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71. BENZENE 

71.1 Statement of Probable Fate 

Based on the Information found, l t appears that the predominant process 
for removal of benzene from the water column Is volatilization to the atmos
phere. That portion of the benzene which volatilizes to the atmosphere is 
probably depleted at a fairly rapid rate due to attack by hydroxyl radi
cals. It must be noted, however, that the solubility of benzene in water 
is relatively high; consequently, persistence of some benzene in the water 
column would be expected. Although the role of benzene sorption onto sedi
ments and suspended solids cannot be established based on the reviewed 
literature, there Is evidence of gradual biodegradation of benzene at low 
concentrations by aquatic microorganisms. The rate of benzene biodegrada
tion is enhanced when other hydrocarbons are present. 

71.2 Identification 

Benzene has been detected in finished drinking water (U.S. Environ
mental Protection Agency 1975), in water and sediment samples from the 
lower Tennessee River ln ppb concentrations (Goodley and Gordon 1976) and 
ln the atmosphere (Howard and Durkln 1974). The chemical structure of 
benzene is shown below. 

Alternate Names 

Benzol 
Cyclohexatriene 

Benzene 

CAS NO. 71-43-2 
TSL NO. CT 14000 

71.3 Physical Properties 

The general physical properties of benzene are as follows. 

Molecular weight 
(Veast 1977) 

78.12 

Melting point 
(Veast 1977) 

5.5*C 
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inferred that direct oxidation of benzene in environmental waters is un
likely. 

Inasmuch as the main transport process that would account for re
moval of benzene from water appears to be volatilization, the atmospheric 
destruction of benzene probably Is much more likely than any other fate 
process. These complex photochemical reactions have been studied ln simu
lated smog chambers (Altshuller et al. 1962; Laity et al. 1973) that 
measured the rate of disappearance of the volatilized organic material. 
The half-conversion time of m-xylene and 1,3,5-trlmethylbenzene have been 
reported to be somewhat less than four hours (Altshuller et al. 1962). 
From this value and the table of relative reactivities given by Laity et 
al. (1973), I t can be inferred that the corresponding range for the half-
conversion time for benzene would be approximately 20 to 50 hours. This 
value for the estimated half-conversion time of benzene is ln reasonable 
agreement with the estimated half-life of benzene proposed by Darna11 et 
al. (1976) of 2.4 to 24 hours. This half-life value is based on the 
assumptions that benzene depletion is due solely to attack by hydroxyl radi
cal (OH*), and that even high concentrations of ozone present ln ambient 
atmospheres will not contribute significantly to the photooxldation of 
alkanes and aromatics, in general. A second-order rate of reaction of ben
zene with hydroxyl radicals of 0.85 x 10~9 l.mol"1sec~1 has been ob
tained by Damall et al. (1976) by averaging rates from smog chamber data 
by Hansen et al. (1975) and Davis et al. (1975). The temporal stability of 
benzene under actual atmospheric conditions is, as yet, unknown. Experi
ments performed in laboratory irradiation chambers are usually conducted 
for relatively short periods and cannot account for a l l of the meterologi-
cal variables within a natural airshed. 

71.4.3 Hydrolysis 

No specific information pertaining to the hydrolysis of benzene 
under ambient conditions was found. The hydrolysis of benzene is an un
likely process under environmental conditions since nucleophilic attack of 
the aromatic ring by water or hydroxide ion will be Impeded by Its negative 
charge-density (Morrison and Boyd 1973). 

71.4.4 Volatilization 

The half-life with respect to volatilization from a water column 
one meter thick has been estimated by Mackay and Leinonen (1975) to be 4.81 
hours for benzene at 25*C; at 10*C the half-life with respect, to volatili
sation from the same depth of water has been estimated to be 5.03 hours. 
Mackay and Leinonen (1975) point out that for benzene the rates and half-
lives of volatilization are insensitive to temperature and that tempera
ture only affects the rate of volatilization significantly i f the system 
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when present in combination vith dodecane, or vith dodecane and naphtha
lene. This utilisation vas suggested by Walker and Col veil (1975) to most 
l ikely occur as a result of co-oxidation or because of a lover concentra
tion of benzene present than when petroleum-degrading bacteria were treated 
vith benzene alone. Since measurable utilization of benzene at a 0.1Z 
concentration occurred for more than 30Z (68 of 200) of the pure cultures 
pf hydrocarbon-utililizing bacteria, Walker and Colve 11 (1975) feel that 
the latter explanation cannot be excluded. 

Gibson (1976) and Gibson e_t al_. (1968) conducted experiments to 
determine the metabolic pathway involved in the microbial, oxidative de
gradation of benzene. Although the microorganism used in these experi
ments, Pseudomonas putida, could uti l ize benzene as the sole source of 
carbon and energy for growth, toluene served as a better substrate, and 
cells grown vith toluene were used to investigate benzene metabolism. 
Gibson (1976) found that the in i t ia l reactions in the bacterial oxidation 
of aromatic hydrocarbons involved the formation of cis-dihydrodiols which 
undergo further oxidation to yield catechols. Gibson (1976) found that 
mammals, on the other hand, oxidize benzene to arene oxides which are 
hydrated to form trans-dihydrodiols prior to oxidation to yield catechols. 

For several reasons, the view that only a few genera of bacteria 
such as Pseudomonas (Gibson 1976), and Achromobacter (Claus and Walker 
196A) can util ize benzene as a sole carbon source aay not be valid. The 
usual enrichment procedures for isolating such bacteria tend to select only 
those that grow rapidly. Vigorous growth in pure culture is a great ad
vantage in biochemical studies but may not encompass a l l of the more impor
tant features of a natural habitat. A specific compound may in fact be 
readily metabolized in soil despite the failure to isolate single microbial 
species capable of using that compound as a sole carbon source (National 
Research Council 1977). On the other hand, the isolation of single species 
cabable of using a test compound as a sole carbon source must also be 
viewed with caution. An organism capable of using a test substrate as a 
sole carbon source in pure culture may not be able to assimilate the com
pound under natural conditions. Generally, the concentration of substrate 
used in pure culture studies is considerably higher than normally en
countered in nature. As a result, the enzymes essential for biodegradation 
may not be induced under natural conditions. Further, pure culture studies 
rarely lead to useful degradation rate information (Howard and Durkin 
1974). 

Helfgott et aJU (1977) report the refractory index (often referred 
to as the biorefractory index by other authors) of benzene to be 0.23 
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80. TOLUENE 

80.1 Statement of Probable Fate I 

From the available data l t appears that the principal mechanism for re
moval of toluene from the aquatic environment is volatilization. The atmo
spheric photodestruction of toluene probably subordinates a l l other fates. 
Adsorption on sediments and suspended solids probably plays a role In the 
fate of toluene, but l t cannot be established quantitatively at this time. 
The data do not allow the estimation of the relative importance of bio
degradation in the determination of the fate of toluene in tha aquatic 
environment. 

