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SECTION I R
sl
INTRODUCTION e
gt
"c"“:“!“? ‘
The environmental impact of Air Force-specific fuels and chemicals is of ‘::‘;5:::,:2::‘;-"
it '0“ .'-’l‘
great concern to the United States Air Force. This report presents the results :'::'.:-‘,:{"‘,:3‘,
o$ -l !n"‘o.‘l

of a literature search on the characterization of the fate of hydrocarbon fuels =
in the aquatic environment. ::..-?.','::':;':'::::
GRS
PRt
A. OBJECTIVE N
: ‘,o’::o':ﬁ!::i!
S
The objective of this work was to review the literature on the dispersion, n".:i"“.‘,%;'.;‘:g;
(AU I
evaporation, dissolution and degradation of 1ight hydrocarbon fuels on water, 5:;:;:‘:;;:',13
3, RS
and to summarize all data on fuel/water interactions. In addition, applicable :'::::E:::E":‘.r
XN
experimental techniques are reviewed for the design of laboratory studies to ! BULEN
determine the kinetics of fuel distribution following a spill. The literature "E:,:':E:E:E“?‘E
study focuses on Air Force aircraft fuels, JP-4, JP-5, JP-8, and gasoline, ::::;::':‘::é:::
(RN AN PN
diesel, marine, and kerosene fuels. :.:l:.:egde;.ﬁ
,!l,l.l?g"t"b
. @
) .'*“ 4o ':'
B. BACKGROUND :::::«‘:: ":?#
(X b”|"|'§€
R
The dispersion process for fuels accidentally spilled on water is NN

physically and chemically complex, involving such elementary processes as:

Physical spreading of the fuel layer :E}'.:::a::i:::
2. Evaporation and dispersion of the more volatile fuel components into :{':::‘.:::‘.:}:‘:
the atmosphere. o
3. Partitioning of fuel components between the fuel and water phases. “-"‘
4. Mixing and transport of dissolved fuel components. E .".'::::5::
5. Adsorption of fuel components on suspended particulate matter. :: _;;“_f;
6. Chemical and/or biological interactions within each phase. e
R
The complexity of the problem is compounded because both the ;'t#"';'f
equilibrium states in each phase and the dynamics of approach to equilibrium 6’3 _f}. ;
are influenced by temperature, turbulence (air and water), and composition e '
(fuel and water). An understanding of the overall process is critical in ‘.:s:f:l:::;':
assessing environmental impact and preventing contamination. ‘;::‘::.'::S::EE
R
L "r..'vo'
G
'w'.:{r’l::\'.::t"
(AN

Sat N,
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C. GENERAL APPROACH

A literature review of fuel/water interactions and spill studies was
conducted to assemble and evaluate information relevant to hydrocarbon fuel
dispersion on water. The general approach was to first conduct a search of the
literature for relevant abstracts. A computerized search of several applicable
data bases was completed and papers and articles relating to the above objective
were retrieved. References cited in these reports and articles were then
screened for additional citations that had been missed in the computer search.
Finally, manual searches were conducted in the most recent literature for
articles by key authors of the papers identified earlier.

The on-1ine databases searched included NTIS, Compendex, Geoarchive,
Energyline, Georef, Ei Meetings, P/E News, Chemical Abstracts, Water Resources
and Aerospace Abstracts. On-line retrieval of 97 abstracts revealed approxi-
mately 23 papers and reports relevant to modeling the process of fuel dispersion
on water. Those reports were then ordered.

References from the reports revealed another 30-40 papers of interest. A
manual search through NTIS and Chemical Abstracts of very recent literature
found approximately another dozen potentially relevant papers. A total of
approximately 75 papers and reports were reviewed for relevancy to the Air
Force objective of modeling the process of fuel dispersion on water.

The papers and reports were organized by topic and those papers addressing the
' same topic were simultaneously reviewed.

D. ORGANIZATION OF THE REPORT

j This report is organized by the subjects which address fuel/water inter-
| actions and experimental methodology for conducting laboratory studies of the
kinetics of fuel spills on water. The relevant topics covered by the papers
and reports compiled in the literature search concerning jet fuels are:

1. Chemical and Physical Properties
2. Evaporation from water
3. Dissolution in water




Biodegradation in aquatic communities

. Dispersion and surface effects of fuel evaporation and degradation
Adsorption onto suspended sediments in water
. Photooxidation on water

0 ~N O 0 &
.

Experimental methodology for determining dissolution and volatilization

of jet fuels on water

Potentially relevant findings from the literature search will be organized by
topic. Section II reviews the literature search, broken out into the eight
topics listed above.
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SECTION II
RESULTS AND DISCUSSION OF THE LITERATURE REVIEW

A. PHYSICAL AND CHEMICAL PROPERTIES OF JET FUEL

The dispersion of hydrocarbon fuels on water is very dependent upon the
physical and chemical properties of the fuel. The composition of jet fuels
may vary from one refinery to another. Major components of JP-4,5 and 8 have
been assessed (Reference 1). Recently, a study was conducted to determine the
variability of major and minor chemical components of Air Force distillate
fuels, including reference, petroleum-derived, and shale-derived fuels
(Reference 2). Significant differences were found between the three types of
water-equilibrated fuels. The total concentration of water-soluble components
in the reference JP-5 fuel was only 20 percent of that in the reference JP-4
fuels. The concentration of water solubles in the shale-derived JP-4 was
40 percent of that in the petroleum-derived JP-4 fuel. The reference JP-4
fuel was shown to be a good qualitative standard for the petroleum-derived JP-
4 fuels. However, while most major features of the Reference JP-4 fuel showed
coefficients of variation of only about 10 percent, the major features of the
50 petroleum derived JP-4 fuels showed deviations generally greater than
50 percent. Tables 1-3 summarize the neat fuel, water, and vapor phase
concentrations of the JP-4 reference fuel from these studies.

Important properties in modeling the dispersion of fuel spills on water
include fuel solubility, volatility, rate of dissolution and weathering, and
rate of spreading or surface tension. While these data may exist in chemical
handbooks for pure components, properties of mixtures are not always well
characterized. Properties such as density and viscosity for jet fuels as a
category have been measured (Reference 3). Some of the physical properties of
JP-4 and JP-8 are shown in Tables 4-11 (Reference 1). Data are available for
specific gravity and latent hea*t of vaporization for JP-4 (Reference 4).
Solubility data can be found in the literature (References 1, 5,6,7,8) for
fractions of jet fuels and for diesel fuels (References 9,10,11). Some surface
tension data for jet fuels are also available (Reference 12). The relevancy
of these physical properties of the fuels will be discussed and data will be
presented in the following sections.

LmnnnxnxnMnxnhxhﬁhﬁh&sﬂnﬂhﬁh&ﬁdﬁdﬁ&hﬂh&ﬂﬂﬂzy o SO A A
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43.7
64.0
63.9

% REL. STD. DEV.
89.6
48.1

DATABASE OF 54 JP-4
PETROLEUM-DERIVED
FUELS

AVERAGE
CONC. (mg/m1)

1.61x10(4)
132

1.62x10(4)
328

5.03x10(4)

9.29

% REL. STD. DEV.
9.39
11.2
10.6

JP-4 REFERENCE FUEL

AVERAGE
CONC. (mg/m1)

1.34x10(4)
157

9.48x10(3)
ND

3.64x10(4)

WATER SOLUBLE FEATURE CONCENTRATIONS FOR SELECTED COMPOUNDS (REFERENCE 2)

TABLE 2.

