical 1ﬁtermediate, the number of commercial reactions is quite large.
A, Reactions Involved in Uses.

Benzene is an important building block for a number of high volume
chemicals including ethylbenzene (raw material for styrene);thQOI, dodecyl~
benzene (raw material for surfactants), nitrobenzene (raw material fpr aniline),
cyciohexane, chlorobenzene (raw mﬁterial for DDT), dichlorobenzeggs, gndlmale}c,‘u

" anhydride, Table III depicts the commercial ghemiéal fea;tiqns qu'the yields
and conditionslused to make the derivatives éf benzene. In aillcases, thesé
reéctions are carried out with catalysté, strong acids, or-elevated“temperatures‘
and/or pressures and, theréfore, are not likely environmental pfécessea.

B. Hydrolysis

The benzene ring does not react with water or hydfoxyl ions (OH-)
unless it is substituted witﬁ a sufficient number of powerful electfonegafive
groups,' For example, nitrobenzene reacts with strong sodium hydro;;de to give
o-nitrophenol (Ayers and Muder, 1964). Thus hydrolysis of benzene, which con-
tains no electronegative substituénts, is an extreﬁely slow process.-which occurs

only at elevated temperatures and préssures. For example, phenol has been formed



Table III Commercially Important Reactions of Benzene*

(Ayers and Muder, 1964; Erskine, 1972)

()

H

Major ;| Uses
‘ - | DU N
31, CH, = CH, CHy=CH = CH, Catalytic NO_+
y J CH,CH = CH idation 3 H,S0 1
CHy etramer oxigatio H,S0, 2774 2
/ H COH '
CH2CH3 CH 2
o N . .
_ . CHy C oy, Q No, @ SOH c1 -
(100%) 97%) (88%)
. (80%) ) COZH ) Causti d
(57%) u ¢ soda Hydro
lysis
reduction fusion y y
() O
NH
2 (82%)
(93%)
Minor Uses
0 I ]
8230‘ :
\o +ALCL, Heat . 2 GHyCH = CH,
‘ HZSOA Cl2 . ) catalysis l
. SO H
. il _ 3 CH, , o
4 Nz ~ >3 (o)<
" Gy CH
cl Cl
Caustic Soda
U / Pusion
Cl Cl
o

* Numbers in parenthesis indicate yields based on benzene starting

HO

material.
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as a product of autoclave heating of benzene with 20% NaOH at 300-400°C ;

with oxides of vanadium (Ayers and Mude:,’1964). Commercially, benzene is
hydrolyzed to phenél by first placing a good leaving group on the;ringv {
(e.g. - C1). | | 33% i
C. Oxidation -
Benzene can be oxidized to a number of different products, but
usually'cétalysts and/or elevated temperatures and pressures are necessary.
For instance, benzene is not affected by ordinary oxidizing agents (e.g.,
permanganate or chromic acid) until rigorous conditions are realized, in
which case, complete oxidation to Qater and carbon oxides occufs: Com~
mercially, benzene is catalytically oxidized to maleic anhydride and other
by-products using air or oxygen at elevated temperatures with vanadium oxide
catalyst. Both benzoquinone and phenol have been isblatgd from benzene
that has been exposed to air and elevéted temperaturés (410—800°§) without
catalysts.
Boocock and Cvetanovic (1961) have studied the reaction of oxygen

atoms, produced by mercury photosensitized decomposition of nitrous oxide,
with benzéne. They teporteé the formation of a "non-volatile material
proﬁably,largely aldehydic in character” as well as smaller amounts of phenol
and carbon monoxide.

| Smith and Norman.(1963) examined the oxidation of benzene and toluene
with,Fentpn's'reagent.(Fe++ and H202). Tﬁe suggested reéctive species is the

hydroxyl radical and the resulting products from benzene are phenol and biphenyl

(dimerization).



D. Photochemistry
As can be seen in Figure 1, benzene does not absorb light directly

in appreciable amounts at wavelengths longer than 280 nm (28001) when  dissolved
in cyclohexane. However, slight shifts in wavelength absorption might be
expected in more representative environmeﬁtal media (e.g., in water or
adsorbed on particulate matter). For example, Chien (1965) measured the ultra-
violet absorption spectra of liquid benzene unde; 1 atm. of oxygen (see Figure 2).
In contrast, benzene vapor in air only absorbs light at 275 nm or less (Noyes
et al., 1966). Since thé ozone layer in the upper atmosphere effectively filters
out wavelengths of light less than 290 nm, direct excitatiop of benzene in the
environment is unlikely unless a substantial wavelength'shift is caused by the
media. However, in water or soil, indirect excitation may be possible due to
the presence of sensitizers. Several investigators have studied the photolysis

of benzene with <290 nm light and these étudies will be briefly reviewed.

h in th; vapor

Benzene has been photoz;zed with 4590 nm light bot
phase and in oxygenated aqueous solution. Luria and Stein (1970) exposed an
oxygenated aqueous solution of benzene to 253.7 nm light and reported the
formation of 2-formyl-4H-pyran (I). However, with convincing spectra data

and synthesis, Kaplan et al. (1971) have identified tge photoproduct as

~ oo
. hv ' CH
+ o, — U m
hv 0
® o = Do

cyclopentadiene-carboxaldehyde (II). Jackson and co-workers (1967) photolyzed
benzene vapor (10 Torr) at 147 nm after the benzene was first degassed under

vacuum. Gaseous products formed in the reaction included acetylene, ethylene,
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Ultraviolet absorption spectra

(1-cm. path length, 1 atm. of

oxygen) of: (1) 2,2-dimethylbutane;

(2) 2-methylpentane; (3) 2,3-
dimethylbutane; (4) n-heptane, 2,2,4~
trimethylpentane (isooctane) and 2,4~
dimethylpentane; (5) 2,3-dimethylpentane;
(6) cyclohexane and methylcyclohexane;:

(7) octene-l; (8) chlorobenzene; (9).
cyclohexene and cyclooctene; (10) benzéne;,
(11) cuemen and toluene. (Chien, 1965).
Reprinted with permission from Y

J. Phys. Chem., 69, 12, 4317-25.
Copyright by the American Chemical Society.



methylacetylene, vinylacetylene, and butene. However, the major product 'is
a polymeric material. Irina and Kurien (1973) photolyzed bengene vapor in
the presence of oxygen with 253.7 nm light. -They 1solated:mucondiaidehyde
(HCOCH=CHCH=CHCHO) when organic solvents nere used as trapping agents; phenol
was isolated with water in the trap. ,Matsuura and Omura (1974) have reviewed

several studies where atomic oxygen photochemically generated from various

sources reacted with benzene to form pheno ‘tomic oxygen is- generated from the

photodecomposition of nitrogen dioxide, Whlch is frequently found in high con-

centrations in heav1ly polluted air (Alt' er and Bufalini 1971)

Because benzene is frequé tly?d‘ ted in heavily pollucedjair
samples, it has been photoiyzed underksimulaged_smog conditions. Although

reaction conditions have varied considerably from researcher to researcher

(all use >290 nm light), benzene has been chiracterized as one ofzﬁheuleast

reactive hydrocarbons (in terms of hydroearoon loss) along with acetylene
and paraffinic hydrocarbons (Altshuller and Bufalini, 1971); However, some

reaction does occur. Laity et al aported that benzene disappeared

..\.

in a steel photochemical smog chamber 30/ sl Wer than toluene.A Similar

results were reported by Stephens~(1973). /He irradiated an ambient air sample

for 4 hours with both artificial and natural sunlight and found a decrease of
benzene coneentration to 7 ppb from an inf%ial concentration of 8 ppb. Heuss

and Glasson (1968) aleo found a low reactirity for benzene oerh in terms of

eye irritation and rate of nitrogen dioxide formation (important step in the
formation of photochenical smog). In most cases, these seudies were run for

a relatively shortbperiod of time.(mattertof hours) and, thereforé, the long—terml5
stability of benzene under‘atmospheric conditions is unknown. However, it has

been demonstrated that under smog conditions,‘benzene is not completely inert.

9



IV.  ENVIRONMENTAL EXPOSURE FACTORS AND MONITORING
A. Benzene Contaminatién from Commercial Sources
Benzene 1is produced in huge quantities in the United States. Over ten
billion 1bs, were produced in 1973 (U.S; Tariff Commission, 1974). 1In:1970,
benzene was the second largest primary drgahic compound in terms gf production
and production value (ethylene first) (SRI, 1971). For the most part, benzene
is used fdr'synthesis of other raw materials for thé coﬁmercial o;ganiq chemical
industry (see Figﬁre 3); Quantities of benzenes consumed in pro%ucing the major
by—produéts,fbr the period 1961-1971 are tabulated in Table IV, |
The amount of benzene released to the eﬁvironment.duriﬂg production,
storage, transport, and raw material uses is unknown. Hoﬁever, épme estimates
can be suggested.
1. - Production
Benzene can be derived from coal or petroleum, bug the majority
(88%) 1is now. produced from petroleum sources. Only small amounts of benzene
are present in crude oil so reforming is usually necessary. Three gallons of

crude 1ight oil (55-70% benzene) are generated for each.ton~of,coal carbonized

;
to coke and this light o0il is the major source of coal benzene. ,Table V lists
the benzene-capacitie§, geographical location.and name of the large commercial
petroleum- déerived benzene pro&ucers-as~of January-l,.l972. Table VI presents
the;benzene capacity derived from coke production. Figurezdvdepicté the geo-
graphic -distribution of the production plants (Erskine, 1972). 'fécm-the map in
;igsissippi

o

Jespecially

Figure 4, it canrbe seen that a few plants are located.aIOQg,thé
. i

. ) ,'é-
River; but the vast majority are located along the. Gulf of Megg

along the Texas coast. :
' ' Y
Benzene is usually stored in steel tanks and shipjpéd’ in railroad

o T g EN . : .