80.2 Identification 

Toluene has been detected at several geographical locations ln finished 
drinking water, industrial effluents, and ambient surface waters 
(Shackelford and Keith 1976). The structure of toluene is shown below. 

Toluene 

CAS NO. 108-88-3 
TSL NO. ZS 52500 

80.3 Physical Properties 

The general physical properties of toluene are as follows. 

Molecular weight 92.13. 
(Weast 1977) 

Melting point -95*C 
(Weast 1977) 

Boiling point 110.6*C 
(Weast 1977) 

Alternate Names 

Toluol 
Fheny line thane 
Methylbenzene 
Methylbenzol 
Methacide 
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80.4.2 Oxidation 

Toluene ic readily oxidized in the liquid phase by molecular oxy
gen, but this oxidation is effectively inhibited by the presence of vater 
(Stephens and Roduta 1935). Reaction of toluene ln vater vith hydroxyl 
radicals from the Irradiation of hydrogen peroxide produces benzaldehyde, 
benzyl alcohol, and an isomeric mixture of cresols (Jefcoate ej: al. 1969). 
No data were found from which a relevant rate of oxidation of toluene in 
environmental waters could be determined. \ 

80.4.3 Hydrolysis 

No data have been found that would support any role for hydrolysis 
at ambient environmental conditions. 

80.4.4 Volatilization 

The half-life with respect to volatilization from a water column 
one meter thick has been estimated by Mackay and Leinonen (1975) to be 5.18 
hr for toluene. Some assumptions made in this estimation were: 1) the con
taminant concentration Is in solution, rather than in suspended, colloidal, 
Ionic, complexed, or adsorbed form; 2) the vapor Is in equilibrium with the 
liquid at the interface; 3) water diffusion or mixing is sufficiently rapid 
so that the concentration at the interface approaches that of the bulk of 
the water; and 4) the rate of evaporation of water is negligibly affected 
by the presence of the contaminants. 

80.4.5 Sorption 

Although no specific environmental sorption studies were found in 
the reviewed literature, the log octanol/water partition coefficient (log 
P- 2.69; Tute 1971) indicates that sorption processes may be significant 
for toluene. Presumably, toluene will be adsorbed by sedimentary organic 
material, but the extent to which this absorption will Interfere with 
volatilization has not been considered. 

80-3 
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VOLATILIZATION HALF LIVES IN WATER FOR 
BENZENE AND TOLUENE 

Number of Percent 
Half Lives Benzene (hrs) Toluene (hrs) Remaining 

0 - 100 
1 4.8 5.2 50 
2 9.6 10.4 25 
3 14.4 15.6 12.5 
4 19.2 20.8 6.25 
5 1 day 24 26 3.125 

3T72- 1.56 
7 33.6 36.4 .78 
8 38.4 41.6 .39 
9 43.2 46.8 .195 
10 2 days 48 52 .0975 
11 5T78" TTTT .04875 
12 57.6 62.4 .024375 
13 62.4 67.6 .01218 
14 67.2 72.8 .00609 
15 3 days 72 78 .00305 
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Methods for Solving Problems of Multidimensional, 
Partially Saturated Steady Flow in Soils 

A. E . REISENAUER 

Geochemical and Geophysical Research 
Hanford Laboratories, Richland, Washington 

A computer program for solving steady-state Darcian transport of fluid in hetero-
xjcneous, partially saturated, porous mediums is described. The program is capable of handling 
* •, two-, and three-dimensional and axisymmetrical problems with up to 8000 grid points. 

Înstability of the equations and its control are discussed. Solutions of typical problems that 
£vt important in industrial waste disposal, irrigation, and drainage are presented. 

INTRODUCTION 

1S-

3 . 

Hydro-logic research conducted by the Gen-
iDectric Company at Hanford Laboratories 
-indes studies of saturated and partially satu-
•*3 flow in porous mediums. These studies are 
«ltd primarily toward obtaining a better 
•fctaading of the rates of movement of 
ifactive liquid waste and distribution pat-
nfin the vadose and saturated zones. Al-
*oji this research is related principally to 
âtomic energy field, a knowledge of the pat-
tod rate of waste and groundwater move-

. -tfi has application to hydrologic problems in 
• me variety of other practical situations. 
Ine'include the disposal of industrial effluents, 

* wira] of excess water through drainage, and 
•jfjfliiation and replenishment of deep aqui-
"sETwater supply and irrigation. In investi-

* *BB of radioactive waste disposal the de-
s*£for precision in knowing where, at what 

v %*Dd in what quantities movement occurs 
^ be more critical than in other applications, 
fitting flow rates and patterns can often 
* *ecomplished through the solution of a 
'•Jfliry value problem describing the flow sys-
"•oTbe diversity of practical problems re-

flexibility in the methods of solution. Ac-
*§^y, & variety of mathematical methods 

judiciously selected and combined to form 
*^«s for the Hanford-developed computer 
^ a , 'Steady Darcian Flow in Soils/ to be 
* * ^ i here. Solutions of several typical 
Ny-flow problems are presented to illustrate 
**ect of soil types and soil heterogeneities. 
• • computer program was written to handle 

fiow, partially saturated flow, or both 

in combination, since the distinction is rather 
arbitrary. That js, saturation is a special case 
of partial saturation where every pore is filled 
with a single fluid. For the purpose of this 
paper, cases involving partially saturated flow 
will be discussed. 

DISCUSSION 

Basic equations. The basic equations and as
sumptions are derived and discussed in detail 
elsewhere by Scheidegger [1960], Richards 
[1931], Nelson [1962], and others. It will be 
sufficient here to state that the generalized 
Darcy expression was used with the proper 
equations of state and conservation of mass to 
give the following equation in cartesian co
ordinates: 

I dKdtf> i dK d<f> ^ dKdj, _ 
dx dx dy dy dt dz (1) 

In addition to (1), three other relationships 
are used for partially saturated flow systems. 
They are 

6 = F(P €) 

K - /(P.) 

P c « -P /pg = t -
where 

(2) 

(3) 

(4) 

F(P e) is the functional relationship of moisture 
content to capillary pressure head. 