COMPOUND
benzene
n-heptane
toluene
naphthalene
total
concentration
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TABLE 4. PHYSICAL PROPERTIES OF JP-4 (REFERENCE 1) e

SAMPLE FUEL 1A GEC-145-400-792033 (JP-4) -

Viscosity (cSt) -300F (SFQLA) 2.46 . ;‘,:
-200F 2.206 vt

320F 1.288 . 3

700F 0.9546 9

1000F 0.7864 ;:,:

Surface Tension (dyne/cm) -200F 27.52 *extrapolated ]
320F 25.05 o
700F 23.28 )

1000F 21.73 o

Density (g/CC) -200F 0.7957 "
320F 0.7957 "

700F 0.7557 4

1000F 0.7423 2

Gravity (60/60) D287/Calc 54.30API 0.7616 Specific O
SFQLA b

Freezing Pt. -640C -830F »
SFQLA : s,




VWAL ‘mwmmmmmmmmmmmm RV Y RUTATY KT BT RO RV RGY RN KO KR

TABLE 5. PHYSICAL PROPERTIES OF JP-4 (REFERENCE 1)

SAMPLE FUEL 1A GEC-145-400-792033 (JP-4)

Color D156 +20

) Acidity (mg KOH/g) D3242 0.002
Copper Strip (2 hrs at 2120F) D130 1A
Existent Gum (mg/100 m1) D381 0.8
Particulates (mg/1) D2276 0.1
Filtration Time D2276 17 min at 27"
Water Reaction, Vol. Change (m1) D1094 0.0

Ratings D1094 No. 1 No. 1

WSIM, Minisonic 96
Additives
Anti-icing (Vol %) 07

—————————
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PHYSICAL PROPERTIES OF JP-4 (REFERENCE 1)

Sample Fuel 1A GEC-145-400-792033 (JP-4) 79-F-2270
79-F-245
45
Composition 45A
09
Vol %
Mass spec
MRC SFQLA
1. Paraffins 61.2
2. Monocycloparaffins 24.2
3. Dicycloparaffins 4.9
4. Alkylbenzenes 8.2
5. Indans and Tetralins 1.1
6. Indenes and Dihydronaphthalenes ---
7. Naphthalenes 0.4

Aromatics (4 + 5 + 6 + 7) D1319 9.7 12.3

Olefine D1319 1.5

Total Paraffins (1+2+3)/D01319(100%~A-0) 90.3 86.2
Hydrogen Content (wt %)

POSF - D3701 / SFQLA - D3343 14.48 14.46
Sulfur, Mercaptan (wt %) D1219-61 0.0004

Total (wt %) D2622-67 3.03
Net Heat of Combustion (BTU/1b)

(MRC-D240/SFQLA-D3338) 18767 18747
Luminometer NumberD1740 77
Smoke Pt. (SFQLA-Calc/SFQLA-D1322) 28 25.0

10
2 O O A O Ot e o T O e o T A Y. 1,0 la.lal L A LR, TR,
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PHYSICAL PROPERTIES OF JP-4 (REFERENCE 1)

TABLE 7.

R

Fuel Volatility
FUEL 1A GEC-145-400-792033 (JP-4)

Sample

SFQLA

MRC

2887
oC

SF

oc

JP-8

JP-4

Vol %
Recovered

140

25 60

28

18P (0.5%)

34
72
93

1

5
10
15
20
4

72
89

206

97

L2

97
104

11

230

110

108

2

115

5

123

119

30
35
40
45

126
137
144

141

295

146

160

155
166

**

50
55

180

176
188

60
65

199

197

70
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SAMPLE FUEL ?2A GEC-140-800-792033 (JP-8)

TABLE 8. PHYSICAL PROPERTIES OF JP-8 (REFERENCE 1)

Viscosity (cSt)
MRC

Surface Tensicn (dyne/cm)
MRC

Density (g/CC)
MRC

Gravity (60/60) D287/Calc
SFQLA

Freezing Pt.
SFQLA

-300F (SFQLA)

~200F

320F
700F
1000F

~200F
320F
700F
1000F

-200F
320F
700F

1000F

9.101
3.526
2.233
1.665

31.17 *extrapolated

28.78
27.08
25.69

0.8460
0.8252
0.8096
0.7977
42.30AP]

-80C

0.8142 Specific

-470F

P4
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TABLE 9. PHYSICAL PROPERTIES OF JP-8 (REFERENCE 1)

SAMPLE FUEL 2A GFC-140-800-792033 (JP-8)

Color D156
Acidity (mg KOH/g) D3242
Copper Strip (2 hrs at 2120F)

D130

Existent Gum (mg/100 m1) D381

Particulates (mg/1) D2276
Filtration Time D2276

Water Reaction, Vol. Change (ml) D1094

Ratings
WSIM, Minisonic

Additives

Anti-icing (Vol %)

D1094

14

+20
0.002
1A
0.0
0.5
11 min at 27"
0.0
No. 1 No. 1
65

0.14
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TABLE 10. PHYSICAL PROPERTIES OF JP-8 (REFERENCE 1) :::

L4

';"

.‘l

Sample Fuel 2A GEC-140-800-792033 (JP-8) 79-F-2270 _

79-F -245 3

45 .
Composition 45 By
09 n
Mass spec \i.
MRC SFQLA N
1. Paraffins a4.4 :?
2. Monocycloparaffins 41.4 ':
3. Dicycloparaffins 2.6 .
W

4. Alkylbenzenes 6.7 i
5. Indans and Tetralins 3.4 ::1
6. Indenes and Dihydronaphthalenes --- 3
7. Naphthalenes 1.5 "
o d

Aromatics (4 + 5 + 6 + 7) D1319 11.6 16.8 »
Olefine D1319 2.1 i
Total Paraffins (1+2+3)/D1319(100%-A-0) 83.4 81.1 %
"""""""""""""" :

Hydrogen Content (wt %) ¢
PGSF - D3701 / SFQLA - D3343 13.94 13.78 o

.‘!

Sulfur, Mercaptan (wt %) D1219-61 0.0004 ;
Total (wt %) D2622-67 0.12

't

Net Heat of Combustion (BTU/1b) o
(MRC-D240/SFQLA-D3338) 18576 18591 ;
Luminometer NumberD1740 48 ;
Smoke Pt. (SFQLA-Calc/SFQLA-D1322) 22 26.0 &
N
W,

t':
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l.|

1':

15 ;

)
e,

: ) O TN OO A SO OO



o
w"o"'-—4
SC 1w
)
<
]
&>
v
v
o, ™
e8] o
O~ ] -
—
—t
w
Q
=
wl
&
e PR Y
o ol Qe J T
o J E®o| & 32
A
-
al) o
2 2
i o
"~ :’g
S e
%) jond L
w ol 8
= | @
o = Al <«
w of Qf S <
! > <= ol &
— o
S o 3 sRe| =
& vl O
3| o
= wl o
<
bt ~
n
= 2
x >
o z 0
. al *
- -
—
4
)
=) 2 <
= o '1ox
E -9
o -
v

Vol %
Recovered

L} 1} » . Y Y 1.
S R A I A A e T s e

18P (0.5%)
1

O
[=A]
o
[aY)
[=]
N
o O
~N O
— -
w O W
~ 0 O
— - -
L 3
X
*
0 O W
- o~
16
IR
G0 2

406

208

203

200
205

**

20
25

WY

214

210
215
218

30
35

.-f-.

0.0

S ¢

222

40

(=]

o

<

—

N

N

4

™

o~
. O O < M~
N NN M
N NN NN

«

«

*
0N O W O
L= N Ve Y o BV B Ve

A AL AT S I e

WSCATUN VARG

249

242

70

A T N M

$% 09 4% 8

2%,

v D'."
oy
o

o‘:fl

S 4 N

w

)
!

At

5
p 72

%

-
N A > . s
- - -

R

v

NS

o~y



X7

AR RPN RN

ALK

R n e ) mo el M L i s s Ml T s s
J0001 Jo0L+ dolE+ 400L-
vs
(ysel 339S) (suajuep-Aysuag) (paso|d be})
gveel £60 950
0°1
0°1
¢1s 19¢ 90¢ 96¢
00€
28¢ 2Le
8LV 8ve eLe ¥92
162
652 £6¢
8te
do Jo Jdo Jdo
6ag bag (882 (882
v104S QYW v104S

xy

¥

¥

x%

(a36n10N03) (T 3IN3¥343Y¥) 8-dC 40 SITLY3IdOYUd TWIISAHd

l 4.00.!
O R -~

XL EELADL

34Nnssadd Jodep anuaj

(20) 3d yset4

(pLoy q|)
o 94NSSaud Jodep

(%¥°v02) (%) doOOV
e A43A0D3Y

¥ (%) ssoq
x¥ anptLsay
¥ %5°66) ded
66
S6
*» 06
68
08
74
v-dr P3J43A023Yy
% LOA
11 3718vl

17

1

h

'

ey L T Ty

-
.