tank cars, tank trucks; 55-gal. returnable and single-trip metil ‘drums, and

L
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- Table IV. Benzene Consumption (millions of pounds)
' (Erskine, 1972)
' . Other
Cyclo- Detergent Dichloro- Ethyl- Maleic Non-fuel
Year Aniline hexane DDT Alkylate benzene benzene Anhydride Phenol Uses Total
1961 110 406 125 195 70. 1489 109 . 757 520 3780
1962 123 477 122 221 85 1587 110 795 299 3820
1963 139 604 131 202 87 1703 111 890 498 4365
1964 152 851 90 224 | 80 2057 155 1083 147 4843
1965 . 175 -1162 103 250 67 2415 179 1207 . 375 5930
1966 214 1349 103 286 73 2653 -237 1325 272 6511
1967 . 202 1332 76 273 73 2695 235 1345 331 6562
1968 236 .1586 101 303 86 3066 254 1526 -15 7136
1969 299 1710 90 298 76 3894 281 1712 412 8775
1970 357 1363 43 317 85 3770_ 301 1803 544 8584
1971 297 1311 43 323 9 3709 325 1610 676 8385
% of Total 3.5 15.6 0.5 1.1 44.2 3.9 8.1 100

(1971)

3'9

19.2




Table V Petroleum Based Benzene Production Plant Location
and Capacity (Erskine, 1972)
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Company Location Benzene
gacity
(10° 1bs.)
Allied Chemical Winnie, Texas 37
Amerada Hess Corp. St. Croix, Virgin Islands 169
American Petrofina, Inc. Big Spring, Texas 220
Ashland 011, Inc. Ashland, Kentucky 441
Tonawanda, New York 184
Atlantic Richfield Co. Houston, Texas . 323
Wilmington, California 118
Atlantic Richfield-Union 01l Nederland, Texas 132
Charter International 0il Co. Houston, Texas 59
Cities Service Co., Inc. Lake Charles, Louisiana 184
Coastal States Gas Prod. Co. Corpus Christi, Texas 73
Commonwealth Oil Refining Co. Penuelas, Puerto Rico 1176
Crown Central Petroleum Corp. " Houston, Texas 37
Dow Chemical Co. ‘ Bay City, Michigan 220
Freeport, Texas . 294
- Gulf 0il Corporation Alliance, Louisiana . (514)
Philadelphia, Pa. 242
. Port Arthur, Texas 279
Marathon 0il Co. Detroit, Michigan 44
Texas City, Texas 44
Mobil 0il Corp. Beaumont, Texas 440.
Monsanto Co. Alvin, Texas 551
Pennzoil United, Inc. Shreveport, Loulsiana 88
Phillips Petrol. Co. Sweeny, Texas 162
: Guayama, Puerto Rico 808
Shell 0il Co. Deer Park, Texas 478
. Odessa, Texas 37
. Wilmington, California 147
Wood River, Illinois 294
Skelly Oil Company El Dorado, Kansas 88
Southwestern 0il & Ref. Co. Corpus Christi, Texas 59
Standard 011 Co. of Calif. E1l Segundo, Calif. 110
Standard 0il Co. (Ind.) Texas City, Texas 625
Standard 0il Co. (N.J.) Baton Rouge, Louisiana - 441
Baytown, Texas 441
Standard 0il Co. (Ohio) '~ Port Arthur, Texas 110
Sun 0il Co. Marcus Hook, Pa. 110
: Corpus Christi, Texas 110
Tulsa, Oklahoma - 88
Tenneco, Inc. Chalmette, Louisiana 110
Texaco, Inc. Port Arthur, Texas 331
. ' Westville, N.J. 257
Union Carbide Corp. Taft, Loulsiana 367
Union 0il Co. of Calif. Lemont, I1l. 220
Union Pacific Corp. Corpus Christi, Texas 66 .
Total Jan. 1, 1972 10,817
Future Total (11,332)
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Table VI Coke-Oven Operators Producing )
Coal-Derived Benzene (Erskine, 1972)°

‘Benzene Capacity

Company Location ; :
January 1, 1972
~ (10° 1bs.)

Armco Steel Corp. Middletown, Ohio 18.4
' Houston, Texas 6.6
Bethlehem Steel Corp. Bethlehem, Pa. 41.9
Lackawanna, New York 55.1

Sparrows Point, Maryland . 110.2

Cc.F. & I. Steel Corp. Pueblo, Col. . 22.0
Interlake, Inc. Toledo, Ohio 13.2
Ling-Temco-Vought, Inc. Aliquippa, Pa. 73.5
Mead Corporation Chattanooga, Tenn. 1.5
’ Woodward, Ala. 10.3

Northwest Industries, Inc. Lone Star, Texas 10.3
Republic Steel Corp. Cleveland, Ohio 48.5
Gladsden, Ala. 8.8

Youngstown, Ohio 26.5

U.S. Steel Corp. Clairton, Pa. 294.7
Geneva, Utah 29.4

Total 778.3

14



Also,
2 plants-Puerto Rico
1 plant-Virgin Island:

Figure 4 Geographical Location of Benzene Production Plants

Derived from petroleum
* Derived from coal




barges. Because benzene is fairly volétile, it 1s likely that some release
to the environment takes place during production, storage and transpdft. Although !
the quantity is unknown, it seems reasonable to assume that no more than 1% of the

total production is lost in:commercial production, storage and trénsport, especiglly

because of the economic incentives to reduce losses. TIhis loss WQUId amount to

approximately 80 miilion pounds in 1971 centered in relatively spgcific

-

geographical areas.

. ‘~ ) |
2. Losses from Commercial Uses , [

As Figure 3 and Table IV demonstrate, thg major commercial appli-
cation of benzene ié as a raw material for by—pfoduct synthesis. . The efficiencles
of these synthetic processes vary from approximately 1007 yield (;eduction of
bénzene to cyclohexane) to a low yield of 57% (oxidation'of‘benzepe to maleic
anhydride) (Erskine, 1972). 1If one assumes th;t the difference between 1007 yield
and the reported yield (Erskine, 1972) is the amount of'benzene potentially lost
to the environment, the upper limit calculatioﬁ in Iable VII is possible. of
course these losses are much higher than is actually the case'sinFe gsome of
the benzene is probably recycled or converted to a by-product -and losses dué
to secondafy synthetic steps are not. excluded from the calculatiqn. The "other
non-fuel uses" include Eonsumption for-synthésis of anthraquinone, benzene
hexachlbride, chlorobenzene (other than for DDT, aniline, and phgnol), diphenyl,
nitrobenzene (other than for aniline), cumene (other than for phenol), and
ethylbenzene (other than for styrene). Only extreme small amounts of benzene
are used for solvenf purposes. The quaﬁtity in this other non-fuel tategory
is determined'ﬁy difference (Erskine, 1972) and the losses vary depeﬁding
upon the processes. Thus no loss calculation was made. However, this
category only amounts to 8% of the total benzene consumption, at_leaét in 1971
(in some years this figure 1s a minus number because it is determined by

difference ~- see Table IV).

16 ) - ;,‘ .



Table VII Upper Limit of the Amount of Benzene
Lost from By-Product Manufacturing
Facilities (10% 1bs.) 1n 1971

‘ 100% minus Amount of Benzene
By-Product Benzene Consumption % Yield * Unaccounted for
% of Total

'Ethylbenzene 3709 44 3 111
Phenol 1610 19 18 ' 290
Cyclohexane 1311 15 0 0
Maleic Anhydride 325 4 43 140
Detergent Alkylate 323 4 20 65
Aniline 297 3 7 21
Dichlorobenzene 94 1 15 l 14
DT ' 43 1 40 17

Other Nonfuel Uses 676 8 -- ==

| 658

* The yields used are for overall ylelds to the various by-pfoducts. Some of these
processes (e.g., phenol) are more than one step and, therefore, the losses may be
not only benzene but also the intermediate compounds (e.g., chlorobenzene or cumene

with phenol production).

17
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As with production, the losses during éynthésis ofiby-products
aré not evenly distributed geographically. Table VIII 1lists the major by-
product producers along with the product manufactured, the capaciéy of the plants
in terms of benzene required, and the geographical location. The;latter is also
depicted in Figure 5. The locations markéd by an astériék in Tdy}e IX indicate
sites where the b&—pfoduct producer also has a benzene production plant. In those
instances where the by-product producer and bengene manufacturer arellocated in the
same city, the possible losses due to transport are considerably(}owerh By compar-
ing Figure 4 with Figure 5, it appears ;hatlthe by-products are qanufactured some -
what more in the northeast (clqser to the.market) while the benzéne feed stock is
produced closgr tg the source of petroleum. Thﬁs, if large losses occur during
transport, benzene contamination would occur somewhere between t?e southwest and
tﬁe northeast, along the transporéation routes. Lippian (1973) has considered

collision losses when benzene is transported in tank cars (1.52 gollisions/lO6

miles) but the quantity released in this fashion is‘unknown,' .