/(P c) is the functional relationship of moisture 
conductance to capillary pressure head. 
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K is the capillary conductivity of the soil. 
(K is a function of capillary pressure head 
during partial saturation, becoming the 
hydraulic conductivity or permeability at 
saturation. Since the soil is assumed to be 

nonhomogeneous, K is also a fuiictfcj" 
space, i.e., of x, y, and «.) ..' 
=" P/PO + t is the piezometric head̂ bnW 
lie potential, or potential function.. , ~ 

P is the hydraulic pressure. ' V~:'p v 

FINE SAND 
GE.-2 

K. '0136 £52. 

SILT LOAM 
, G.E.-3 
K. • 0.00344 

cm 
min 

I I I 1 I I 

•. a . - ia, ^ 

- p i * . ... 

500 1000 ' . 

Fig. 1. Capillary conductivity—capillary pressure relationships for typical Hanford Mtk̂  
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f jj the capillary pressure head, defined only 
for negative P. 

y is the displacement pressure of the soil, 
(he capillary pressure head at which the 
£jrt soil pore begins to drain. 

I'B the position head or potential energy due 
to location in the gravitational field. 

6 is the moisture content on a volume basis. 
p is the fluid density. 
g is the gravitational field strength. 
x, y, i are the coordinate directions, z being 

oriented parallel to the earth's gravitational 
vector. 
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Two-dimensional flow pattern below a 15-foot canal with homogeneous soil. 
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Axisymmetrical flow pattern below a 15-foot pond with homogeneous soil. 
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I * f r TO WATER TABLE 
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Fig. 5. Two-dimensional moisture pattern below a 15-foot canal in homogeneous soil. 
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Fig. 6. Axisymmetric moisture content pattern below a 15-foot pond in homogeneous soil. 

Finite difference expressions. Finite differ
ence techniques were used to reduce the partial 
differential equations to a system of simultane
ous equations for computer solution. A modified 
Gauss-Sdel iterative method [Forsythe, 1956] 
was selected because of the nonlinearity of the 
equations. 

Central differences were used throughout *» 
estimates of the first derivatives, and the usu»! 
combined forward, and backward difference* 
were used to represent the second partial ot-
rivatives. Substitution of these approximation* 
into (1) yields the following finite differ*** ; 
form of the equation: 1 

+ 

+ X3 

I K t * i . i . t ~~. K 
+ L 2X 

V i ' l . i . t ~ Vi-l.: 

2X 

+ 
- A' 
2X 

< P . . , * i . t — V . - . i -

2X 

+ 
^ ft,.,.*-n - K 

2X 
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U 
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..l.i.k ~T Vt-l.i,* ~ 2<Pi.i.t 

• . . g . . . ^ i . t + V . - . - i . t ~ 2y>,,,-. 

2X J 

Ki.i-l .k 

T.9i.i*1.» ~ <Pi.i-1.k I 

2X J (5) 

where i , j , and fc are tlie index integers of the 
grid points in the x, y, and z directions. 

Solution method. In using this iterative 
method we (1) provide an initial estimate of the 
potential if> at every grid point, (2) substitute 
<f> and the spatial location into equations that 
determine the capillary conductivity K from the 
soils data, (3) substitute the required K and <f> 
into the appropriate finite difference improve
ment formula, depending on the dimensionality 
of the problem, to obtain an improved potential, 
and (4) return the improved <f> to the equation 
that determines K. We continue cycling until 
the change in potential is insignificantly small. 

The number of iterations, or successive im
provements, depends on the goodness of the 
initial estimate of the potentials, on the size of 
the problem, and on the amount of increased 
convergence brought about by over-relaxation. 

The computer program. The computer pro
gram, written for an IBM 7090, can handle 
one-, two-, and three-dimensional and axisym-
metrical problems with up to 8000 grid points. 
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Four 8000-word matrices are stored in the com
puter memory for immediate access. This results 
in a very efficient computation with an average 
of about 400 grid calculations per second. Even 
at this rate very large problems may require 
30 minutes or more of computer time; smaller 
problems require 5 to 10 minutes. The details 
of the program are presented by Reisenauer 
et al. [1963]; they are only summarized here. 

A full range of boundary conditions is avail
able because the system is sufficiently flexible 
so that every grid point can be individually 
controlled for the type of boundary. Soils may 
be heterogeneous or homogeneous because a 
soil identification matrix is stored in the com
puter memory. Also, soils may be repeated in 
the problem as many times as is necessary to 
describe the soil pattern. 

A merging method allows both the type of 
calculation and the type of soil to be stored in 
a single computer word. This saves considerable 

storage and makes it possible to solve the g& 
grid-point problems. , 

Descriptive data for up to fifteen diSewaj' 
soils can be included in any one problem. 
data, which are the functional relation** 
/(P.) expressed in (3), are the properties aiu* 
soil in question as measured with the figjtf 4 
interest, and they must be experimentally £. 
tained. The conductivity-pressure relation&s* 
during wetting for three typical Hanford «t> 
are shown in Figure 1. The information plea* 
on logarithmic coordinates is mathematical 
described by dividing the curve into para * 
order to conserve computer storage. The fv* 
consist of a constant value up to the dspi» 
ment pressure P„ a table of values to 
curve, and an exponential fit to describe tr 
straight line. -J7 • • 

The same program can be used to cxV^n 
the moisture content from the final potest 
by using the functional relationship P(PJ % 
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. Figure 2 shows ft moisture contentr-capiUary 
are relationship for the same soils used in 
sl. 

Convergence and stability. Inherent in the 
nearity of the basic equation are the prob-

t of convergence and stability of the iterative 
lion method for a given set of boundary 
litions. Several techniques are used to over-
• these problems. In the process of iteration 

• conductivity values are calculated from the 
"tials; thus when a new potential is calcu-
the conductivity is lagging by one itera

tor a better estimate of this K, the values 
-"the minimal surrounding nodes are aver-

In our experience the iteration will not 
ge unless this is done. 

Jo-accelerate convergence and save computer 
,as optimum over-relaxation factor is used, 
internally computed optimum factor/de-

by Young [1954] and Forsythe and 
ion [I960], works extremely well in prob

lems of saturated flow where the basic equations 
reduce to linear form. In partially saturated 
flow an upper limit of 12 is imposed to main
tain stability. This is not always sufficient, how
ever; a method for detecting instability is in
corporated in the over-relaxation calculation. 
When instability occurs an empirical equation 
is used which returns to the program an over-
relaxation factor less than 1. The result is a 
tendency toward averaging the potential values 
which effectively damps the oscillations. 

Another method of reducing instability and 
speeding convergence is related to an optimum 
order in which the system of equations is solved. 
A real understanding of such convergent se
quences must await the results of Steward 
[1962], Newton [1962], and others working in 
this area of applied mathematics. We have 
found, however, that instabilities can be con
trolled by using a movable initial point which 
in effect rearranges the order of iteration. When 
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the initial point is moved to the point of greatest 
disturbance, instabilities are attenuated and the 
iteration ordinarily converges. The judicious use 
of these various controls has enabled us to over
come instabilities encountered in previous pro
grams. 