Ny

w MK 4

R N P Wy W

o
% ‘,'-

(260 M

by

SN

IR T RN



R Y O G P T X P U T O P T U R oW U WU WO WU VWU R L VUL W WU W U WU W W Y00 W W W I CU WY AN Fm A AT m P e Ra S manams -:.

TY VW W T KN SV N § - Ve Te W SRS AT Nt W W T e TR T T TR T

T TYEW N

Ll an JB g

gau@mmmmwmﬂ:»P:&%I%L-t&iﬁlﬁﬁ"ﬁ&ﬁﬁﬁt&' ol

3. EVAPORATION OF JET FUELS FROM WATER

Many studies have been conducted to determine the volatilization rates of
major water-soluble fuel components (References 1, 11,13-22). These studies
have generally approached the problem from the perspective of the volatilization
of dissolved hydrocarbons at a water/air interface, a formulation related to
but slightly different from that of the volatilization of fuel components from
an unmixed fuel layer, such as that of an undissolved fuel spill on water.

The model generally used for estimating mass transfer of 1light hydrocarbon
fuel spills is a specialized case of the classical two-film model (References 23, )
24), with negligible resistance in the liquid phase, in the case of a thin
film, and all the resistance in the gas phase. The classical two-film model
is generally presented as the starting point for the theoretical development
of the volatilization of hydrocarbon fuel components, although fugacity models
have also been developed (References 25,26,27). The two-film model is used
most frequently to describe the flux of gases across an air/water interface.
The main body of each phase is well-mixed, and resistance to transport occurs
at both a gaseous and a liquid interfacial layer. In this case, the flux, F,

of a liquid component of concentration Cy, into the gaseous phase is described
as:

F=-kAC (1)

where AC is the concentration difference across the interface and k is the
2xchange constant:

k = D/z (2)

o C AL

where 0 is the coefficient of molecular diffusion, and z is the boundary layer
thickness. In the two-film model, the resistance to any exchange of gas is
due to a2 combination of a gas phase and a liquid phase resistance. In steady

% Rl

Y, x
J i N

stite, the fluxes at the interface are equal, and applying Henry's law, the

x
Y
flux, written in terms of the liquid-phase resistance Ky, is: b
B ~
= =K (cg/H - C1) (3) E;
18 gi

)
o

A
3
o
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and = (k) + 1/(Hkg) (4)

and where H is Henry's constant and ki and kg are the mass transfer
coefficients for the gas and liquid phases, respectively, and Cq is the gas
phase concentration. Henry's constants for selected hydrocarbons in jet fuels
are given in many references (References 28,29,30,31,32). Tables 12-14 show
recently determined experimental values for Henry's law constants and other
properties for common hydrocarbons (Reference 32). The two-film model is useful
for determining the volatilization rates of dissolved hydrocarbons. For high-
volatility, well-mixed hydrocarbons, the resistance is usually dominated by a
liquid-phase resistance.

For a liquid spill, however, the evaporation is from a fuel layer itself,
and not a well-mixed aqueous phase. In this case, the volume fuel fraction
evaporated, after time t, fy, (dimensionless), is:

fy = H (kqt/L) (5)

where L is the depth of the fuel layer. For complex hydrocarbon mixtures,

such as those found in jet fuels, Henry's constant must be expressed as a
function of the flux itself, as the more volatile compounds vaporize. There

has been some theoretical work concerning the the calculation of H as a function
of F (Reference 33), however the enthalpy of vaporization for the fuel mixtures
must be accurately known and this data is not always available. Where the
spreading of the fuel over the water is rapid, and the fuel layer is thin, the
resistance is entirely in the air phase since the material does not have to

diffuse through a liquid phase. From Equations (1) and (2), the flux can be
expressed as:

F=-(DAC) /2 (6)

and the mass flow rate, m is

"

m=-A (DAC)/z (7)

where A is the area of the spill. For turbulent conditions, the mass transfer
coefficient kg (=D/z) is a function of the transport conditions in the
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TABLE 12.

e

(RTR XX X" OO R

HENRY'S CONSTANT FOR SOLUTES USED IN

ey

IXTYRYY

(7 \"‘

VOLATILIZATION EXPERIMENTS (REFERENCE 32)

e

% 0% 0% 9% 8% 42 8% 'A%

Small Scale Wind Wave H at 25°C

Apparatus Tank ata m" /mol W

4

'

£

Carbon Tetrachloride / Y/ 1.6 x 10.2 f
Toluene 4 v/ 6.7 x 1077 '
Benzene 2 Y/ 5.5 x 10-3 '
- '
Chorobenzene Y Y 3.7 x 10 3 ;
1,2-dichloropropane / / 2.1 x ].0.3 - f
0-dichlorobenzene v 1.9 x 10-3 X
- i

Bromobenzene / 2.1 x 10 3 h
1-Choro-2-Methylpropane Y 1.2 x 10.3 k
1,2-dibromoechane v Y 6.3 x 10-4 3
Bromoform 4 6.2 x 10-6 3
- x)
1,3-dibromopropane Y 3.2 x 10 4 'f
3-heptanone v/ 1.5 x 10.S 0
2-heptanone v v 1.0 x 1C 4 E
- vy
4-mechyl-2-pentanone v 3.1 x 10 3 !
2-butanone Y 4.3 x 10-S &
- \

2-pentanone / 4 3.7 x 107° ;
b
2-butanol 4 3.9 x 10-5 ‘
- X
l-pentanol Y Y 1.5 x 10 3 j
Acetophenone v 1.1 x 10.S g
Cyclohexanol v 8.7 x 1078 ﬁ
2-methyl-l-propanol v 5.6 x 10°° - b
l1-butanol v 1.1 x 10°° 'f
.
: §
3

)
0

.
X

oY

)
.
X
W1
.'.
"
20 g
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atmosphere above the surface. This is the basic equation on which the measure-

ment of evaporation rates of hydrocarbon spills in the planned experiments is
based.

Several studies of wind and temperature effects on the volatilization
rates have been conducted (References 13-16,18,22). Again, these studies have
focused mainly on the changes in the liquid phase resistance with wind speed
and water temperature. An additional process affecting evaporation rates of
hydrocarbon spills is the heat transfer from the spill to the atmosphere
(Reference 14). If the molar flux Fy(mols/m2 hr) is:

FN = kp (P-Pw )/RTj (8)

where ky is the mass transfer coefficient, P is the hydrocarbon vapor pressure
at the surface and P is that in the atmosphere, R is the gas constant and Tp
is the pool temperature, then for kg known, the evaporation rate can be
calculated if Tp is also known. An expression has been derived for dTp/dt as
a function of wind speed, solar radiation, surface albedo, long wavelength
emissivity and the molecular properties of the vapor. The relation found for
the mass tranfer rate as a function of pool size, X, ind wind speed U was
(Reference 14):

ky = 0.0292 U0.78-.11 5¢-0.67 (9)

where S. is the Schmidt number.

Another relationship was proposed for kp variation with wind speed
(Reference 16):
kp = a Xb ecl
(10)

where a,b, and ¢ are constants, and X and U are as defined above.
Experimental and correlated values of the gas phase mass transfer coefficent
with wind speed are shown in Figure 1 (Reference 32).
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Figure 1. Experimental and Correlated Values of Kg
for Schmidt Number 0.60 (REFERENCE 32).

ALiss, P.S. Deep Sea Res., 20 221 (1973)

bSverdrup, P.S. J. Marine Res., 1, 3 (1937).

Cpond, S.; Phelps, G.T.; Paquin, J.E.; McBean, G.;
Stewart, N.W. J. Atmos Sci., 28, 901 (1971)
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Variations in the thickness of the gaseous boundary layer depends on wind

speed and temperature differences. Values for g have been given as a function
of friction wind velocity (Reference 22) and are shown in Table 15.

Studies of actual fuel oil spills have indicated the importance of evapora-
tion in determining the fate of the hydrocarbons, particularly those with vapor
pressures between that of n-octane and n-octadecane (Reference 15). Evaporation
has been described as the only important fate process for the Cg to Cg compounds
other than indan (Reference 34). Cumulative percent evaporation of gasoline
at varying temperatures is shown over time in Figures 2-7 (Reference 35). A
conservative value of the half life for aromatics from diesel fuel exhaust was
determined to be approximately 11 days at 200C in quiescent water {Reference 36).