B. Benzene Contamingtion from Non-Commercial Sources -;

There are two important sources of benzene contamination which are not
the result of commercial production'and use of benzene: (1) oil spills, and
(2) motor vehicle emissions. It has been estimated that the total oil influx into
the ocean from rputige discharges from tankers, accidents in port and on the high
éeas'in exploration and production, in storage, in pipeline breaks, from spent
lubricants, from incompletely:burned fuels, And from untreated industrial and
domestic sewage is between 11 - 12,000 million pounds per year (Blumef et al.,
1971). The benzene content in crude oil varies from 0.001% to 0.4% (Green and :
Morrell,ll953). If an average ﬁercentage of 0.2% by weight of"bgnzéne in crude
oill is assumed, Q simple calculation shggestéithat.between 22;;;24 million pounds

of benzene is annually released into the environment with spiiléd oil.

[
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Table VIII. By-Product Manufacturing Plants

(Erskine, 1972)

_ Product (Benzene required 106-Lbs.)
Company Location Aniline Cumene | Cyclohexane ]DetergentfEthyl- Maleic
Alkylate |benzene JAnhydride Phenol
Allied Chem. Corp. Moundsville, W.V. 35.9 27.9
American Cyanamid Co. Bound Brook, N.J. 53.8
Willon Island, W.V. 358.6
*
American Petrofina, Inc. Big Spring, Texas 46.7 68.1
- *
Ashland 011, Inc. Ashland, Kentucky 222.67
Baychem Corp. New Martinsville, W.V. 89.7
Clark 011 & Refining Co. Blue Island, Ill. 74.2
. *
Coastal States Gas Prod. Co. Corpus Christi, Texas 103.9
Continental 0il Co. Baltimore, Maryland 79.4
Cos-Mar, Inc. ‘Carville, Louisiana 503.4
*
Dow Chemical Co. Preeport, Texas 567.7
Midland, Mich. 7.42 264.9 236.6
E.1. DuPont de Nemours Beaumont, Texas 179.3
Gibbstowm, R.J. 121.0
El Paso Natural Gas Co. .Odessa, Texas 208.1
Pirst Mississippi Corp. k é;éggoula, Miss. 62.8 N )
" PN , ¥
Gulf 011 Corp. Donaldsonville, Ga. g 427.7
Philadelphia, Pa.* 259.8
Port Arthur, Texas*® 334.0 200.6
Koppers Co., Inc: ‘Bridgeville, Pa. 47.5
: et - . ;
"} Texas City, Texas* 155.9 )
Alvin, Texask 475.0 89.3 1067.7
. . 'St. Louts, Missourt B 146.6
. o .‘ - ¥ - I
Petro-Tex Chem.- Corp. “ . | Houston, Texas 69.8
Phillips Petroleum Co Sweeny. Texas * 200.6
Guagana, P.R. * 331.3

(continued)
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' Table VIII.(continued)

* Location where the by-product producer has a
benzene production plant at the same site.

Relchhold Chemicals, Inc. Elizabeth, N.J. 1.9
: Morris, I11. ' 83.8
Tuscaloosa, Ala. 151.0
Rubicon Chemicals, Inc. Geismar, La. 46.6
Shell & Common. Chem., Inc. Penuelas, P.R. 181.9
Shell 01l Co. Deer Park, Texas * “s9.8 | - -
Torrance, Calif. 196.8
Sinclair-Koppers Co. Port Arthur, Texas ~ 408.8
Skelly 011 Co. El Dorado, Kansas * 59.4
Standard 0il Co. (Calif.) El Segundo, Calif. * 74.2
Richmond, Calif. - 79.4
Standard 011 Co. (Ind.) Texas City, Texas * 32.1 681.3
Standard 0il Co. (N.Y.) Baytown, Texas * 252.7
Standard 011 Co. (Ohio) Port Arthur, Texas * 23.8
Sun 011 Co. Corpus Christi, Texas * 185.6 70.4
Tenneco Inc. Forda, N.J. 30.7
Texaco Inc. Port Arthur, Texas * . 242.7
Westville, N.J. * 103.9
Union Carbide Corp. Institute, W.V. 59.5
Seadrift, Texas 257.4
Ponce, P.R. 361.51
Union 01l Co. of Calif. Nederland, Texas 200.6
Union Pacific Corp. Corpus Christi, Texas * B84.0
U.S. Steel Corp. Beville Islend, Pai - - . - 55.9
. - . < o -]
Witco Chem. Co., Inc. Wilmfngton, Calif. - L ’ 15.9
Totals, Jaauary 1, 1972 845.6 i493.9 1731.1 347.2 5338.8 504.0 387.7
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Geographical Location of Benzene By-Product
Manufacturing Plants
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Releases of benzene in motor vehicle emissions are s6mewhdt“ﬂore

J '

"..w
,u<

difficult to estimate. Both evaporation of the fuel and benzene emiagions

(about ,55% of the total hydrocarbon emission) (Council on Envirbnhan&fQuality,
1973). Benzene is found in varying amounts in gasoline (regulgr 1f3§%fby wt.,
premium 0.81%, API*fuel 0.12%; Sanders and Maynard, 1968). “When the gasoline
evaporates, the relative proportion of benzene may increase or degreaée depending
upon the volatility of all the éasoline components (benzene is one of “the more
volatile components of~gasoline; Mair, 1964). However, if it is 9§sumed that
benzene is 1% of'tﬁe gasolinefvapors and gasoline vapors are 20% of the total
-annual ‘motor vehicle emissions (29,400 x 106 1bs. x .20 = 5,880 x 106 1bs.),

the total annual (1971) emission of benzene from- gasoline evaporation is 58.8
million pounds. ‘'Benzene consists of 2.15% by volume of the hydrocarbon gmissions
from a reciprocating enginé'(Schofield,A1974). On a weight basis, the percentage
would amount to approximately AZ, since . the lower molecular weight hyd;OCarbons
(methane, acetylené, etﬁylene)'make up more than 50% of the hydrocarbon emissions.
Thus, the annual benzene emissions from motor vehicle exhausté would “amount to
.approximately 940 million pounds in 1971. The total benzene motor vehicle
emissions in 1971 would be approximately l;OOO“ﬁiliion pounds and would be

geographically distributed very similar to-population.

*American Petroleum Institute
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Table IX summarizes benzene emissions from both commef“

and use and non~production sources. These sourceawarg.paobablyﬂ:;p;gajor{pources,
T, N N . W:P" ‘.'vl,@.. f,;. v ‘ .
of the hydro-

but other sources may be significant. For example, the other 45%

S .
carbon emission from non~transportation sources may contain considérable amounts

of benzene, especially fossil fuel combustion processes (e.g., ﬁoWér plant). The

quantities involved are unknown.

Table IX Comparisons of Benzene Emissions for 1971

Source Geographic Location Quantity
10° 1bs.)
Commercial benzene Mostly the Southwest ~80
production, storage (assumed 1% of
and transport S total production)
' Commercial benzene Southwest and Northeast , 658
use , (upper limit based
on reaction yields)
0il Spills Oceans and Rivers 22-24
Motor Vehicle Similar to Population . 1,000
Emissions Distribution '

C. Environmental ﬁonitoring and Analysis
1. Analysis Techniques
Techiques for determining benzene in air, water and blood have
been reported. Usually some type of preconcenttation.step is required when
measuring low concentrationé, but a number of researchers have used direct
analysis. For example, Bradley and.co§orkers (Bradley and Franzel, 1970;
Bradley et al., 1972) used laser Raman Spectroscopy for detection and identi-

fication of benzene down to approximately 20 ppm in water. The technique has
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the advantage of no sample work-up and'if can be used in the fiequ However,
because of its low sensitivity, application is probably limited to monitoring
high concentrationlefflgenﬁs. . ' R 1

Harris et al. (1974)‘have investigated the pbtentiﬁl fon:a direct,
aqueous injectidn technique using combined ‘gas chromatoéraphy-mass spectrometry
(GC-MS). Although benzene was not 6ne oflthe éompounds examined,jthe technique
is generally good to between 1-50 mg/% (ppm) of water, which is ngt sufficient for
relatively clean water.

Bramer et al. (1966) devised a continuous floﬁ instrument for
determining relative amounts of trace organics in chemical plaﬂt effluents
based upon the ultraviolet (UV) absorption of the aqueous solution. A mercury
discharge lamp (mostly 253.7 nm) was used as the light source. Tpe method was
sensitive to 50 ppb benzene, but since many other compounds besiqgs benzene
absorb UV light, the method ié not specific for benzene. | :

In order to study animals subjected to 5000 ppm bepzeng, Fati
(1§69).used a technique which required the injection of 1 u& of blood direqtly
into a gas chromatograph. Concentrations of 0.03 mg/1000 ml (ppm) of blood
could be detected.’ . |

Direc; analysis of air samples has also been used by Altshuller
and coworkers (Altshuller and Clemons, 1962; Altshuller and Bellar, 1963), They
used a direct injection (3 ml air sample) technique with gas chromatography to
analyze benzene in ambient air sampieé and in'synthetic photochemical ''smogs".
The flame‘ionization (F1) detector used with the gas éhroﬁatograph was sensitive
enough for detection offindividﬁal gromatic hydrocarbons in the 0.05 - 1 ppm

range in synthetic smogs (Altshuller and Clemons, 1962) and in the 0,005 to 4 ppm

range in ambient air samples (Altshuller and Bellar, 1963).
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Preconcentration or‘extraction techniques used for detecting
low concentrationo of benzene in air or water samples have varied considerably
as is ooted in Table X. Both liquids and solids have been used as adsorbents
for concentrating the sample. The increased sensitivity derived from this
approach 1s accompanied by greater work-up and handling times. ;Since handling of
the sample increases the potential for losses, Wasik and Tsang (1970) have suggested
the addition of predeuterated benzone before processing of the sample. By measuring
the deuterated to undeuterated ratio ofter concentration, an accurate concentration
of benzene in the sample can be determineo. This technique has not been used in
any of the preconcentration techniques.