Typical solutions. Several typical problems 
have been solved which will illustrate a few of 
the solutions that are possible with these tech
niques. The solutions permit comparisons to 
be made between different flow systems. The 
streamlines and equipotential lines for a two-
dimensional, partially saturated flow system are 
shown in Figure 3. The source is an infinitely 
long trench or unlined canal. The soil, shown as 
gravelly sand [U. S. Dept. Agr., 1951] in Fig
ures 1 and 2, is homogeneous and isotropic. The 
flow system is 19 feet from the water surface to 
the groundwater table. The quantity of flow 
into the soil is 26.1 ft'/day per linear foot of 
trench. Figure 4 shows a similar flow problem 

rotated about the axis of symmetry on tht'ir 
boundary. The canal has now become a p& 
15 feet in diameter. Only minor difference* * 
noticeable in the potential patterns: the strain 
lines are less uniformly spaced and more *jeU, 
spread at the center because of the geometrj^ 
the flow system. The total quantity of flow fc^ 
the pond is 437 ft'/day. -^-^^J. 

The moisture distribution beneath the e*4 
is shown in Figure 5. A volume fraction fee» 
ture content of 0.33 is the saturation vain* fa 
this soil. The zone lying directly beneath i t 
canal and extending to the water table a * ^ 
rated. In comparison, Figure 6 shows the 
ture distribution for the axisymmetric cue. Tit 
zone of saturation in this instance is much T 
'tumip-shaped.' Another feature, most «tirfr 
guishable at the right of Figure 6, is the grufad. 
rather than sudden, decrease in moisture *kd 
occurs above the water table. -V: 

Figure 7 shows streamlines and equipottaae 
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as f symmetry on th*, ̂  ^ d e f i n e d f o r a flow s i i n i , a r t o 

* " '* ' the water J has now become . „ ^ m w h i c h t h c d e p t h t Q 

Only mmor difference,, » ^ i n c n a j s e i b y 20 ft. The spreading of 
m J Patterns: the £ 1 ^ ^ . ^ ^ d o w n w a r d ; s e v i d e n t . The 
Jj paced and more v ^ ^ t y f o r ^ i s ^ j f t y d a y ^ 

pir feet of canal. The moisture distribution 
j-tio in Figure 8 shows the saturated zone 
eath the canal to be separated from the 

table. A pattern of equipotentials and 
ssnlines for a flow sy stem identical in most 
petG to tliat of Figure 7 but with heteroge-

"""soil is shown in Figure 9. All three soils 
Ajfted in Figures 1 and 2 were used in estab-
£g the soil pattern. A thick lens of silt loam 
sletween the water table and the canal, and 
toTtr of fine sand extends 5 feet above the 
*r table. Several distortions caused by the 
3 filiations occur in the equipotentials and 
audioes. The moisture distribution pattern 
Fjure 10 differs appreciably from that of the 

leous-soil flow system (Figure 8). The 
? of silt loam is saturated at a volume frac-

ibisture content of 0.396. The soil directly 
oath this lens is partially saturated at 0.2S, 
die fine sand at the bottom has desaturated 
art of the overlying coarser material. The 
.̂ tied flows show that heterogeneity has a 
s&ant influence on the water loss from tbe 
ad The ratio of the loss from the canal in 
M&Ceneous soil to the loss from the canal in 
•opaeous soil is 0.54. 
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SUMMARY 

Supplication of these methods, in combi-
jwith reliable microgeological and soil-

sggter characterisation studies, is expected 

to contribute much useful information on waste 
movement and distribution patterns in the 
vadose zone beneath disposal sites. Extension of 
this work to solve other hydrologic problems 
also appears promising. 
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Moisture Movement in Porous Materials under Temperature Gradient., 

J. R. P H I L I P AND D . A. DE VRIES 

Abstract—A theory of moisture movement in porous materials under temperature gradients 
' is developed which explains apparently discordant experimental information, including (a) 

the large value of the apparent vapor transfer, (b) effect of moisture content on net moisture 
transfer, and (c) the transfer of latent heat by distillation. 

The previous simple theory of water vapor diffusion in porous media under temperature 
gradients neglected the interaction of vapor, liquid and solid phases, and the difference be
tween average temperature gradient in the air-filled pores and in the soil as a whole. With 
these factors taken into account, an (admittedly approximate) analysts is developed which 
predicts orders of magnitude and general behavior in satisfactory agreement with the experi
mental facts. 

An important implication of the present approach is that experimental methods used to 
distinguish between liquid and vapor transfer have not done so, since what has been sup
posed to be vapor transfer has actually been series-parallel flow through liquid 'islands' lo
cated in a vapor continuum. 

Equations describing moisture and heat transfer in porous materials under combined mois
ture and temperature gradients are developed. Four moisture-dependent diffusivities arising 
in this connection are discussed briefly. 

INTRODUCTION 

In recent years there has been much interest in 
the physics of moisture movement in porous media 
under temperature gradients. Apart from its sig
nificance to such problems as those of heat and 
moisture transfer in building materials, (thermal) 
insulating materials and clothing, this question is 
of great importance in microhydrological and 
micrometeorological studies. The physical theory 
of many microhydrological phenomena which 
may be safely taken to be isothermal is well 
advanced [Philip, 1957b]; but analysis of such 
problems as the heat and moisture balance during 
evaporation from soils requires an understanding 
of the influence of temperature gradients on soil 
water movement. 

To the present time an adequate physical 
explanation of the growing body of experimental 
data on this topic has not been provided. A number 
of mechanisms have been invoked to account for 
the facts, but have not led to a plausible explana
tion. In this communication we show that the 
facts which have provoked these speculations can 
be explained in terms of the classical mechanisms 
of vapor diffusion and liquid movement by capil
larity. 

T H E FACTS TO BE RECONCILED 

The facts to be explained or reconciled may be 
grouped under four heads: 

(a) The large value of tke apparent vapor transfer 
—This aspect has received the most attention. 

Many workers either explicitly state or give i ln 
which imply that observed water vapor trani|h! 
under temperature gradients greatly exceeds tin-
predicted by the theory of vapor diffusion modi)*: 
to take account both of the reduction of diffiK. • 
cross-section by the solid matrix and the li<|u 
water and of the tortuosity of the diffusion 
through the medium. Much of this work cannot!» 
analyzed quantitatively, since either the boun<]j.-> 
conditions are too complicated or else the tin 
reported miss out one or more important dcir-
minants of the system. However, three groups hav 
given quantitative comparisons between obsor\r 
(presumed) vapor transfer and the predictions 
the 'simple theory.' These comparisons are suit, 
marized in Table 1, to which are added the TOMI!: 
of some further examinations of the data by tV 
present authors. 