A study of an o0il spill on ice showed that the properties of the ice can
have a profound effect on the fate of the oil (Reference 37). The spreading
rate of the oil on the ice was lower than that on water, and as the oil's
temperature decreases to that of the ice, its viscosity increases. In this
study, all of the gasoline had evaporated several days after the spill. However,
the diesel oil, which one would have expected to have evaporated rapidly, had
only lost 2-4 percent of its lightest fraction 10 days after the spill.

For fuel jettisoned from aircraft in flight, when ambient temperatures are
low, the composition of JP-4 shown to reach the ground resembles that of the
heavier Jet-A fuel because the more volatile components have been stripped
(Reference 38). Some volatilization data for jet fuels, and jet fuel components
are shown in Tables 16-19 (References 1,21,32).

C. DISSOLUTION OF JET FUELS IN WATER

Solubility studies have generally been conducted on the major components
of jet fuels (Reference 5), but not the mixtures themselves. Identification
of soluble components of JP-4, JP-5 and JP-8 have been made (References 1,39).
A range of solubilities for various oils is shown in Figure 8 (Reference 3).

Solubility data for many of the hydrocarbons which comprise jet fuel can be
found in Reference 5.
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TABLE 15. NORMALIZED LITERATURE VALUES OF Zg RELATED ' o
TO FRICTION WIND VELOCITY (REFERENCE 22) b
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TABLE 17. TYPICAL EXPERIMENTAL DATA OBTAINED DURING
VOLATILIZATION RATE MEASUREMENTS (REFERENCE 21)

s 0 W <
Number Depth (L) v L 8 v
Chemical of Runs  (cm) ey emheh) e e
Naphthalene 35 8.5 0.060 0.94 3,480 0.058
8.0 0.45 8.99 6,550 0.55
8.7 1.8 53.8 2,730 1.4
1.5 2.7 94.5 3,180 2.1
7.2 4.0 78.5 7,050 3.2
Anthiracene 6 16.0 0.16 80.2 3,710 0.18
it.0 0.25 13.8 10,800 0.26
11.0 0.40 121.0 4,170 0.31
11.0 0.73 50.8 10,400 0.53
2,4-DNT 8 7.5 0.0028 8.79 3,250 0.0028
8.3 0.0037 44.8 4,060 0.0031
8.3 0.0045 15.1 6,370 0.0049
7.5 0.0052 21.2 4,820 0.0042
I, 3-DNB 9 .3 0.0010 6.6 3,210 0.0014
.0 0.0026 10.1 8,500 0.0034
15.5 0.0031 26.5 12,300 0.0025
7.5 0.0031 6.6 6,130 0.0026

Nieasured values, at room temperature.

bCalculnted by substituting messured valves of kf and k:
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TABLE 18. MASS TRANSFER COEFFICIENTS FROM THE WIND WAVE TANK (REFERENCE 32)
Air Speeds m/s x 106
13.2 11.67 . 10.31 8.57 7.09 5.96
Compound

Benzene 94.4 73.3 62.5 51.1 3¢6.9 31.6
Toluene 93.6 79.4 68.9 51.6 46.9 26.6
1,2 dichloro- 93.9 63.9 35.8 28.9

propane
chlorobenzene 89.7 78.0 55.0 41.9
1,2 dibromo-~ 77.2 54.7 45.3 23.6

methane
carbontetra- 79.4 63.3 51.1 39.1

chloride
2 pentanone 33.1 29.7 21.1 13.3
2 heptanone 42.7 31.6 23.0 16.9
1 pentanol 8.11 5.75 3.80
2 methylpropanol 7.30 5.75 3.81
n butanol 4.69 3.58 2.02
Water 71100 55200 39200 29700 22200 19400

evaporation
39
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TABLE 19. RESULTS FROM THE RELATIVE VOLATILITY
APPARATUS AT 250C (REFERENCE 32)

Compound Mean Solute Mass Experimental
Balance Percent Relative Volatility
methanol - 0.8 9.62
ethanol + 1.6 7.66
n-propanol -1.0 10.7
n-butanol + 7.3 16.3
2 butanol - 2.3 17.5
isobutanol + 3.3 22.7
n-pentanol + 3.9 22.0
2 butanone - 1.4 62.9
2 pentanone +17.2 51.8
2 heptanone +18.6 35.8
3 heptanone +26.0 28.8
acetophenone +20.0 31.8
2 butanol (15°C) +9.0 14.0
2 butanol (35°C) + 4.7 24.5
2 butanone (15°C) -11.4 51.5
2 butanone (35°C) -14.8 54.1
40
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A number of solubility studies have been conducted on Number 2 fuel oil.
Unfiltered seawater has been found to dissolve up to 1560 pg/1 of Number 2
fuel oil (Reference 40). The amount of hydrocarbons from diesel fuel and
lubricating oil which are found dissoved after mixing are shown in Figure 9

S SN w ¥ KN N xN

(Reference 10). In general, the solubilities of the n-alkanes are proportional
to their vapor pressures, and solubilities for compounds containing more than
16 carbons are negligible. The aromatic hydrocarbons and other polar
hydrocarbons are much more soluble in sea water (Reference 40). Some researchers
have found concentrations of the Cy2-C24 n-paraffins in the water soluble
fraction of Number 2 fuel 0il at higher levels than their expected solubilities.
These compounds may be present in dispersed or emulsified form and not in true
solution {Reference 41). The dissolution of the o0il displayed unusual behavior
in that the amount of 0il in the aqueous phase increased as o0il was added up

to 1000 ppm, where it reached a maximum and decreased again. This decrease

was probably caused by coagulation of the dispersed oil. Soluble components

of Number 2 fuel 0il are shown in Table 20 (Reference 41).

Another laboratory study found no measureable concentration of Number 2
oil in a water column with a surface concentration of 0il, but with minimized
surface disturbance and no mixing (Reference 42). When the 0il and water were
mixed initially, the correlation between introduced and measurable o0il in the
water column was poor (Table 21). A linear relation was found for volume
introduced and water column concentration for continuous mixing (Table 22).
The water-soluble fractions of four o0ils similar to Number 2 oil have been
compared (Reference 43). In addition to naphthalenes and benzenes, other
compounds identified in the water fraction were phenols, anilines and indoles,
specifically, methyl, dimethyl and trimethyl derivatives were found in high
concentrations. Concentrations of selected compounds of the average fuel
(equal volumes of all four) in the water-soluble fraction are shown in
Table 23 (Reference 43).

%

Some studies of JP-4 and JP-5 solubility have been undertaken in
combination with bioassay tests of hydrocarbon toxicity in aquatic systems. A
chromatogram of a JP-4 water soluble extract is shown in Figure 10
(Reference 39). It was found that benzene, toluene and xylene (isomers) could
account for 90 percent of the water-soluble hydrocarbons in the JP-4 fuel. A h
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{ TABLE 20. SPECIFIC HYDROCARBON CONTENT (ppm) OF WATER-SOLUBLE e,
FRACTION FRQOM 10 PERCENT QIL-IN-WATER SOLUTION OF 4 TEST t
OILS (REFERENCE 41) --
. 1
Compound Sou;h. Kuwait No. 2 Bunker C >
Louisiana crude oil  fuel oil repidual oil d
crude oil }_
Alkanes v
Ethane 0.54 0.23 a a S
Propane 3.01 3.3 t
Butane 2.36 3.66 :;\
Isobutane 1.69 0.90 0.39 0.05
Pentane 0.49 1.31
Isopentane 0.70 0.98 ;j.
Cyclopentane + 2-methylpentane 0.38 0.59 0.02 0.005 .
Methylcyclopentane 0.23 0.19 0.019 0.004
Hexane 0.09 0.29 0.014 0.004 g,
Methylcyclohexane 0.22 0.08 0.03 0.002 X
Heptane 0.06 0.09 0.02 0.004 L
Ci¢ n-paraffin 0.012 0.0006 0.008 0.0012 ;;
Cy7 n-paraffin 0.009 0.0008 0.006 0.0019 x
Total Cy3-C24 n-paraffins 0.089% 0.004 0.047 0.012 $
o~
. e
Aromatics v
Benzene 6.75 3.36 0.55 0.04 .
Toluene 4.13 3.62 1.06 0.08 ]
Fthylbenzene ¢ m, p-xylenes 1.56 1.58 0.95 0.09 -
o~xylene 0.40 0.67 0.32 0.03 {:
Trimethylbenzenes 0.76 0.73 0.97 0.11 =g
Naphthalene 0.12 0.02 0.84 0.21 B
i~Methylnaphthalene 0.06 0.02 0.34 0.19
2-Methylnaphthalene 0.05 0.008 0.48 0.20 >
Dimethylnsphthalenes 0.06 0.02 0.24 0.20 g
Trimethylnaphthalenes 0.008 0.003 0.03 0.10 o
Biphenyl 0.001 0.001 0.011 0.001 o
Methylbiphenyls 0.001 0.001 0.014 0.001 b
Dimethylbiphenyls 0.001 0.001 0.003 0.001 N
Fluorene 0.001 0.001 0.009 0.005 -~
Methylfluorenes 0.001 0.001 0.009 0.004 -
Dimethylfluorenes 0.00! 0.00! 0.002 0.002 -:
Dibenzothiophene 0.001 0.001 0.004 0.001 Ry
Phenanthrene 0.001 0.00! 0.010 0.009 ‘
Methylphenanthrenes 0.002 0.00! 0.007 0.011 s
Dimethylphenanthrenes 0.001 0.001 0.003 0.003 E:
2
Total saturates 9.86 .62 0.54 0.08! e
Total aromatics 13.90 10.03 5.74 1.28 °
Total dissolved hydrocarbons 3
measured 23.76 21.65 5.28 1.38
N
Unresolved gas-chromatography peaks, probably include some olefins
LY
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TABLE 21. TOTAL FUEL 0. CONCENTRATIONS (mg/1) MEASURED BY
INFRARED SPECTROPHCTUMETRY IN BIOASSAY WITH
CONTINUOUS DISPERSION (REFERENCE 42)