For water samples, the most sensitive technique for benzene is
the inort gas stripping method of Novak et al. (1973). In fact, the method was
so sensitive that benzene and chloroform were found in relatively pure drinking
water (benzene ~10—4 mg/2). The authors suspect, and have some proof that the
compounds are adsorbed from the 1aborotory atmosphere (chloroform is adsorbed
from the laboratory atmosphere to concentrations of several ppm in water within
1 hr.) (Novak et al., 1973). This emphasizes the need for careful handling of
the sample during manipulatioh in order to prevent contamination. The carbon-
chloroform extract procedure used by Gordon and Goodley (1971), U.S. EPA (1972),
and Friloux (1971) is a common procedure for isolating onough material for
qualitative determinations. However, the procedure provides only approximate
quantitative information becauée the adsorption and desorpfion efficiencies
are usually not detormined., For quantitatiﬁe information, the efficiencies
of adsorption on the carbon; losses during drying of the carbon,-efficiency
of the chloroform extraction, and losses during solvent reduction would have
to be determined. | |

Both silica gel,and activated charcoal have been used as room
temperature adsorbents of benzene in air samples. With oilica~gel, a prefilter

of molecular sieves is commonly used to remove the water vapor. Whitman and

25 ‘ » ,A. '¢.‘



Table X.

Preconcentration Techniques for Analysis

of Benzene in Air and Water Samples

Qualitative and

Type of Quantitative
Reference Sample Adsorbent Solvent Technique# Limits of Detection
Zarrella et al. (1967) Subsurface -- Igooctane extraction |U.V. absorption }~0,01 ppm’
brines Aqueous injection G.C. 1~0.01 ppm
Novak et al. (1973) Water - Organic solvent extr. |G.C. 10.1 mg/2
Inert gas stripping G.C.-FI, G.C.-MS |0.1 ppb
Gordon and Goodley (1971) Water Diethyl ether, chloro-]G.C.
form, hexane extr,
Carbon filter Chloroform or alcohol |G.C.-MS
U.S. EPA (1972) Drinking Activated carbon Chloroform preparat. G.C., {ppm-ppb range (not
Friloux {(1971) water ' then IR; G.C.-MS |quantitative)
U.S. EPA (1974) Drinking Activated carbon Chloroform
water (New | XAD resin Ethyl ether G.C., G.C.-Ms .
Orleans) Liquid-Liquid extr. Tetralin G.C., G.C.-MS ppPb range
Inert gas stripping Direct inject. |
(trap on G.C. column) into G.C.,
G.C.-MS -
Dambrauskas and Cook Alr Methanol'(with dry Methanol uv Jaccuracy below 10 ppm
(1963) ice) "poor"
Bencze (1965) Atlr Silica gel n-Heptane U.V. (not
specific)
' 3
Whitman and Johnston (1964)[Air Silica gel molecular |iso-Propyl benzene G.C. | detected 7-8 mg/m
sieve prefilter
Sherwood (1971) Alr Silica gel (personal |Ethanol G.C. pPpm fange
air sampler)
Eikins et al. (1962) | atr Silica gel 1iso-Propyl alcohol U.v. (not 2-40 ppm
and several other specific)
solvents
Koljkowsky (1969) {Alr Silica gel -— Indicator tube [sensitivity-G.005 ng/2
(cerium sulphate)|accuracy $15%
- not specific
Cooper et al. (1971) i adr Charcoal Organic solvent G.C., G.C.-MS 20 ppm (102 sample)
Ash and Lynch (1971) ‘| Alr Charcoal Carbon disulfide G.C.~FI 20 ppm
White et al. (1970) Afr Charcoal Jcarbon disulfide G.C.-F1 ‘|used down to 12 ppm
Grob and Grob (1971) ‘| Adr Charcoal Carbon disulfide G.C.-MS 50 ppb
Neligan et al. (1965) Alr Firebrick (cold trap) - rapid heating 1 ppb + 252
- into G.C.~FI - .
Lonnemat: Ei-El' (1968) Alr Glass bead (cold - rapid heating 1 ppb
trap) into G.C.~FI
Williams (1965) Alr G.C. packing (cold - rapid heating <10 ppd
trap) into G.C.-EC,
G.C.-FI i
Selucky ec al. (1967) Alrx G.C. packing (cold - rapid heating /
- - trap) into G.C.-FI o
Pilar and Graydon (1973) Alr “G.C. packing (cold - rapid heating 16.3 £ 2.5 ppd
: trap) into G.C.-FI L . ‘
Stephens (1973) Alr G.C. packing (cold - rapid heating \ 0.1-0.2 ppb (100 ml

trap)

into G.C.~FI

i

sam_;lp)

*Ultraviolet spectrometry (U.V.); gas chromatogr

mass spectrometry (MS).
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Johnston (1964) have demonstrated that water vapor can have a drastic effect
on benzene adsorption on silicé gel. This problem is elimiﬁated when activated
charcoal adsorbent is used since the affinity of water for activated charcoal
(or carbon) 1s very low. Thus, in moist atmospheres, activated charcoal has
been recommended for sampling compounds that are weakly adsorbed on silica

gel (Buchwald, 1965).

Cold trab concentration of benzene from air samples followed by
direct injection into a gas_chromatograph appears to be the most sensitive
technique. However, the procedure has the disadvantage that the analyst has
only one sample with which.to work. In contrast, the charcoal or silica gel
adsorption procedure followed by solvent extract provides the analyst an
opportunity to store the sample and to inject numerous aliquots into the gas
chromatograph.

2, Monitoring Data

The available ambient monitoring data for benzene are summarized
in Table XI. The information provides some suggestive evidence (but not proof)
of the enﬁironmental contamination sources of benzene, Férfexample, the EPA
analytical study of finished waters (US EPA, 1972) drawn from the Mississippi
River also examined the organic waste effluents from sixty industries which are
discharging into.the Mississippi. Fifty-three organic chemicals kagging'from
acetone to toluene were identified in eleven plants. Benzene was'hot~detec;ed
thus suggesting a contamination source other than industrial waﬁét éf;luénfs.

Pilar and Graydqn (1973) studied the concentratidn{of ﬁeQZene
and toluene ét seventeén samﬁling stations and took samples conéi%hédpikﬂdt
one-hour intervals for nine days. Bgsed upon (1) the ratio.of ;Siﬁéﬁe"to
benzene, (2) the distinct maxima for both toluene and benzene ati9700, 1500
and 2100 hrs., and (3) the relative éqncéntrations at various sampling stations,
the authors concluded thaﬁ there was little doubt that the benzene contamination

was linked to automotive transportation. The. toluene-benzene ratio found in
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Table XI Ambient Monitoring'Data for Benzene

Type of Sample

Geographical
Location

Sampling*
Method Used

" Analysis*
Technique

Quantities
Detected

Reference -

Gordon and Goodiey (1971)

Water and mud

Lower Tennessee River

CCE liquid-liquid GC-MS

Not reported

extract
U.S. EPA (1972) Finished water Carrolliton Plant, CCE Preparative GC, Not attempted
. New Orleans S
Friloux (1971) Finished water U.S. PHS Hospital "trace" ppb-ppm
Carville, La. range
Novak et al. (1973) "Polluted"” and- Prague, Czechoslovakia Inert gas GC, GC-MS ~0.1 ppb
) ""pure" drinking stripping -
water - ’ ’
Williams (1965) Ambient air Vancouver, Canada Cold trap - rapid heating 1-10 ppb
i GC column into GC .
Smoyer et al. (1971) Ambient air Vicinity of solvent Grab sample direct injection 23 ppm
reclamation plant into GC; MS, IR
Neligan et al. (1965) Ambient air Los Angeles basin . Cold trap -~ rapid heating .005~.022 ppm (V/V)
. - firebrick into GC
Altshuller and Bellar Ambient air Downtown Los Angéles .Crab sample direct injection 0.015-0.06 ppm (V/V)
(1963) : into GC
Lonneman et al. (1968) . Ambient air "Los Angeles basin ~Cold trap =~ iapid heating aver, 0.015 ppm
- ’ glass beads into GC highest 0.057 ppm
wv/v)
Grob and Grob (1971) Ambient air Zﬁrich, Switzerland .Charcoal trap - GC-MS 0.054 ppm
carbon disulfide GC~F1
extract
Stephens (1973) Ambient air nia Cold trap - GC-F1 0.007-0.008 ppm
o »7_ GC column .
Pilar and Graydon (1973) Ambient aifo i fﬁ§1d<gga?.-_' _écaPI aver. 0.013 ppm;
o K - ©.GC coluun : highest 0.098 ppm

*CCE - carbon chloroform extract; GC - gas

spectrometry.

chromatography; FI - flaﬁg ionization; IR - infrared spectrometry; MS - mass




Toronto air was higher than in automotive exhaust. This high ratio in ambient
air has also been noted by Lonneman et al. (1968). Several possiﬁie explanations
were sugges;ed by Pilar and Graydon (1973) including 1) the fact that gasoline
vapors have a relatively high toluene-benzene ratio suggesting;théTpossibility

of direct evaporation as a source, (2) inapplicable autoﬁéﬁ%ﬁé&éxhgqst'monitoring
data for the Toronto situation, and (3) physical or cheﬁicqi?é?gégqs batween.

emission and air sampling.
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V.  ENVIRONMENTAL FATE
A. Degradation or Alteration Processes

1. Bilalogical Transformation of Benzene

a, Microbial Degradation .