(b) Effect of moisture content on moisture traits r 
—Many investigators [e.g. Smith, 1943; Jones 
Kohnke, 1952; Gurr and others, 1952; Hadley & 
Eisenstadt, 1955] have observed that moistuf 
transfer under temperature gradients is neglig^ 
small both in very dry and in very wet media. !*•' 
attains a fairly well-defined maximum at an int" 
mediate moisture content which appears to depo* 
both on the soil-water tension and on the air-nil"1 

porespace. Jones and Kohnke report this maxin>"' 
as occurring at tensions ranging from 60 cm (saw* 
to 6000 cm (loam), corresponding to volume!" 
moisture contents (0 cm* of liquid water/cm') O.ft'' 
to 0.105. Other data are in general agreement. v 

though the simple theory predicts a point of ro*p' 
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TABLE 1 - Experimental data on water-vapor transfer in soils under temperature gradients 

Authors Hon movement identified as 
in vapor pbase 

Porosity 
» + « 

Volumetric 
moisture 
content » 

Volumetric 
air content 

a 

Ratio of 
observed 
transfer 
to value 

predicted by 
simple theosy 

1 

Remarks11 

Gtirr and 
others 
11952] 

Liquid flow assumed 
proportional to Cl 
movement (NaCl 
used as tracer) 

0.472" 0.074 0.398* 3.6 Uncertainty in this value 
about 10% 

Taylor and 
Caxazza 
11954) 

Gaps in column pre
sumed to restrict 
movement to vapor 
phase 

0.555* 

0.657* 

0.206* 

0.158' 

0.349 

0.499 

18 

9.8 

Recomputed by us (from Fig. 
5 after one day). 

Computed by us (from Fig. 
4 after 2 days). 

K M n s and 
others 
|I954| 

Liquid return flow 
(cold to hot) via 
external capillary 
presumed to equal 
vapor flow (hot to 
cold) in column 

0.690 
0.541 
0.521 
0.503 

0.452 
0.407 

0.179 
0.202 
0.260 
0.288 

0.303 
0.329 

0.511 
0.339 
0.261 
0.215 

0.149 
0.078 

4.6 
4.6 
5.7 
6.0 

6.8 
9.8 

Computed by us (from Fig. 6) 
" " (trial no. 7) 
" " (from Fig. 7) 

Computed by Rollins and 
others (trial no. 1) 

Computed by us (from Fig. 8) 
" " (from Fig. 9) 

• These values computed on assumption that S.G. of soil material — 2.65. 
b Figure numbers in this column refer to figures appearing in the corresponding paper cited in column 1. 

mum vapor transfer, this is generally at much too 
Imv a moisture content to agree with observation. 

(c) The transfer of latent heat by distillation—In-
M-stigations [Kriscker and Rohnalter, 1940; de 
I Vies, 1952ab] have shown that the mechanism of 
vajx>r diffusion accounts quite adequately for the 
contribution of heat transfer by distillation to the 
apparent thermal conductivity of porous materials. 
These investigations did not depend on detailed 
UM- of the 'simple theory.' 

(<1) Effect of air pressure on apparent vapor trans-
Molecular diffusion is proportional to the 

mean free path, which varies inversely with gas 
|in>sure. Jennings and others [1952] have con
tinued this behavior qualitatively for moisture 
iransfcr under temperature gradients in soils, 
though their data are not amenable to quantita-
live analysis. 

The situation is, then, that the experimental 
•lata of (a) and (b) do not conform to the simple 
vapor-diffusion theory, but that the aspects of the 
I'toblem mentioned under (c) and (d) can be ex
plained in terms of molecular diffusion. I t is impor-
U n t l o note that the application of molecular dif
fusion concepts to (c) and (d) does not involve the 
"•"ailed application of the 'simple theory.' 

THE SIMPLE THEORY or VAPOR TRANSFER 

need to present this theory briefly before 
f e e d i n g to our explanation of these matters. 

Ra t ion of vapor diffusion, modified so as to 

apply in porous media [Penman, 1940; Krischer 
and Rohnalter, 1940; van Bavel, 1952; Rollins and 
others, 1954] may be written 

-Dttn>vaaVp (1) 

where gr i p is the vector vapor flux density, gm 
cm - 1 sec-1 

Z>atm is the molecular diffusivity of water 
vapor in air, cm1 sec-1 

a is a tortuosity factor allowing for the 
extra path length 

a is the volumetric air content of the me
dium (cm* of air/cm*) 

p is the density of water vapor, gm cm - ' 
v is the 'mass-flow factor' introduced to 

allow for the mass flow of vapor arising 
from the difference in boundary condi
tions governing the air and vapor com
ponents of the diffusion system. 

Krischer and Rohnalter found thatZ)atm for diffu
sion due to a temperature gradient could be repre
sented by the expression 4.42 X 10* 7 , */P in the 
range 20°-70oC, where T is the absolute tempera
ture, °K, and P is the total gas pressure, mm Hg. 
Data for isothermal conditions [Mache, 1910; 
Summerhays, 1930; Schirmer, 1938] differ appre
ciably from this at temperatures above 40°C and 
there is scope for further investigation of water 
vapor diffusion under a temperature gradient. We 
use values of D, tm given by Krischer and Rohnal-
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ter's relationship where numerical values are 
needed. 

Stefan [see, for example, Partington, 1949, p. 912] 
showed that for steady diffusion in a closed system 
between an evaporating source and a condensing 
sink 

w - P/(P - p) (2) 

where p is the partial pressure of water vapor, mm 
Hg. It is by no means obvious that v will assume 
this value under non-stationary conditions. How
ever the order of magnitude of the deviation of v 
from unity follows from (2); v is clearly quite close 
to 1 at normal soil temperatures. 

EXTENDED TREATMENT OF VAPOR TRANSFER 

In this section we show how (1) may be extended 
to give (a) a separation of the 'isothermal' and 
'thermal' components of vapor transfer, and (b) 
the effect of relative humidity (or soil water pres
sure) on the transfer. It will be noted that these 
developments depend only on the proportionality 
of the vapor flux to the vapor-density gradient. 
This is retained in the revised theory presented 
later in the paper, so that these results (modified 
in the case of thermal transfer) are also relevant 
there. 