Volume of Hours from Mean n  Standard
Fuel 0i1 (ml) Introduction Concentration Deviation

5
5

.02
.53
.94
.25
.21
.90
.5
.42
.63
.42
.35
.00
.13
.03
.46
.31
.31
.25
A
.88
.65
.51
.12
.34
.80
A
.72
.34
.11
9
.30
.50
.14
.96
.19
.47
.53
.29

.50
v
.07
.29
.68
.65
.51
A3
.48
.80
.72
.45
.29
.05
.08
.07
.35
.20
.61
.72
.19
.54
.64
.75
.56
.08
.60
.23
v
.50
.45
.02
.20
.26
17
.15
.72
.33
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TABLE 22. (CONCENTRATIONS (mg/1) MEASURED BY GAS CHROMATOGRAPHY
FOR SOLUBLE COMPOUNDS IN BIOASSAYS RECEIVING CONTINUOUS
DISPERSION (REFERENCE 42)

Hours Introduced Yolume (ml)
from 50 m] T00 mi
Compounds Introduction Rep. 5 Rep. 6 Rep. 5 Rep. 6
Benzene*
Toluene 1 * 0.017 * *
Ethy) benzene* . :
m, p-xylene 1 * 0.023 0.015 0.019 '
2 0.015 0.019 * * ‘
0-xylene ) * 0.029 0.015 0.018
2 0.019 ~ * *
1,2,3 Trimethyl benzene*
Tot. Sol. Aromatics ] * 0.069 0.030° 0.037
2 0.034 0.019 * *

* Traces detected which were below the lower validated limit for
the method. (0.3 mg/1 for benzene; 0.01 mg/1 for others)

TABLE 23. CONCENTRATION (%) OF SELECTED COMPOUNDS IN WATER-SOLUBLE
SOLUBLE FRACTIONS PREPARED BY SUCCESSIVE EQUILIBRATION
(REFERENCE 42)

Compound st equi-~- 2nd equi- 4th equi-~
libration libration libration J
(0 - 24 hy (24 - 48 h) (72 - 96 h)

a

1,2,4 trimethylbenzene 100 98 99
Naphthalene 100 94 92 i
2 methylnaphthalene 100 98 102 ‘
! methylnaphthalere 100 99 98
Dimethylnaphthalene 100 104 104
Indole + methylindole 100 106 67 ',
o-tcluidine 100 50 11
m-toluidine 100 52 10
2,4 + 2,5 dimethylphenols,
m + p cresol 100 57 14
3,5 dimethylphenol + 5
C-3 phenol 100 49 13 ) ;

a
Concentration expressed as percentage of the concentration pres-
ent 1n lst ejuilibration (O to 24 h).
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comparison of petroleum-and shale-derived JP-4 chromatograms and water-solubles
are shown in Figure 11 and the effect of fuel/Hp0 ratio and contact times on
composition is shown in Tible 24 (Reference 39). Another study has shown that
after the initial breakdown and equilibration of the fuel with the water, an
acceleration of the rate of dissolution of the organics takes place due to
chemical modifications of the water—insoluble fraction, either by oxidation or
by bacterial action (Reference 10). The stable concentration period for
dissolution ranged from 2 days for gasoline to 24 days for JP-5 fuel (Figure 12)
(Reference 10). Major water soluble components of JP-4 and JP-5 at various
water fuel ratios are shown in Tables 25 and 26 (Reference 1). Solubilities
and fuel-water partition coefficients for JP-4, JP-5 and JP-8 are shown in
Figures 13 and Table 27 (Reference 1). Concentrations of water solubles from

1 seawater extract of kerosene is shown in Figure 14 (Reference 44).

Theory for partitioning of the fuel between the fuel layer and the water
has often followed fugacity models (References 25,26,27). The fugacities of
each Component i in the water and the fuel phase are set equal to one another.
The fugacity, f, is expressed in terms of the mole fraction, X, the activity
coefficient, ¥, and the reference fugacity fR:

f=xvyfR
(12)

For a dilute solution of one hydrocarbon in another, the partitioning of a

fuel component between a bulk fuel and water is determined mostly by the
activity coefficient in water v;, (Reference 1). Activity coefficients can be
calculated (Reference 46) or determined experimentally and applied to systems
with changing phase composition due to evaporation (Reference 8). For dissolved
hydrocarbons, the surface renewal theory applies, in which ali water parcels
have approximately the siame exposure time before being replaced by turbulent
exchange with the bulk water.

A faour-component liquid hydrocarbon phase system was studied to determine
the time-dependence of the aquenys-phase composition (Figure 15) (Reference 8).

Studies of transport of oil to groundwater have shown that for a disperse phase,
the rate of transfer of water-soluble 0il components is determined almost

50
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TABLE 24a. EFFECT OF FUEL/H20 RATIO ON COMPOSITION OF WATER
SOLUBLES FROM JP-4 (REFERENCE 39)

PN

Concentration, ppm "Cyg Units"

! 1:12 1:6

K Benzene 13.8 14.2
E Toluene 9.1 9.5
' Xylenes 4.4 4.5
. Total Hydrocarbons 31.5 33.8

h TABLE 24b. EFFECT OF FUEL/Hp0 CONTACT TIME ON COMPOSITION
' OF WATER SOLUBLES (REFERENCE 39)

Concentration, ppm "Ci1g Units"

24-h 48-h 72-h
: Benzene 13.5, 14.1 14.4 12.6
| Toluene 8.9, 9.4 9.7 8.5
Xylenes 4,1, 4.5 4.7 4.0
Total Hydrocarbons 29.7, 31.6 32.5 29.7
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TABLE 25. CONCENTRATIONS OF THE MAJOR WATER-SOLUBLE COMPONENTS
OF JP-5 (mg/1 ) (REFERENCE 1)

Deionized Water Artificial Seawater

Fuel Component (200C) (200C)
Toluene 0.06 0.03
Ethylbenzene 0.03 0.01
m-Xylane and p-xylene 0.16 0.09
o-Xylene 0.09 0.06
1-Methyl-3-ethylibenzene 0.05 0.03
1,2,4-Trimethylbenzene 0.20 0.12
n-Decane 0.14 0.08
Naphthalene J.46 0.30
2-Methylnaphthalene 0.23 0.14
1-Methylnaphthalene 0.16 0.09
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T/BLE 27. SOLUBILITY AND FUEL-WATER PARTITION COEFFICIENTS (wa)

IN DEIONIZED WATER (REFERENCE 1)

-log §* JP-4 JP-5 Jp-8
Fuel Comoonent (mol liter-l) log Kfu log Kfu log Kfv

Methylcyclo pentane 3.30 4.97 -— -
Benzene 1.65 3.39 -—_ -
Cyclohexane 3.07 4.69 -_— -
2-Methylhexane 4.60 5.57 - -—
JMethylhexane 4.58 5.56 -— -—
r~Heptane 4.64 5.50 —_ -
Methylcyclohexane 3.79 4.87 -— -—
Toluene 2.22 3.64 -— -
-Octane 5.42 5.98 _— -—
Ethylbenzene 2.91 3.68 -— -—
=Xylene 2.90 3.57 3.83 3.89
p~Xylene 2.83 3.88 -_— —-—
o~Xylene 2.80 3.85 4.01 4.15
1,2,4-Trimethylbenzene 3.36 3.95 4.17 4.17
i-Propylbenzene 3.34b 4.25 4.26 4.38
Naphthalene 3.61 3.88 4.00 4.47
2-Methylnaphthalene 3.75b 4.35 4.68 4.80
1-Methylnaphthalene 3.7° 4.67 4.85 4.96

R e T —

a -
§ = solubility of che component in water at 20°C in mol liter 1.