; R

While the microbial degradation of bengzene Hagib
. RN R

pringrily

subject of much recent research and review, attention-has;beﬁﬁéd
; s o

:,: o

on the enzymatic mechanisms of degradation and their :elEﬁ%épéh
~ LTy e

malian systems (e.g., Smith and Rosazza, 1974) rather thﬁn §ﬂ?
of biodegradation under conditions approximating environmentai*eﬁi&gﬁée:r
Nonetheless, the  information that is available indicates that Béézéﬁ;“is
susceptible to attack by a §ariety of microorganisms utiliziﬁg gﬁthways
analogous to thése of a number of aromatic compoundé. While such degradation
probably occurs under certain ehvironmental cénditions, the rates of degrada-
tion in the natural environment cannot be extrapolated from the .available data.
(1) Degradation by Mixed Cultures of Mictoétganisms
The effect of mixed microbial cultures on benzene
has been étudied primarily to determine if benzene can
or will be degraded under'waste treatment plant condi-
tionsf These studies indicate that benzene can be
degraded bug that the rates bf such degradation vary
considerably depending upon the 1ncubation'period and
previbus acclimation of the microorganisms, The results

of these experiments are given in Table XII.
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Table XII:

Degradation of Benzene by Mixed Cultures of Microorganisms

Benzene conc.

Source of Incubation [Activated Oxygen
Reference Migroorgaqisms Adaptation Time sludge conc. ] Consumed
Bogan and Activated sludge none 5 days (standard 1.9% of theoretical
Sawyer dilution BOD
(1955) technique)
Domestic sewage 14 days (10 ppm up to 5 days (standard 2.4% of theoretical

100 ppm then 48 hrs. dilution BOD '

with no exposure to technique)

test compound) 6 hr (Warburg) 50-100 ppm 3.3%Z of theoretical

[~3000 ppm]
Marion and Activated sludge none ' 24 hr (Warburg) SOO.mg/l “about equal to
Malaney : {2500 mg/1] endogenous control
(1963) 160 hr (Warburg) 500 mg/1 1.1-1.3 times
: (2500 mg/1] endogenous control
Malaney Activated sludge aniline as sole carbon 190 hr (Warburg) 500 mg/1 2 times endogenous
(1960) source (20 day feeding {2500 mg/1] control
. program)

Chambers Soil, compost, or phenol as sole carbon - 28 hr (Warburg) 100 mg/1 1.6 times endogenous
et al. mud from a petro- source ~ control
(1963) leum plant waste 0.2 times phenol

lagoon (predomi-
nantly Pseudomonas)

" ‘control (90.min.)



Interpretation of the results obtain?d 13_very
difficult. The sludge used by Marion and.Malgney (1963)
was not washed before placement in the Wa%burg flask Qnd,
therefore, the carbon sources in the §1udge'we%e available
té the microorganisms. In several of the 24 hr test runms,

" the oxygen upﬁake measured with benzene wgs less than the
control, suggesting inhibition. In the 1énger runs, only

a sliéht difference was noted between theuconttol and
benzene, The results of Bogan and Sawyerj(1955) have the
endogenous rate subtracted ffpm the repor?ed oxygen con-
sumption. Again pnly a small increase inéoxygen consumption
is noted and, of the five hydroc&rboné studied, only
Efbutflbenzene was more resistant to biochemical oxidation.
Chambers et al. (1963) concluded that wit? thei; phenol
adapted seed, the fbeqzenes were oxidized”witﬁ-difficulty

or not at all." 1In fact, the benzene rate was similar to ]
guch compounds as l,3,5—tr;chlorobenzene ?nd 1,3,5-
trinitrobenzene which one'would expect to be félrly per-
sistent. Perhaps the safest conclusion from the four studies
in Table XII is that benzene may be biodegradable, but at a
very slow rate. | _

| In a study of the biodegradability of chlorinated
analogs of hydrocarbons, Okey and Bogan (1965) developed

an adapted sludge that was capable of growing on benzene

"as the sole source of carbon (50 mg/2). The sludge utilized

about 45% of the total substrate (benzene) COD in 10 hours.

I
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Thus, it has been demonstrated that benzene can serve as
a carbon and energy source for a culture enriched on
benzené and derived from a treatment plant activated
sludge.

Biodegradation of hydrocarbons in marine water
relative to fresh water is seriously limited by the
scarcity of nitrogen and phosphorus (Atlas and Bartha,
1973). Since benzene is a component of crude oil, under-
vstanding its fate in marine waters, where most large oil
spills take place, is very important. Unfortunately, no
mixed culture studies with benzene in sea water have been
attempted. However, with fifteen microorganisms isolated

from seé water of sediment, Bartha (1970) only found one

organism (Brevibacterium) capable of utilizing benzene for

growth. In a similar study by Perry and Cerniglia (1973),
where a large number of microorganisms were isolated and |
the number of organisms capable of growth on the substrate
was used as criteria for biodegradébility,_the aromatics,
in general, wefe found té bé more recalcitrant‘thag any
other hydrocarbon except for c§cloa1kanea.. é? ﬁaséssmeht
of benzene degradation under marine conditioﬁ??éﬁould
consider the results of Walsh and Mitcheli{(1§7%?gA;These :

authors showed that 0.1 ppm benzene ihhibLéS‘qhﬁmQ;axis

(chemical communication resulting in‘aftféctié
- gilgAmariné
Pseudomonas. The importance of the effect i&é ﬁ@éﬁh since
e e e, B . . e .‘E‘ [

i

the concentration of 0.1 ppm is
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tion about the pathways of benzene degredetion by ;_;T;

what would be expected in marine waters, but the.inhibi-
tion may have immediate effects on theAtate of degradation
or long-term effects on the diversity and population of

marine organisms. 1

'(li) Degradation by Pure Cultures of Microorganiems

From the studies listed in Table XIII, it can be
concluded that benzene can be degraded by a number of
microorganisms. In some instances, thevorganiemgcan‘use
benzene as a carbon and energy source. However, pure .
culture studies proulde very little degradation rate
ipformation because they are considerably removed fromlcon-
ditions experienced in nature. Rarely is the test substrate
(benzene) the only source of carbon, Competition between
different microorganisms for the available nutrients 1is

ignored in pure cultures. The concentration of the test

substrate is considerably higher than would oceur in nature

thus questioning whether the necessery=§nzYmes that are

induced at the high test concentrations<would ever be induced
under natural conditione.. The wbrk'by Cofone et a145(1973)

suggests that the induction period with Cladoeporium resinee

, B

is slow (22 days) even at high concentratione (10”‘ jbenzene

overlayed on 100 ml of sterile ealts solution) Nevettheless,

E

the pure culture studies, combined with 1nformation obtained

,-i ;(

with cell-free extracts, do provide a greet deal-b‘ 1nforma-

microorganisms.
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XIIT.

Pure Cultures of Microorganisms

Which Degrade Benzene

Incubation Prior Metabolites Identi-
Reference Organism Source Period Acclimation flied or Proposed
Cofone et al., 1973 Cladosporium resinae Jet Fuel 34 days - -
Smith and Rosazza, +
1974 Penicillium chrysogenum Culture Collection* |1-3 days 24 hrs on Phenol and two
fresh soybean|unknown phenols
meal-glycose
medium
" cunninEthEIla " n l-l " 1"
blekesleeana
" Gliocladium deiiqueacens " " " " "
" Streptomyces sp. " " " " "
" Cunninghamella bainieri " " " " "
Bartha, 1970 Brevibacterium (K) Sea water and not specified - -

sediments

Hogn and Jaenicke, Moraxella B - River mud (by 60 min, - cis-1,2-Dihydroxy-
1972 enrichment culture 1,2-dihydrobenzene
N technique with Catechol
benzene)

Gibson et al., 1968 Pseudomonas putida Soil (by enrichment |40 min. - cis-1,2-Dihydroxy~
culture technique 1,2-dihydrobenzene
with toluene) Catachol

Gibson et al., 1970 Pseudomonas putids 39/D " 30 hrs. - cis-1,2-Dibydroxy-

(mutant strain) 1,2-dihydrobenzene

Claus and Walker, 1964 | Achromobacter sp. " 150 min. - -

" Pseudomonas sp. " 150 min, - -

Marr and Stone, 1961 Mycobacterium rhodochroug |[Soil (by enrichment | 120 min. - Catechol
culture technique
with benzene)

" Pseudomonas geruginosa " 120" win. = "

+ benzene not used as Sole source of carbon

* gelected for known ability to metabolize aromatic compounds
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(111) Pathways of Microbial Breakdown of Benzene'
(a) Ring Attack | ’
The primary step in the degradaﬁion of benzene
* by most bacteria seems to involve a dioxygenase;enzyme
leading to the formation of catechol via cis-1,2-

' dihydrdxy—l,ZfdihydrobenZene. Such a scheme is outlined

in Figure 6.

[ 3
- Ho,
z 0, ~= 0 | NADH et OH_NAD OH
‘é OH ‘ OH
“H
| » |
Benzene K Hypothetical cis - 1,2~Dihydroxy-- Catechol
Dioxetane 1,2-dihydrobenzene

Figure 6: Microbial Degradation of Benzene to Catechol
: ‘(modified from Gibson, 1971; HYgn and
Jaenicke, 1972) Courtesy of Springer-Verlag.