We introduce the thermodynamic relationship 
[see Edlefsen and Anderson, 1943, p. 260] 

p - po* - p, exp (Vg/RT) (3) 

where p* is the density of saturated water vapor, 

h is the relative humidity 
g is the acceleration due to gravity, cm sec -' 
R ( - 4.615 X 10*) is the gas constant of 

water vapor, erg gm - 1 °C~1 

¥ is the water pressure in cm in thermody
namic equilibrium with the water in the 
medium, with atmospheric pressure as da
tum; thus ¥ is negative in unsaturated 
media. It will be noted that ¥ depends on 
0 and on T. In this communication we 
take as negligible the influence of soluble 
salts in the water on k and ¥ (as here 
defined). 

Hence 

Vp - * Vp, + p,V* (4) 

Before proceeding, we must discuss the influ
ence of temperature on h for a constant value of 0. 
The roles of physical adsorption and capillary con
densation in determining the adsorption isotherm 
(and hence the¥(0) relation) of a liquid in a porous 

material have been reviewed by Carman [195;] 
At low values of * physical adsorption is dominani 
while capillary condensation is the important proc 
ess at high values of k. The data of Carman and 
Raal [1951] suggest that * - 0.6 is a suitable 
(though arbitrary) transition point. Here, then 
we assume that h{0) and *(fl) are determined by 
physical adsorption for k < 0.6 and by capillar^ 
for h > 0.6. Physical adsorption depends primarily 
on h, and for a fixed k, -(l/0)(dd/dT) is some 
what less than the coefficient of thermal expansion 
of the free liquid [see, for example, McBain, I9.t> 
p. 143]. From this it is easily checked that, {<„ 
h < 0.6, dk/dT — 0 to a good approximation. < )r. 
the other hand, capillarity depends on the surface 
tension, a dyne cm - 1, so that in the region »i 
capillary condensation ¥ is proportional to 0 am! 
d*/dT is equal to (*/o)(da/dT). We use this value 
of in the later developments. However, ii 

will be found that, provided k > 0.6, the resultinc 
temperature effect on A is so small that we mav 
safely put dh/dT - 0. Therefore we may take 
dh/dT - 0 in the full range of k. 

Reverting to (4), we see that po is a function 
T only and A is a function of 0 only. Therefore (4 
becomes 

Using (3) to evaluate dh/dO, we obtain 

Vp-A^vr+^^vo (o> 
dT RT 90 

Putting (6) in (1), we get an equation of thc 
form 

qnvp/Pw - - D r m V T - D i n p V 8 (" 

where p* gm cm""* is the density of (liquid) water 
We have thus separated the flux bto two compo
nents, that due to the temperature gradient and 
that due to the moisture gradient. The evaluation 
of the isothermal vapor diffusivity, Z>*n p, has been 
given elsewhere [Philip, 1955] and need not detain 
us at this point. Our interest is in the thermal 
vapor diffusivity Drm> which, according to th< 
preceding simple theory, is given by 

D T TV> - D l X Msaak8/pw (» 

Here we have written B for dp*/dT. B is, of 
course, temperature dependent, but we may 
sonably adopt the constant value 1.05 X IO -' P 9 

onr* °Cr* as representative of the tempera1"" 
range 10°C to 30°C, which wiD be typical for »P-
plications discussed in this paper. 

Al an illustrat 
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an equation djk 

As an illustrative example we have calculated 
PTnp (and the diffusivities D T n Q and D T to be 
defined later) for Yolo light clay on the basis of 
the ¥(0) and K(8) relationships for this soil given 
hy Moore [1939]. Further we have adopted the 
following values for constants occurring in (8): 
• j for a [Penman, 1940; de Vries, 1950b], 0.274 cm* 
sec-1 for DmtB> at 20°C [Krischer and Rohnalter, 
1940], 1.73 X 10~* gm car* for p» at 20°C, 1.00 for 
p, and 1.024 for r at 20°C. The results are shown 
in Figure 1. 

The original formulation of (1) by Penman was 
for the diffusion of CSj and CH»COCH«, neither 
of which, presumably, interacted with either the 
liquid or solid phases of the medium. Applications 
of this equation to water vapor by Penman and 
Schofield [1939], de Vries [1950a], Gurr and others, 
[1952], Philip [1953], Taylor and Cavasza [1954], 
Rollins and others [1954] have disregarded the in
teraction of the water vapor with the liquid and 
solid phases. We therefore remark at this stage 
that the failure of this theory of moisture transfer 
should occasion no surprise, and leave the question 

o. i oa oa o* » s 
veumi-nuc twirnan eo«riuiT#-»-

IfjiG. 1 - Thermal vapor diffusivity Drm», both ac-
~ * ~ n E to the simple theory and according to the 
Ĵ went theory; thermal liquid diffusivity DTUn\ 
"•*fmal moisture diffusivity, D T ; all as functions of 
•wsture content for Yolo light clay at 20°C 

of how the theory is to be modified to a later point 
in this paper. 

LIQUID TRANSFER 

Liquid flow also enters into the general picture 
of soil-water phenomena involving temperature 
gradients. In this section we provide a general 
theory of liquid movement in porous media under 
temperature and moisture gradients. In the final 
section of the paper this is integrated with the 
approach to vapor transfer to provide a general 
theory of liquid and vapor transfer under tem
perature and moisture gradients. 

Darcy's law for liquid transfer in unsaturated 
media [Childs and Collis-George, 1950] may be 
written 

-KV<f> (9) 

where guq is the vector liquid-flux density, gm 
cm-* sec - 1 

K is the (unsaturated) hydraulic conduc
tivity, cm sec - 1 

$ is the total potential, cm 
If we regard $ as comprising pressure and gravi

tational components 

* - * + x (10) 

where t is the vertical ordinate, positive upwards. 
It will be clear from the previous discussion that 

in the 9 range where liquid transfer occurs (K > 0) 
¥ is determined by capillarity, hence 

*d<r 
dT~ <r dT~ y 

Using (10) and (11) in (9), we obtain 

(ID 

Jttq/P- - - K y V V T - K(d*/de)Ve - K i (12) 

where * is the unit vector in the positive z direc
tion. Clearly (12) is of the form 

qnjfiw - - D T I U V T - D,UJ70 - K i (13) 

We have thus separated the liquid flux into 
three components, that due to the temperature 
gradient, that due to the moisture gradient and 
that due to gravity. The latter two have received 
rather detailed treatment elsewhere [Klute, 1952; 
Philip, 1955, 1957a]; our special interest here is 
with the thermal liquid diffusivity, Driiq — K y 9 . 
y is temperature dependent, but we may reason
ably adopt the constant value -2.09 X l O ^ C - 1 

as representative of the temperature range 10°C 
to 30°C. Using this value, and the K and ¥ data 
of Moore for Yolo light clay, we then obtain the 
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relationship for D T U I as a function of $ which is 
shown in Figure 1. 