BLange, s.5.; Banerjee S. Chemosphere, 10 (7),

751-759 (1981)
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Comparison of Petroleum-Derived and Shale-Derived JP-4
Samples. (REFERENCE 39).
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Dissolution of Petroleum
Derived Products in Water
(Reference 10).
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Aqueous Solubility of the Pure
Distillate Fuel Component(s) as a
Function of Fuel-Water Partition
Coefficient (Kfy) (fuel:water = 1:000,
20°C) (Reference 1).
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Figure 15b. Hydrocarbon Concentrations in the Aqueous
Phase as a Function of Time (Reference 8).
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Function of Time (Reference 8).
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exclusively by the partition coefficient and ojl-water ratios (Reference 47). W

However some researchers have suggested that organic macromolecules found in A
coastal and open ocean waters can solubilize certain classes of hydrocarbons !ﬁ
found in petroleum and petroleum products (Reference 40). Octanol-water “g
partition coefficients, Ko, are an indicator of hydrophobicity and this ﬁf
coefficient can be related to solubiiity (Reference 48). :
§
D. BIODEGRADATION IN AQUATIC COMMUNITIES g
S
. Soluble hydrocarbons may adsorb onto the surface of organic particles in f$
water such as bacteria, algae, invertebrates and fish. Some of these organisms é!
will degrade the compounds into simpler organic molecules, and, ultimately, Jﬁ
into carbon dioxide and water. Hydrocarbon degradation can be measured by $$
biochemical oxygen demand, an increase in optical density of a fat-soluble dye 0
and direct measurement of hydrocarbon loss. The process of oil biodegradation W,
is described as follows (Reference 49): (1) n-Alkanes, especially between Cig kg
and Cpg, are the most widely utilized; (2) Iso-alkanes are degraded slower, ?%
especially in the case of extensive branching; (3) Olefins are utilized less 3&
readily than alkanes; (4) Low-molecular weight aromatics can be metabolized 3.
when present in low, nontoxic concentrations; (5) Polycyclic aromatics dre E
generally not metabolized; and (6) Cycloalkanes are rarely degraded by :$,
individual organisms, but may be degraded by cometabolism. ;i
In general, the prediction of biodegradation rates for various components a(

of a fuel mixture is complicated by many factors. Some of these factors include
temperature, salinity, pH, oxygen, and nutrient concentrations (Reference 34).
Also, previous site-exposure history has been shown to be important in

4

determining the microbial capacity to degrade a contaminant. Previous exposure
to hydrocarbons can lead to dramatic increases in population of biota able to
degrade fuel components (Reference 34). Biodegradation rates are not
necessarily proportional to total biomass. Wide variation is observed in
populations taken from different environments. Fuel components released into
shallow, turbid water overlying organically rich sediments could become sorbed
to the sediment and resist chemical and biological weathering altogether.
Generally biodegradation rates for 0il are high only when temperature and

z
. . . - ¢
nutrient supplies are optimal (Referenca 50). {
('
r
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ate tests of 2 model JP-4 fuel in various water and sediment
syetems were conducted [Refarence 34). Of the fifteen compounds in the Model
Fuel [Tahle 28),

n-octane and tetradecane were not soluble; evaporation was
th2 oily important fate for the Cs to Cgq compounds other than indan;
naphthalene, and 2-methylnaphthalene were biodegraded in both freshwater and
brackish water; indan was degraded in brackish water, with no degradation of
2,2-dimethylnaphthalene. The compounds monitored during the JP-4 tests are
shown in Table 29. Little biodegradation was observed in the JP-4 tests,
indicating that JP-4 must be incubated for longer periods to determine the
fate of the more persistant compounds.

A spill of Number 2 Fuel o0il in Bﬁzzards Bay, MA, showed'tg;f degradation
of the 01l involved both bacterial utilization and partial dissolution. The
ratio of N-heptadecane to pristane was suggested as a sensitive indicator of
ihcipient oil degradation. The ratio was found to decrease more rapidly in
the marshes and in lightly polluted offshore sediments than at heavily polluted
stations (Reference 51). The relative increase in the more highly substituted
benzenes, naphthalene and tetrahydronaphthalenes at the expense of the lower
homologs suggested that dissolution was more important than bacterial
utilization of the aromatic hydrocarbons.

Studies of 2 gascline spill in the Ohio River showed that within 48 hours,
up to 20 percent of the hexadecane and toluene, 10 percent of the pristane,
and 2 percent of the naphthaiene and benzanthracene had been converted to C0;
(Reference 52). It appeared that the bacterial population in the river sediment
had adapted to hydrocarbon utilization and was "ready" to respond to the input
of gasoline. Other studies of gasoline biodegradation have shown the highest
degradation for benzene, ethyl benzene, toluene, and xylene, while the least
degraded were iso-alkanes (Reference 53). Depending on the factors listed at
the introduction to this saction, biodegradation may play an important role in
the fate and persistence of fuel components in the aquatic environment. A
literature review with 65 raferances to biodegradation of spilled jet fuels in
water was recently published (Reference 54).

0
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TABLE 28. WEIGHT PERCENT OF COMPOUNDS IN TEST FUEL MIXTURES -
(REFERENCE 54) &
%
.
— 3
Compound Jp-4 Model Fuyel W
n-Hexane 2.21 6.67 R,
genzene 0.50¢ 0 -
Cyclohexane 1.244 6.67 =
o n-Heptane 3.67 6.67 ¢
[ Methylcyclohexane 2.27 6.67 i
| Toluene 1.338 6.67 )
a-Octane 3.8 6.67 3
Ethylbenzene 0.37% 0 « ."-
Ethylcyclohexane -d 6.67 '
p-Rylene 0.358 6.67 5
{sopropylbenzene 0.3 6.67 ' E:
1-methyl-3-ethylbenzene 0.493 0 3
1,3,5-Trimethylbenzene 0.42 6.67 S
1,2,4-Trimethylbenzene 1.012 0 w0
n-Decane 2.16% ] Y
Indan -<d 6.67 v
1,4-Dimethyl-2-ethylbenzene 0.708 0 )
n-Undecane 2,324 0 - 3
Kaphthalene 0.504 6.67 i
n-Dodecane 2.008 0 R
2-Methylnaphthalene 0.56% 6.67 !
n-Tridecane 1.528 0 :\
2,3-Dimethylnaphthalene o=d 6.67 __
n-Tetradecane 0.732 6.67 ;
dMonitored during JP-4 tests !:
bless than G.10 percent by weight. ..
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£. DISPERSION AND SURFACE EFFECTS OF FUEL EVAPORATION AND DEGRADATION

Surface films have been shown to retard spreading of oil on water ind
reduce air-water exchange rates. Many environmental water bodies have a thin
layer of organic-rich material of natural origin on the water. These films
may reduce volatilization rates, altering the behavior of 0il, its persistance
and concentration in the water. Sorption of the 0il onto the organic surface
layer may also reduce initial film spreading.