Such a pattern is indicated by the results of
Gibson and coworkers (1968, 1970) and Htgn and Jaénicke

18

- (1972). Using ~°0,, Gibson et al. (1970) showed that both

23
oxygen atoms added to benzene are derived-froﬁ atmospheric
oxygen. In addition to dioxygéndée.mbdification, évidence

" by Smith and Rosazza (1974).sééﬁs to indicate that mono-~
oxygenase systeﬁé also:operate in Certain‘microbial systems,
'regulting in the hydroxylation of benzene to pﬂénol. Although

phenol has long been proposed as an intertiediate in the oxi-

dation of benzene by some microorganisms (Kleinzeller and
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Fencl, 1952), phenol Bas only recently been isolated
from cultures grown in the presence of ﬁenzene (Smith
and Rosazéa, 1974). |
(b) Ring Cleavage

Although a number of microorganisms have the
ability to modify benzene, no organism is'gble t$ cleave
the unsubstituted benzene ring directly. Instead,
cleavage occurs with the metabolism of catechol which
can be derived from benzeﬁg either by dioxygenase dihy-
droxylation or by the further hydroxylaﬁion of phenol.
Bacterial‘ring cleévage of catechol may proceed by either

ortho or meta fisshion as illustrated in Figure 7.

’a COZH
cis,cis-Muconic Acid
y X0 |

- /Z . ,

0 ~ H

2
OH &‘ . _éno |
‘ &@te ' COZH =-OH-Muconic semialdehyde

o | Z > 0u

Figure 7:  Ortho Fission of Catechol by Pseudomonas .
putida and Moraxella lwoffii and Meta
Fission of Catechol by a Pseudomonas sp.
(adapted from Chapman, 1972).

- Both types of cleavage involve fhe addition of
molecular oxygen through a non-heme ion dioxygenase

(Dagley, 1972). With ortho cleavage, catechol is converted -
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to B-ketoadipic acid, whereas meta cleavage has been
) i

ghown to result in the formation of acetaldehyde and
pyruvic acid (Chapman, 1972). The details of these

pathways are illuétrated in Figure 8.

) / COOH COOH CQOH COOH
ORTHO
N, CooH . COOH
’ / B-Ketosdipic acid
0,

. oH
Ejo

!

]

: COOH
Z N ou UOH
o OH
co, COOH
NAD Lo
]

.CHO I

COOH HeooH H, COOH cH, 'cooH
2 3
META I ———) l — =P Acstoldehyde

Zou Zon HO g 0 FooH
C
CH]

Pyruvic acid

[4

Figure 8: Benzene Ortho Fission Pathways by Pseudomonas
‘ gutida and Moraxella lwoffii and Meta Fission
by a Pseudomonas sp. (adapted from Chapman, 1972).

(b) Mammalian Metabolic Pathways
Sinceythe'initial demonstration of bénzene
conversion to phenollby mammals Bchultzen 9“d Naunyn, 1867),
a number of studies have been eonducted in an attempt to ‘
delineate the pathways involvea~in the mammalian metabolism
of benzene anderelated'arematie compbundsf With the infor-

mation available on the metabelism of benzene pyﬁrgts and
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rabbits, Gibson (1971) described the pathways of mammalian

benzene metabolism illustrated in Figure 9. Although

benzene oxide has not yet been conclusively demonstrated
as a benzene intermediate and the formation of trans,-
trans-muconic acid from catechol .is still not completely
'understood, the metabolic scheme as presented does seem to
account for what is currently known about the fate of .

benzene in mammals.

S~CHp-CH-COOH

NH=-CO-CH4 Conjugates

Phenylmercapturic Acid T
! OH

$-Glu-Cys=-Gly OH
Q Conjugates I3
OH T B

S~ (1.r-Dihydro-2-hydroxyphenyl)glutathione Hydroxydihydroquinone

‘ ) . 7 2! ‘
~o . OH - OH . trans, trans- :
I LT ) _— > — Muconic Acid
A OH X
H H h
co

Benzene Benzene-1,2~oxide trang~1,2-Dihydro- Catechol
/ 1,2-dihydroxybenzene IS
o T ’
I j\J @—oa
e - Conjugates
Oxepin Phenol

OH \
/@ —> Conjugates
HO ’

Quinol
dihydroquinone

Figure 9: Proﬁbéédlféthways of Mammalian Béﬁiéﬁe Metabolism
Based on Studies with Rats and Rabbits
(Adapted from Gibson, 1971) Courtesy of CRC Press.
(1) .In Vivo Studies
Most of the general pathways presented in

Figure 9 were proposed on the basis of early in vivo studies

using rabbits. Porteous and Williams (1949a) administered
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Benzene .

benzene orally to rabbits at a dose of 500 mg/kg. On

analyzing urine samples, about twenty percent of the dosage
was accounted for as conjugates of phenol, catechol, dihy-
droquinone, and hydroxydihydroquinone, with phenol conjugates
comprising obout half of the total conjugates recovered.

In addition, émalllamounts of free pﬁenol'and muconic acid

were also.detected, On tﬁeubasié of this study and experi-

ments using related aromatic compounds, Garton and Williams

(1949) postulated the following. pattern of benzene metabolism:

~

7,[1,2—dihydro-1,2-dihydroxybenzene]‘
! \
\

.~ a0 | o i
° : Al
' » Pheno . - Catechol ————) Hydroxyquinol
Quinol Phenol - . Catechol Hydroxyquinol
Conjugates ' Conjugates Conjugates
~ Quinol !
Conjugates

Figure 10: Primary Metabolic Pathways of Benzene in
Rabbits as Proposed by Garton and Williams (1949).

In addition to: the path@ays‘identified through the analysis

of metabolites indicated by. solid lines in Figure 10,
Porteous .and Williams (1949b) proposed an alternate pathway

for the‘formation,of.catechol involvingel,z-dihydro-l 2-

dihydroxybenzene. Thio‘suppoaition &as based on a comparison
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of dihydroquinone:catechol ratios whigh were 1:1 with
benzene and 10:1 with phenol as the substrate. The hiéh
ratio with phenol metabolisQ identified dihydroquinone as
the primary metabolite, since it would be expected that
the ratio would not change if phenol were the sole inter-
mediate in thé production of catebhol from benzene (Porteaous
and Williams, 1949b). Parke and Williams (1953a and b)
attempted to pursue this hypothesis with more quantitative
analysis of 14C—benzene. However, because they were unable
to synthesize Ezggg—l,Z—dihydfo4l,2—dihydroxybenzene and did
not detect muconic acid in phenollfeq rats, they erroneously
suggested that the benzenediol was the sole precursor of
muconic acid (Parke and Williams, 1953b).

| With oral administration of benzene to
rabbits at doses of 500 mg/kg, Parke and Williams (1951)
demonstrated that muconic acid excreted in .the urine was
the trans,trans isomer and not the cis,cis form which
might be expected on the basis of stereochemical considera-
tions and which is found in microbial ortho cleavage

(see Figure 7). The trans,trans isomer formation was

" subsequently confirmed in studies using radiolabelled

. benzene (Parke and Williams, 1953a). The details of forma-

tion of trans,trans-muconic acid are still not understood

(Gibson, 1971).
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Parke and Williams (1953a) élso proposed

phenylmercapturic acid as a minor metabolite (0.4-0.7%

of dose) of benzene in rabbits. In rats administered
benzeﬁe (1000 mg/kg) by stomach tube, a precursor of
pheﬁylmercapturic aéid, which converted ;q_phenylmercapturic
.écid on treatment with 1.5u% HC1, was ideﬁfified'in the mice
(Knight and Young, 1958). A similar mercapturié acid pre-
cursor identified as N-acetyl—S—(l,2-dihydro—2-hydroxyphenol)
cysteine-waé found iﬁ.the urine of rabbits given intra-
peritoneal doses of 0.5 ml benzene (Sato et al., 1963).

A more significant aspect of the study by gato ‘and coworkers
(1963) was the tentativetidentification og 1,2<dihydro-1,2-
dihydroxybenzene gnd,its glucuronide by chromatographic and
electrophoritic methods in tﬁe rabbit urine. The presence
of both metabplites led the investigators. to suggest that
the epoxide may be a éommon iﬁtermedihte.i

(2) lﬂ]!iEiQ Studies .
Investigations of the:3§ g1££g;metabo1ism

of benzene have'focused'primﬁrily on characferizing some of
the individual reaétions-éhownAin Figure‘Q. The conversion
oflbenzené“to phenol ﬁas~beeﬁ‘the-most extensively studieﬂ
and 1is often used.as an index of benééne_metabblibm. Phenol
'was identified as a metabolité-df benzéne;in rat liver
microsomes by both Daly~and.coworkers (1968) and Booth and
' Boyland (1957) éfter incubation periods of thirty to sixty

minutes. In a -similar study using both rabbit and rat liver
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p;eparations, the metabolism of benzene to phenol and

phenol conjugates was shown to be enhanced by pretreat-

ment with benzene. This stimulation of benzene metabolism
involved increased amino acid incorporation into microsomal
protein and ﬁas suggestive of enzyme induction (Snyder et al.,
1967). Recently, Gonaéum and coworkers (1973) have impli-
cated a mixed funétion oxldase and the binding of benzene

to cytochrome P-450 in the metabolism of benzene to phenol

by mouse liver microsomes.