Here we tentatively accept the validity of this 
theory of the liquid transfer under temperature 
gradients. The results of Richards and others [1938] 
and Gardner [1955] suggest that the temperature 
coefficient of * may exceed the temperature coeffi
cient of <r. However the experiments of both papers 
include extraneous factors which make this inter
pretation of their data uncertain. 

INTERACTION- OF VAPOR AND LIQUID PHASES 

The disposition of liquid water in fairly dry me
dia.—Let us examine the disposition of water in 
a fairly dry medium, so dry, we shall suppose, that 
liquid continuity does not exist or is, at any rate, 
so poor that K (and hence D T iiq) assume very 
small values; that is, 0 < 9 t where 8K is the 
moisture content at which K falls to some small 
arbitrary fraction of its saturated value. (We use 
the term 'liquid' here to denote water capable of 
viscous flow. Of course, even when liquid con
tinuity does not exist, the water molecules adsorbed 
on the surface of the matrix of the medium form 
bridges between the isolated pores or wedges of 
liquid water. According to Quirk [1955], a com
plete monolayer is adsorbed on soil at A ~ 0.20; 
that is, a t * ~ -2.2 X 10« cm at 20°C.) The sys
tem will still contain liquid water, but this will 
occur (either wholly or almost wholly) in isolated 
pockets, filling small pores or forming wedges about 
the points of contact between the grains of the 
medium. Such an 'island' (as we shall call these 
pockets) is shown in Figure 2. 

Movement of water through liquid islands during 
vapor transjer—The solid curves of Figure 2 show 
the two menisci of the island when it is in thermo
dynamic equilibrium with its surroundings. Note 
that the curvatures are equal. We now suppose 

Fic. 2 - Moisture transfer through a liquid island. Ar
row indicates direction of transfer 

that a vapor pressure gradient due to a tempera, 
ture field produces a vapor flux in the direction in 
dicated by the arrow of the figure. The resulting 
condensation at A and evaporation at B tends t 0 

decrease the curvature of .4 and increase the curvt. 
ture at B. This continues until the capillary fl0<r 

through the island produced by the growing <)jf. 
ference of curvatures A and B equals the rate of 
condensation at A and the rate of evaporation at 
B. The broken curves represent the new menisci 
at A and B. I t is easily checked that for all likt-lv 
orders of magnitude of the island dimensions, thr 
necessary change in curvature will be so small thai 
it is simply and rapidly attained. 

Moisture transfer in fairly dry media—We there
fore regard moisture transfer under temperaturr 
gradients in fairly dry media as a series-parallH 
process of flow through regions of vapor and liquid 
The vapor flux is determined by the vapor-pressurr 
gradient across the air-filled pores; the flux through 
the liquid islands adjusts itself to equal this vapor 
flux. 

A detailed analysis based on these ideas would 
involve investigation of the fine structure of thr 
temperature and vapor fields in the air-filled pores 
This would be very complicated and is not at
tempted here. Instead we evaluate q n p on the 
basis of certain simplifying assumptions. We em. 
p has ize that this treatment must be regarded as nu 
more than a first approximation; nevertheless it 
incorporates the essential ideas outlined above and 
will be seen to give results in fair agreement with 
the available experimental data. 

The vapor flux density due to the temperature 
gradient in a single air-filled pore may be written a* 

(HI 

where (VI"), denotes the temperature gradient in 
the pore. This expression follows immediately from 
equations (7) and (8) by substituting one for aa. 
its use presupposes similarity of temperature and 
vapor fields in the pore. This expression holds also 
for the mean flux density in all air-filled pores if. 
hereafter, we reinterpret (vT) . as the average 
temperature gradient in these pores. 

According to the ideas developed above, t l " 
total cross section available for transfer is equal to 
that occupied by air and liquid. We now assume 
that the mean flux density in the connecting liq u i l* 
islands is equal to that in the air-filled pores, » 
concept which receives support from the above-
mentioned property of the islands of accommodat
ing the vapor flux. 
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The total vapor flux density due to the tempera-
lure gradient is thus 

- ( a + 0 ) Z W 0 ( v T ) a - - D T n p V T (IS) 

» here Z>rv.p now denotes the value of the thermal 
,si)or diffusivity predicted by the revised theory. 
We introduce no tortuosity factor here since this 
i» already taken into account in the average (V7"). . 

The ratio n of the vapor transfer given by the 
present theory to that given by the simple theory 
i,.Hows from (7), (8), and (15) 

a + 0 (VT). 
V- VT 

(16) 

I he first factor making up if, (o + 6)/ao, is simply 
evaluated. We denote the second, (V7")./vT, (that 
i-. the ratio of the average temperature gradient 
m the air-filled pores to the overall temperature 
gradient) by the symbol f and proceed to indicate 
how it may be evaluated. 

De Vries [1952ab] gives a method of calculating 
the thermal conductivity of soils by treating the 
soil as a continuous medium (water or air) in which 
'lurticles' of soil and air or water are randomly 
dispersed. On the basis of certain plausible assump
tions about the shape of these particles, values of 
the ratios between the average temperature gra
dients in the particles and in the medium can be 
<»mputed from their respective thermal conduc
tivities. The value of f follows immediately from 
these ratios and the volume fractions of the differ-
"'t components 

(VT). 
a(tT). + 0(Vr)„ + (1 - a - 0){VT). 

(17) 

"here <XT)a . (vT)«, and (vT). are the tempera-
l u re gradients averaged over the volumes occupied 
'^pectively by air, water, and solid. 

Values of f at 20°C calculated in this way are 
vhnxvn in Table 2. Two values have been adopted 
'" r the thermal conductivity of the soil particles, 
namely, 7 x ICT' cal cm"1 sec"1 °C- ,

1 which holds 
f , ,r most soil minerals [de Vries, 1952ab; Smith, 
'^2] and 20 X 10~* cal cm"1 sec"1 "Cr\ which 
•""Ids for quartz. The values computed for quartz 
» r i ' shown in brackets in the table. Values of the 
'normal conductivities of air and water at 20°C, 
°-(kM5 X ICT* and 1.42 X 10"* cal cm"1 sec"1 "C"1, 
**te used. The additional apparent conductivity 
° *he air due to the vapor transfer X „ p was taken 
U u ° a « o u n t by the means indicated in the next 
"^tion. Use of this table should give f accurately 
f°ugh for approximate application of the theory 
m the temperature range 10°C to 30°C. Since X T , P 

increases rapidly with increasing temperature it 
cannot be used for a wider range of temperatures. 