The extent of retardation of volatilization depends on the coverage of the
film, its thickness, chemical composition and the nature of the diffusing
substance. It has been suggested that the presence of a film may reduce the
overall water-to-air mass transfer coefficient altering the water and air
concentrations by 25-50 percent and changing the environmental persistance by
the same amount (Reference 55). A hydrodynamic effect is also present in water
with thin films, in which turbulence in the interfacial region is suppressed
and the liquid phase mass transfer, which is a function of friction velocity,
and surface roughness, may be lower by 30-50 percent (Reference 55). The
fugacity model may be extended to a three phase system (air, water, film) for
calculating mass transfer of hydrocarbons and the diffusive resistance effect
of films. Most studies of the effects of surface films on the fate of fuels
on water have been concerned with surfactants intentionally placed on the
surface to retard evaporation. Fluorochemical films of sufficient thickness
have been found to reduce the rate of evaporation of JP-4 fuel by 90-98 percent
(Reference 12). Surface films also tend to dampen turbulence at the airwater
interface. This will have an additional effect in the reduction of
volatilization rates.

F. ADSORPTION ONTO SUSPSNDED SEDIMENTS IN WATER

An additional fate to consider for 0il components in a fuel spill is
transport into the sediments. Hydrocarbons may settle if they become attached
to settling particulate material (biological debris, clays, CaCO3, metal oxides,
etc.) (Reference 56). Water turbulence may ennance the formation of dispersed
0il droplets from an oil film and, then agglomeration of the droplets with
other suspended solids may be a prerequisite for sedimentation. Hydrocarbons
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in the sediments are then resistant to Hiological oxidation, especially under
anaerobic conditions (Reference 57). Depending on the level of turbulence,

some of the oil in the film will be broken up into colloidal oil droplets which
will coagulate or flocculate, together with other suspended solids. A model
which predicts the conditions for agglomeration of dispersed oil has been
proposed (Reference 56), which gives the volumetric charge density, and the

mass density, q, of the colloid, in terms of the volume fractions of oppositely
charged particles, e.g., negatively charged oil droplets and a positivly charged
hetero-colloid (Figure 16) (Reference 56).

Experiments have shown (Reference 53) that increased hydrocarbon solubility
reduces uptake and retention of fuel 0il into the sediments. A high concentra-
tion of organic matter in the sediment also reduces the uptake. As a hydrocarbon
becomes more soluble with increasing temperature, its chances of associating
4ith clay or other sediment particles decreases. Table 30 shows hydrocarbon
associition with marine sediments (Reference 58). Organic matter may mask
sorption sites on the sediment, or bind the particles together, reducing surface
irea and therefore reducing hydrocarbon uptake. On the other hand, increase
of organic matter will increase partitioning of hydrophobic solutes, such as
hydrocarbon, onto the sediment surface. In a study of Number 2 fuel oil, only
15 percent of the 0il was sorbed onto washed resuspended natural sediment which
had previously sorbed 0il. The interazlion seems to consist of only weak
onysical adsorption. These compounds may eventually be released by dissolution
or biological activity.

Ten hours after a gasaline spill in the Ohio River, sediment cores showed
that the gasoline had penetrated 3 c¢m into the sediment. The gasoline in the
sediment decreased over 43 hours to background levels found upriver (Table 31).
It wis concluded that evaporition, dissolution, emulsification, translocation
oy r.pid flow of the river and biodegradation all contributed to the rapid
removal of the 0i1 from the sediment.

ruae's released in situations, such as shallow aquatic habitats such as
estuaries, rivers and saitmarshes, characterized by high suspended sediment

loads and bed sediment near the surface of the water, can be expected to

interact readily with the sediment. [n experiments with JP-4, designed to
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E 30a. ASSOCIATION OF HYDROCARBONS WITH
e i BENTONITE CLAY IN SALINE SOLUTIONS
(REFERENCE 58)

-~
=

.':
Meiting h
point &
Compound (°C) % Uptake* o
Normal alkanes: . .
Eicosane 38 99°at —-1° C
949 at 25° C et
839, at §3°C o
)
Hexadecane 20 5695 at 25° C ™
Aromati¢ hydrocartons: $
Anthracene 218 60°%; at —[° C by
22°% at 25° C )
0%, at $3°C by
%
Phenanthrene 100 0% at 25°C )
* Percentage of hydrocarbon removed from water and found A
associated with bentonite, i,
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TABLE 30b. HYDROCARBON ASSOCIATION WITH MARINE A
SEDIMENTS IN SALINE SOLUTIONS AT 250C
(REFERENCE 58) .
.. ¢
Association 5
%% ug hydro- b
Sediment carbon/g :::
_ organic ry % Y
Sediment carbon 3 Hydrocarbon sediment Uptake :
Station B, total 0.37 Hexadecane 6.1 04 Y
<44 uym 0.78 Eicosane 176.0 8.9 b
<44 um, H,0, 0.21 Eicosane 330.0 17 >
Station D, total 1.26 b Hexadecane 11.8 0.8 A
<44 um 1.46 Eicosane 182.0 9.1 \
<44 ym, H,0, 0.39 Eicosane 435.0 22
Station E,, total 098 Hexadecane 3] 0.2 »
<44 pm 1.10  Eicosane 187.0 9.3 "
<44 ym, H,0, 0.30 Eicosane 415.0 21 :,::
(]
3
W
TABLE 30c. ASSOCIATION OF FUEL OIL WITH DIFFERENT
MINERALS IN SALINE SOLUTIONS AT 259C W
(REFERENCE 58) a
oy
e
Resolved Unresolved o
components* components ¥ Total '
Weight ¢, Up- Weight % Up- Weight 9, Up- 9
(ug) take  (mpg) take ug take "
Initial oil 2229 — 358.2 — 581.1 —_ N
. ntonite 1160 52 183.4  Si 299.4  SI \;
Kkaolinite 654 29 96.1 27 161.5 28 %,
Tilite 327 15 391 11 71.8 12 ’
Montmoriilonite 8.8 39 9.5 2.7 18.3 3.1
Station B, <44 ym 17. 49 347 6.0

Station B, <44 ym
(H,0;-treated) 51.
Station B, <44 um
(washed three
times) 16.4 7.4 12.9 3.6 29.3 5.0

0 1.6 17.7
5 23 574 16 1089 19

® Summation of resolved and partially resolved oil components.
t Unresolved complex mixture of oil components. The <44 ym
fraction is about 509} illite . €

"Meyers, P.A. Thests, Univ. Rnode Island (1972)

b
Farrington, J.w. Thests, uniy. Rhode Island {1971)

C
McMaster, R.( .. Garrison, L.L.;

Navel Researcn, (1941, Reference 54-11, Armament Branch, 0ffice of
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TABLE 31. CONCENTRATION OF HYDROCARBONS IN SEDIMENT
(wg HYDROCARBON/g SEDIMENT-ppm)
(REFERENCE 52)

Hours PPM Hyvdrocarbons
Locauon Afrer Spill in Sediment

Spill site 10 113.36
0.2 km downriver 10 .76

Spill site 58 0.67
0.2 km downriver 58 0.69

Spill site 178 0.17
0.2 km downniver 178 0.69
1.0 km upnver 178 0.56

Spill site 346 1.10

0.2 km downriver 346 0.70
1.0 km upriver 346 055
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Figure 16. Simple Model for Predicting Conditions
for Agglomeration of Dispersed Qil with
Heterocolloid and for Evaluating
whether Aggregates will Settle or Rise.
{Reference 13).

(A) A plot of the charge densities of the participating colloids
versus volume-% composition indicates the compositional
conditions for efficient coagulation.

(B) A plot of the mass densities vs composition can evaluate

whether the aggregates formed will settle or rise.

{C) The superimposition of the charge density and mass density

models.
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simulate calm condition in the presence of sediment, the fuel volatili:aed
rapidly and did not partition into the sadiment (Reference 59). However
laboratory experiments with sediment and agitation demonstrated that the
interactions with the sediment held the substituted benzenes in contact with
the microflora long enough for biodegradation to become important (Tables 32
and 33).

G. PHOTOOXIDATION ON WATER

Hydrocarbons in jet fuel can be photooxidized by exposure to direct
sunlight on the surface of the water. A study of the formation of toxic
products from photooxidation of ¢ Number 2 fuel oil demonstrated that with UV
irradiation, toxicity due to reactive peroxides reached a maximum within 24
hours (Figure 17) (Reference 60). Carbonyl compounds and phenols increased at
an approximately linear rate over 7 days.