The in vitro metabolism of trams-1,2-
dihydro-1, 2~dihydroxybenzene has been studied by Ayéngar
and coworkers (1959) using a partially purified enz&me
from fabbit liver. After incubation for thirty minutes,
catechol was identified as the sole metabolic product
which is consistent with Figure 9. The enzyme involved
was named diol—dehydrogeﬁase and the oxidation to catechol
was coupled.to the reduction of nicotinamide-adenine.
&inucleotide phosphate.

A major advance in the ﬁnderstanding of
benzene metabolism was the synthesis of benzene oxide and
its subsequent use in ig_gi&sg_metabéliam by Jerina and
.coworkers (1968). In this study, rabbit liver microsomes and

. the soluble fraction WereAincubated With benzene oxide for

thirty to sixty minutes. The results of this work are

summarized in Figure 11.
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S=(1,2~dihydro-2~hydroxyphenyl)-glutathime
A

Glutathime / Soluble Fraction

wmicrosomes or soluble
Oxepin &====5 Benzene Oxide 2212215.55252&22, trans-1,2~Dihydro-1,2-dihydroxybenzene 55255122> Catechol

o | Hy

nonenzymatic

v

Phenol

Figure 11: The In Vitro Metabolism of Benzene Oxide
Using Rabbit Liver Microsomes and Soluble
Fraction (adapted from Jerina et al., 1968)

Although the metabolites of benzene oxideicoincide with
those of benzene and thus implicate benzgpe oxide as an
intermediate in the metabolism of benzene, benzene oxide
itself is highly unstab1e<and ﬁas not yet been isolated
in the metabolism of benzene. .Although no.metabolites of
oxepin were founa by Jeriﬁa and :coworkers (1968), oxepin
is known tp be in equilibrium with benzene oxide and is
thus inéluded in the‘pathway'diagrams. The conversion

of benzene oxide ‘to phenol was conclusively shown to be
nonenzymatic but catalyzed by acid,‘protein, simple

peptides, or acetamide (Jerina et al., 1968).
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The role of benzene oxide in benzene
metabolism, while not cpnclusively demonstratgd, is
nonetheless generally accepted{ In this respect,
benzene metabolism seems analagous to the metabolism of
various other aromatic hydfécarbons which also involve
arene oxidéiiqtermediates (Jerina et al., 1970; Kaubisch
et al., 1972). 1In addition, the boﬁe marrow toxicity of
benzene might be related to the formation of benzene oxide
beéause the latter is an electrophile with alkylating
properties (Daly et al., 1972). Geﬁeral reviews of
arene oxide formation have recently appeared supporting
the role of benzene oxide in beﬁzene metabolism based on
the common metabolites of the two compounds, particularly
on the formation of trans-1,2-dihydro-1,2-dihydroxybenzene
and the mércaptdric acid precursor (Jerina, 1974; Jerina
and Daiy, 1974).

3 Kinetics of Benzene Metabolism and
Elimination-:

)For the most part, the kiﬁetics of benzene
metabolism in mammals haslnot received detailed attention.
Parke and Williams (1953a) administered Cl4-benzene to
rabbits by gastric intubation at doses ranging from
340 mg/kg to 500 mg/kg and attempted to.mbnitor all
metabolites over a thir;y fo seventy hour period. A
partial summary of their results is presenfed in

Table XIV.
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Table‘XIV:

‘Metabolic Fate of a Single Dose of 14C-labelled Benzene
Administered to Rabbits by Gastric Intubation, 30~70 Hours
After Dosing (Parke and Williams, 19533) .

Nature of metabolite ‘ % of dose (average)

Benzene exhaled unchanged.

. Respiratory'COZ

Phenol*
Catechol%*
Quinol*

Hydroxyquinol¥*-
trans-trans-Muconic acid
-Phenylmercapturic acid ~-g'. .
(Urinary radioactivity) : (34.5) . ! ]
Metabolized benzene 1n tissues and About 5- 10 in body

“faecest

Total accounted for 84—8?%5"

' * These bhenols are excreted conjugated ‘ ﬁ

-

F o

| 44;5 in expired. air

f

N

OCHOMNWHW

32,6 in urine . 77 (IN#

W W 0o LT
S

+ About 0,.5% of dose in faeces
#f Benzene in expired air + urinary radioactivity.

.
Although most of the dose was eliminated yy the_third'day,
elimination meeeured as urinary metabolites droﬁ;eEQPre—
cipitously to oﬁly 0.3% iﬁ”tﬁe'fourthlthrgugh.seventh days
after benzene administration. Measurements of 14C-labelled
CO2 Qere not uade after the third day, thus a potential shift
in excretory pathways cannot,be determined.

Most of the more recent-studiee'on benzene
Ametabelism have been concernediwith monitoring urinary
phenol or benrene elimination from the lungs. Bakke and
Scheline (1970) edministered.benzene by stomach tube at
doses of 100 mg/kg and 1000 mg/kg to ratslend found that

only 3.1-3.7% was excreted as urinary phenol after 48 hours.

This low level of urinary bheﬁoi was inconsistent with ‘the
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above work of Parke and Williams (1953a) on rabbit as
well as the study by Cornish and Ryan (1965), which
indicated that rats metabolized 23% of an intraperitoneal
dose of benzene (400 mg/kg) to urinary phenolic compounds.
Measurements of unchanged benzene in expired
-air and urinary phenol have been suggested as techniques
for determining levels of occupation exposure to benzene
(Sherwood, 1972). In.meaSUfing respiratory elimination in
man, Sherwood found evidence for a two compartment system
of elimination, the first having a ﬁalf life of 2.5 hours

and the second of about 22 hours. (see Figure 12).

v ’I’_-' » 2'3MOURS

€
3
p 1o .
b4 -
4 ~o A} 122 nours
w ~
& ‘o AFTER OCCUPATIONAL
o ~Q _( EXPOSURE
et ' a_
3 R o~ '
x ~o
w AFTCR EXPERIMENTAL,
z % EXPOSURE
W ol ‘ ] -
o o Theszmours
r4
W
m
ool 11 i 1 L 1

10 20 30 40- 50 60
HOURS AFTER EXPOSURE "

Figure 12: Elimination of Benzene in Exhaled Breath of

' One Subject After Unspecified Experimental
and Occupational Exposure of About 4 hours.
(Sherwood, 1972) Courtesy of Pergamon Press Ltd.
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This type of elimination patﬁern is indicétive of rapid
elimihation of benzene from thg lungs to ghe alveolar
air with less rapid removai of‘beﬁzene from the body
tiSSués..

Hunter and Blair (1972) have correlated per-
cent body fat to percent of benzene éxcrefed vs. urinary
phenol after exposure to benzene~#apof, as illustrated

in Table XV.

Table Xv: The Factors and Times of Post-Expogure
Observations, Benzene Doses and Excretions
in 5 Adult Males Exposed to the Vapours of

Benzene on Single Occasions (Hunter and
Blair, 1972)

Concentration Welight of Excreted
of benzene Pogt-exposure benzena benzene as
. . Body in test - time of Doge . excreted percentage
Subject fat atmosphere observation Benzene | as phenol of dose
number (% wt) (ug/1) (hr) (mg) (mg) (X wt)
1 8.3 63 26,7 33.0 16.7 50.6
) 309 49.8 118.0 70.0 59.4
133 30.8 184.0 ; 139.3 75.7
2 . 13.0 340 T a1l 116.0 85.0 73.3
3 16.0 328 . 48.0 117.0 90.7 77.6
4 18.2 - 328 30.5 75.0 - 644 85.9
© 88 38,2 167.0 137.6 82.4
5 19.7 10 . .28.9 95.0 7.3 72.0
294 : 29.5 - 217.0 . 170.3 78.5
405 23.0 58.0: 49.1 84,6
103 . 43,5 52.0 45.3 87.1

From this, it was postulated that benzene accumulation
in the body probably occurs in the fat deposits, although
Parke and Williams (1953a) noted only 2.6% of a benzene

dose in rabbit fat two days after exposuré. In further
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contrast to studies in nonhuman mammals, Hunter and
Blaif (1972) calculated that only 12% of a benzene dose
is eliminated unchahged in expired air in man.
(c) Degradation by Plants |

Benzene has recently been isolated from pine-
.apple (Flath and Forry, 1970). However, the potential
role of plants.in the degradation of benzene has not been
extensively investigated in the United States. Jansen
(1964) found that benzene—léc can be synthesized from
ethylene—lAC in avocados. In a subsequent study exposing avo;
cados to benzene-léc vapor, 25—28% of the benzene was absorbed

14

by the plant and 0.004-0.007% was metabolized to =~ CO In

9
addition, volatile and nonvolatile sﬁbstances other than
benzene were noted (Jansen and Olson, 1969)., Similar
resulté have been recently reported by Durmishidze and
éoworkers (1974), who reported that potatoes, apples,
tomatoes, quince, pepper, lemons, grapefruit, tung, and
bananas absorb 14C—benzene from the atmospheré at benzene
levels of 10 mg/}. Most of the benzene 1is converted to
muconic, fumaric, succinic acids, and phenylalanine with
only a small amount being oxidized to coé.

Benzene degradation by plants has received con-
siderable attention in the U.S.S.R. Durmishidze and
Ugrekhelidze (1967) found that tea, laurel, grape, and
corn roots absorbed radiolabelled benzene, which was

subsequently metabolized to CO, in all parts of the plants.

2

Tea plants administered lI’C-benze_m-z through the roots were
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' N

found to convert'l6% of the total dose to organic and amino
acids. In this experiﬁenﬁ, the following metabolic pathway
was proposed: Benzene + Phenol + Catechol + '0~Benzoquinone
+ Muconic acid (Durmishidzeiénd Ugrekhelidze, 1969). Grapes,
during all stages of growth including germination, are

reported to oxidize 14C—benzene to CO. and other aliphatic

2
compounds (Tkhelidze, 1969).‘ More recenfly,‘peas adnin-~
istered 14C-benzene through the roots ha#e metabélized
benzene using copper containing enzymes including o-
diphenol oxidase (Ugrekhelidze and Chrikishvili, 1974).

In summary, there is a strong indication that
»planté may perform a major role in the degradgtion and
synthesis of benzene in the eﬁvironmeﬁt.
2. Chemical and Photochemical
The available studies on the photochemical degradation or
alteration of benzene under environmental conditions (anele?gths of light
>290 nm) have been previously reviewed in‘Section III. No other chemical
reactions, which might take place under environmental conditions, have been
noted iﬁ the literature. |
B. Transport |
Transport of benzene from the point of release to various points

in the environment is not well uﬂderstood. In fact,ionly Pilar and Graydon

(1973) have presented convincing evidence that the sburce of benzene in air

in correlated to automotive emissions. However, from the physical properties

of benzene '‘some projections of benzene distribution in the eénvironment are
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possible. The relatively high water solubility (1780 mg/f% at 25°C) and

vapor pressure (95.2 mm Hg at 25°C) are perhaps the most important parameteré.
From these parameters, Mackay and Wolkoff (1973) have calculated that the
half-1life of benzene, undergoing constant mixing and aﬁ less than saturation

- concentrations in a square meter of water, would be 37 minutes. In compar-
ison, n-octane's half-1ife would be 3.8 seconds; DDT, 3.7 days; and dieldrin,
723 days. However, because of its fairly high éolubiliity in water, benzene
will probably be washed out of the atmosphere with rain and thus a continuous
cycling between air and water would occur.

Neely et al. (1974) have demonstrated a relationship between
octanol-water partition coefficients and bioconcentration poteqtial in fish.
Although the logarithm of the partition coefficient for benzene (2.13) is
outside the region treated by ﬁeely et al. (1974), the calculated bio-
concentration factor, nineteen, would suggest little potential for
bioaccumulétion.

In summary, although little is known about the -transport of
bgnzene in the environment, based on physical properties the compound should

be quite mobile with a low bioaccumulation potential.
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'VI.  EVALUATION
A. Summary
Benzene is a major synthetic;brganic chemical intermediate which
is,prbbably béing producéd at a rate of about ten billion*pouqas pér year.
~Over the period from 1963 to 1973, benzene pfoductioﬁrmqre<than &ohbled.
However, because benzene is derived primarily frbm~petpoleum ?roduéts and
. the‘pet;oleum°market is currently in a state of flu#, it is difficult to
estimate the continued growth potential of benzene. For the ?ost‘part,.
‘production sites are localized in areas rich in raw mate:ialsg petroleum
based production concentréted along the Texas Gulf and -coal based pro-
‘duction in the northeast and south ceﬁtral area. Commercial use of benzene
is similarly localized but the amount used in‘the‘northeast seems considerably
more than the amount producéd, thus requiring‘transpoft of‘bgnzene from the
. Texas Gulf to the northeast. | ,

Benzene is also a significant constituent of gasoline (about 1%
by weight) and automotive exhausts (v 4%). Unlike the chemical intermediate
usage, benzene release. from these sources is much more diffuse and probably
approximates population density distribution.

Although precise estimates of ben;gne.releése are difficult to make,
approximafe-calcplations indicate ‘benzene releése into the environment approaches
1._8‘b111‘ion pounds annually.. Total motox vehicle emissions make‘up well over

" half of this release. kélease fr&m commerciélluse frpbaﬁl& doeg‘not exceed
30% of the total. Other sources arevrelatively‘inéignifiéant:.'brOAuctiqn

a little over 2% and oil spills under 1% of total release.
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The relatively high volatility and water solubility of benzene
would indicate that sigﬁificant amounts of benzene could reside both in the
atmosphere and in aquatic systems. . Aithough no direct studies have been
encpuntered on the bioaccumulation of benzene, benzene's octanol-water
partition coefficient does not indicate a high potential for bioaccumulation
in fish.- | | |

Due to the high degree of resonance stabilization in the unsub-
stituted aromatic riné, benzene is a relatively stable hydrocarbon. Under
environmental conditions, the rates of hydrolysis and oxidation are frobably
negligible. Although photochemically initiated'reaqtiéns may be a factor in
benzeneAdegradaﬁion, these procesées also seem to proceed at a relatively
slow rate and their significance is difficult to assess with the information
curren;ly available.

The biological stability of benzene uﬁder_énvironmental conditions
1s similarly difficult to estimate. A variety of pure cultures of microorganisms
have been shown to possess enzymatic systems capable of metabolizing benzene
at concentrations much greater than would be expected in the environment.
However,.with mixed cultures in the standard 5 day BOD test or using Warburg
respirometry technique, only a slight increase in the respiration rate was
observed. When the microbial respiration rates of benzene are compared to
presumably stable analogs of benzene, such as 1,3,5-trichlorobenzene, it seems
that while benzene may be susceptible to microbial attack, its rate of degra-
dation by microorganisms would be slow at best. - Mammals énd plants are also
capable of metabolizing benzene, but the ultimate degradation - i.e., breakdown
to carﬁon dioxide and water - is slight. Nevertheless, the alteration of benzene

to phenolic conjugates by plants may be a significant environmental process for

the removal of benzene.
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The available monitoring information supports the experimental data:‘-
on the chemical and biological behavior of benzene, indicating that benzene is
at least moderately persistent and a potential contaminant of both air and Gg
water. However, benzene monitoring data is incomplete at best. With the excep-
tion of the air monitoring done by Pilar and Grayden (1970), fixed-interval o
measurements in the same area over extended periods have not been made. Thus,
most monitoring'studies are of 1itt1e use in determining the major source(s)
of benzene pollution. Similarly, only Novak and coworkers (1973) offer
reliable quantitative measurements of benzene water contamination. However,
even with these limitations, the monitoring information does suggest that
benzene may be. a widespread air and- water contaminant in the low ppdb range.‘

Also, the monitoring data suggest that benzene is partially resistant to
normal drinking water treatment procedures. While the work of Pilar and Grayden
(1970) indicates automotive exhaust as a major source of benzene air contamination,
the relatively high level (23 ppm) found by Smoyer and coworkers (1971) near a
"~ solvent reclamation_plant suggests that industries handling benzene may also
be significant sources ofkcontaminatione:i_ -

b. 'Recommendatiqns

Given.the'twpe otvinformation currently'evailable on'thevbiological
degradation of benzene, little can be concludedfabout benzene's persistence.
At'thezpresumably'low (ppb) background levels found in the aquatic environment,
substrate inttibition would not be expected and benzene.degradation may proceed
by the pathwayslpreviously described. Equally probable, the enzyme(s).required
to nydroxylate benzene may not be active-at low benzene levels’or in the

presence of other suitable carbon sources, These possibilities‘could be easily
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examined using 14C—labelled benzene at low (10-100 ppb) conéentrations in mixed
or pure cultures of microorganisms commonly found in fresh water, salt water,
or sewage treatment plants. The effects of temperature and alternate substrates
should also be examined. Similarly, the importance of benzene adsdrption by
vegetation should also be examined in the low.ppm'range.

Whilg the methods for the quantitative determination of benzene in
air seem satisfactory; the only quantitative method used for begzeﬁe_in water
is the inert gas stripping technique of Novak and céworkers (1§73). The tech-
nique of gas stripping followed by concentration on a gas chromatographic column
(EPA, 1974) appears to be a desirable method for determining low concgntrations
of benzene in water, although no benzene was detected in the water examined
(EpA, 1974). The reliability and limits of détéction of the techniques probably
should be examined furﬁher.

More extensiﬁe benzene monitoring sﬁould be considered a necessity.
Besides the obvious neéd for more extensive aif and water analysis, moni;oring
might be most éroductively concentrated near benzene'froduétion‘and by-product
manufacturing blants in order to quantitate the losses. The 1% loss duripg
benzene production used in this report may well be conservatiye, especially
for coke-ﬁased production where considerable loss could take place duriné stoking
of the ovens. The calculated losses.(IOOX minus % yield of final product)n
durihg by-product manufactu;ing are upper limits since the loss is assumed éo
to be entirely benzene. Much of the actual loss during cert;in operations
may occur between the intermediate and final product stage. Detailed moni-

toring studies wduld,.no doubt, provide more realistic estimaces of benzene

loss from manufacture and use.
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The relative environmental hazardAfrom benzene contamination requires
the integration of information on release to the énvironﬁént, persistence in
the environment, and toxicological considerations. This report has:only con~
gidered the first two parameters. Final recommendations for.further study Qf'
bénzene contamination must also be Based on cohaideratibns'of poséiﬁle biological
effects of benzene as well as iﬁformation on other environmental contaminants
which may be equally important. Furthermore,.it should.be noted that if relative
losses of benzene projected in this report are confirmed by monitoring data,
the possibility for effective remedial aqtion (i.e., eliminatién of benzene losses

from automotive emissions) seems rather remote.
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