Another study was conducted on the effects of exposure to sunlight on JP-4
fuel in deionized, fresh and salt waters (Reference 1). The concentrations of
naphthalene and substituted naphthalenes decreased due to direct photolysis
(Figure 18 and Table 34). The half-life for photolysis of naphthalene in the
summer is about 9 days. Photolysis of benzene is not oxpected to be significant
because the absorption coefficient value above the solar cutoff wavelength is
very small. The loss of benzene and alkylated benzenes is postulated to be
due to the formation of triplet state oxy radicals which then oxidize the
alkylated benzene by removal of the benzylic hydrogen. The authors suggest
that the loss of alkylated benzenes in the environment may be at least two
orders of magnitude slower than in the experiment. Photolysis is therefore
not expected to be an important environmental fate for any of the water-soluble
fuel components except naphthalene and the substituted naphthalenes.

H. EXPERIMENTAL METHODOLOGY FOR DETERMINING VOLATILIZATION AND DISSOLUTION
RATES OF JET FUELS ON WATER

Four methods of assessing evaporation rates of hydrocarbon spills have

been compared (Reference 33). These methods are: (1) tray evaporation in 2
wind tunnel, (2) thin film tray evaporation in a wind tunnel, (3) gas-stripping,
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TABLE 32. FATE COF SELECTED JP-4 COMPONENTS IN SEDIMENT AND :::

{ WATER FROM ESCAMBIA (REFERENCE 59) ::.
0\

o

! Compound Site of Biodegradation (.~
E Benzene t
Cyclohexane Volatilized A

Toluene f

]

Ethylbenzene N,

p-Xylene Sediment “3‘:
1-Methyl,3-ethylbenzene !!

: 1,2,4-Trimethylbenzene b,
g

n-Decane Water and A

_ 1,4-Dimethyl,2-ethylbenzene Sediment o1
(X

A

n-Undecane u

Naphthalene Water o

n-Dodecane *u

.

.:-.:

2-Methylnaphthalene kﬁ

n-Tridecane Volatilized {

n-Tetradecane
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TABLE 33. FATE OF SELECTED JP-4 COMPONENTS IN
SEDIMENT AND WATER FROM RANGE POINT
SALTMARSH (REFERENCE 59)

Compound Site of Biodegradation
Benzene
Cyclohexane Volatilized
Toluene
Ethylbenzene Water
p-Xylene Volatilized

1-Methyl,3-ethylbenzene

1,2,4-Trimethylbenzene

n-Decane Water
1,4-Dimethyl,2-ethylbenzene

n-Undecane

Naphthalene Volatilized
nh-Dodecane

2-Methylnaphthalene Water

n-Tridecane

n-Tetradecane Water and Sediment
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Closed circles: Yeast growth inhibition. Closed triangles: peroxide
concentration. Closed squares: acidity. Open triangles: phenol
concentration. Open squares: total carbonyl compound concentration.
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1ir bSubbled through the oi', and (4) distillation. Wind speeds in the tunnel

=

viried from 4 to 12 m/s. Samples were analyzed using gas chromatography. The
. 32s-stripping and tray-evaporation techniques were ideal for measuring the

) 2vaporation rates of o1l. The tray evaporation curve lagged slightly behind .
the gas stipping curve,perhaps due to a liquid-phase resistance or to turbulence

Lt

at the air-water interface. The distillation method is useful only for the
prediction of the evaporation curve.

2 Other studies have been carried out to determine volatilization rates of ;
‘ hydrocarbons in solution. Cohen et al. {Reference 18) have made volatilization J
measuremants in a wind-wave tank, 240 cm long, 60 cm deep and 60 cm wide.
Velocity profiles along the tank were measured, using a pitot-static tube
mounted on a motor-driven vertical traversing mechanism. Air humidity, water

- N

evaporation rate, and air and water temperature measurements were also made.

“ne unsteady-state volatilization of benzene or toluene was monitored using a
. Beckman (DK-2A) spectrophotometer. The wind varied up to 11.6 m/s. A diagram u
: of the tank is shown 1in “igure 19. %

Smati-scale volatilization studies were carried out in a 30 c¢m deep glass

A tank contzining 6 liters of watasr and the compound being studied in solution -

f {Reference 32). Wind-induced wavas were generated at the air-water interface ,

k. by blowing air saturated with water vapor from a blower into the tank. A diagram
of the wind-wave tank is shown in Figure 20. Syringe samples were collected

: and analyzed by gas chromatography. The volatilization rates of 20 organic
compounds were determined. Smith et al. {Reference 21) measured volatilization .
rates from solutions in 1- or 2-1iter beakers, or in 19 cm c~:stallizing dishes
stirred with a magnetic stirring bar. Coutant and Penski {Reference 61) -
maasured rates of evaporition various liquid drops using a recording
microbalance having its sample pan flush with the floor of a wind tunnel .

} {Figure 21). This is the basic wind tunnel system which will be used in the 5

cxperimantal task of this nroject.

. There are three basic methods for determining water-soluble hydrocarbon

concentrations. These are: (1) direct aqueous injection and analysis by GC or

APLC, (2) extraction followed by GC analysis, and (3) purge and trap. Berry

ind 5t-in (Reference 62) describe a direct agueous injection method of
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analyzing samples of gasoline dispersed in water on packed GC columns using a
flame ionization detector (FID). Hydrocarbon extraction has been done with

pentane (References 39,63), carbon tetrachloride (References 10,41,64), CSp
and hexadecane (Reference 65), petroleum ether (Reference 66), hexane followed

by uv spectroscopy (Reference 67), and trichlorotrifluoroethane followed by
infrared spectrophotometry (Reference 64).

Two concentration methods for analysis of water-soluble fractions of jet
fuels were compared (Reference 63): pentane extraction and purge and trap.
They used n-pentadecane for extraction of JP-8 and n-tetradecane for extraction
of JP-4. The pentane extracts were passed throujh a column of anhydrous
NapS04 and evaporated in a rotary evaporator. In the purge-and-trap method,
60/30-mesh Tenax GC was overlaid with 100/120 mesh Porapak Q. Initially
only 5 percent of the N> flow was directed through the trap, and finally all
of the N» was directed through the trap. This method gave the best
differentiation of early peaks. Flow diagrams of the purge and trap techniques
are shown in Figures 22. The results suggest that quantitation of water
solubles in JP-4 is best achieved through the purge and trap method, while the
pentane extraction is best for analysis of components of JP-8.

Four analytical procedures for determination of organic materials in
aqueous solution have been compared (Reference 10). These are: (1) Beckman
total organic carbon analysis, (2) Envirotech total organic carbon analysis,
(3) Rocketdyne pyrolytic analysis, and (4) Carbon tetrachloride, infrared
method. These four methods were compared using JP-5 as a test fuel, and
gasolines and lubricating oils. The indirect method of CClg extraction
produced lower results than the other three. - Good aggrement was obtained for
the other three methods {Table 35). An evaluation of 5 solubility methcds was
conducted (Reference 68) and the results suggest that, with the exception of
the very hydrophobic chemicals, precisions of 3-7 percent relative to the
measured solubilites can be expected.
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TABLE 35. COMPARISON OF DIRECT AND EXTRACTIVE METHODS FOR ANALYSIS 0
OF WATER SOLUBLE JP-5 FRACTION (REFERENCE 10) ey

Concentration of organics in Ko

. aqueous phase after 24-h !
equilibration

(ppm) ul

Direct
Beckman TOC analysis 82 ]
Envirotech TOC analysis 85 vy
Rocketdyne pyrographic analysis 83 Wy

*Extractive (XY
CCLg-Extraction <10 |
Infra-red detection
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SECTION III
CONCLUSIONS

A review of the literature has suggested that the two major fates of jet
fuel spills on water are evaporation and dissolution, although biodegradation,
photooxidation and adsorption ontc suspended sediments can also be important.
Factors which influence the fate of the hydrocarbon components in the spill
include, water and air turbulence and temperature, fuel composition, sediment
1oad in the water, past history of bDiological components in the water, the
presence of surface films, and ultraviolet radiation. A prediction of the
environmental distribution of compounds representative of distillate fuel is
shown in Table 36. While many studies have been conducted to determine mass
transfer rates for dissolved fuel components, fewer studies exist which involve
mass transfer of oil films due to jet fuel spills.
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