Note on adsorbed phase—To this point we have 
neglected the possibility of transfer in the adsorbed 
phase. Examination of this aspect is complicated 
by the fact that surface migration is governed by 
the gradient of * rather than that of p. Part of the 
vapor that evaporates from or condenses on these 
surfaces may recirculate in a single air-filled pore 
through the process of surface migration. However, 
it seems unlikely to us that the total transfer can 
be much affected by diffusion in the adsorbed 
phase. 

Note on terminology—A question of terminology 
arises. What we should call 'vapor' and what 
'liquid' flux in this complicated series-parallel sys
tem. For some purposes there is little need to dis
tinguish between the phases, but the distinction 
becomes important, for example, when the transfer 
of soluble salts under thermal gradients is studied. 

We shall use the term 'liquid transfer' to de
scribe the transfer which occurs exclusively in the 
liquid phase; all transfer in excess of the liquid 
transfer we shall term 'vapor transfer.' Thus in the 
absence of liquid continuity all transfer is vapor 
transfer. I t is in this sense which we use Z>m P in 
equation (15). 

Moisture transfer with liquid continuity—When 
0 > 8 K the preceding model fails. At moderate 
moisture contents continuity of both liquid and 
vapor phases may exist, together with islands of 
both phases. As 0 increases still further vapor con
tinuity fails and the system comprises vapor islands 
in a liquid continuum. 

With increasing moisture content and increasing 
degree of liquid continuity, the liquid phase trans
fer due to temperature-induced capillary potential 
gradients becomes dominant. The decrease in 
vapor-induced transfer through the liquid islands 
may be attributed not only to a reduction in the 
number of islands and in the opportunity for vapor 
transfer, but also to a growth of the size of the 

TABLE 2 - Values of £ at ZCfC for different porosities 
and moisture contents* 

t 
Values of t for a + # -

t 
0.7 0.5 0J 

0.0 1.4 (1.4) 1.9 (2.0) 3.0 (3.2) 
0.1 1.3 (1.4) 1.7 (1.9) 2.0 (2.7) 
0.3 1.5 (1.6) 1.7 (2.0) 2.1 (2.9) 
0.5 1.5 (1.6) 1.8 (2.2) 
0.7 1.6 (1.8) 

* Note that for a — 0, f means lim f(a). 
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FIG. 3-Ratio of 'vapor* transfer (either as pre
dicted by present theory or observed) to prediction of 
simple theory, if, as a function of volumetric air con
tent a; curve shows theoretical relationship for Yolo 
light clay. 

islands which remain and an increase in the radii 
of curvature of the menisci to the point where auto
matic adjustment to the vapor flux is no longer 
possible. 

This system will be even more complicated to 
analyze than the one without liquid continuity. 
I t is reasonable to suppose, however, that, as 8 
increases above the value 8K , the effective cross-
section for combined liquid-vapor transfer will de
crease steadily. This may be expressed by replacing 
a + 8 in (15) by a factor a + f(a)8, where/(o) - 1 
for a > a K ; a K denotes the value of a at 9 — 8K . 
As a first approximation we tentatively propose 
/ - a/aK ; thus/ —»0 as a -»0. 

In Figure 1 we show for comparative purposes 
Z?rv»p for Yolo light clay computed by means of 
the present theory. In the calculations we assumed 
that the sand fraction of the soil (23.8 per cent) 
consisted of quartz; we also used the value 8K ~ 
0.2, in accordance with Moore's data. The corre
sponding tf(o) relationships for Yolo light clay is 
shown by the curve of Figure 3. We recognize the 
uncertainty of the basis for computing n for a < a K 

by using a broken curve in this region. 
We are now in a position to explain and recon

cile the experimental data introduced at the begin
ning of this paper. 

A RECONCILIATION or THE FACTS 

(a) The large value of tke apparent vapor transfer 
—None of the methods employed by the experi
menters listed in Table 1 distinguishes between 
pure vapor transfer and series-parallel transfer 
through a vapor continuum and liquid islands. (To 
the tabulated list we may add the technique of 

Hadley and Eisenstadt [1955], who attempted t 0 

distinguish the phases by using a radioactive tracer 
salt.) In other words, rather than distinguishing 
phases, these methods indicate as liquid phase 
movement only that which occurs exclusively i n 

the liquid continuum; that is, the definitions of 
liquid transfer and vapor transfer we adopt agree 
with the suppositions of the experimenters. 

The data of Rollins and others [1954] are ihe 
most suitable for a comparison of theory and ex
periment, since no appreciable liquid flow irom 
cold to warm occurred in their columns, the cold 
and the warm side being connected by a capillary 
tube with a resistance to liquid flow small in com
parison with the resistance of the column itself. 
As a consequence moisture was fairly evenlv di*. 
tributed in the columns throughout the e.xperi-
ments and in most experiments no moisture gra
dient existed in the center part of the column. 

'Experimental' values of n deduced directly from 
their data are given in Table 1 and shown by open 
circles on Figure 3. The corresponding values ni 
n(a) predicted by the present theory (that is. com
puted from the data of Rollins and others [1954| 
on porosity, etc.) are shown by crosses. For com
puting points at small a, i t was necessary to assume 
a value of a r(0.2), since n o * or K data were given 
for the silt loam of these experiments, and to adopt 
the values of / suggested in the previous section 
The agreement between the experimental points 
and the theoretical values is quite satisfactory in 
view of the approximate character of the analysis 
and the possible experimental errors, which we 
estimate to be of the order of five to ten per cent. 
No explanation can be offered for the compara
tively large discrepancy at a - 0.51; the experi 
mental value for this case appears to be rather 
high in comparison with the other experimental 
data. For a •» 0.078 the differences between ob
served and calculated values may be caused by 
the fact that the contribution of liquid flow 
( » -Z?riiqvT) has not been taken into account 
This cannot be checked, however, as no data on 
Driiq are available for this soil. 

The single experimental value of n given by 
Gurr and others [1952] is also in good agreement 
with the value computed from our theory. These 
are shown by the triangle and the corresponding 
cross on Figure 3. This may be partly fortuitou* 
since the experimental value is an average over 
five days with changing moisture distribution-
However, the vapor transfer was calculated by 
Gurr and others [1952] for "the plane at which tht 
initial water content remained unchanged." 

The large values of v deduced from tbe ex}*0' 
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merits of Taylor and Cavazza have not been in
cluded in Figure 3 since tbe analysis of these ex
periments is greatly complicated by the presence 
of air gaps in the soil columns. From an estimate 
of the thermal conductivities of the soil slices we 
calculate the temperature gradient in these gaps 
to be about four times as large as the mean tem
perature gradient. This leads to a calculated vapor 
flux across the gaps adjoining the central slice ap
proximately ten per cent higher than the observed 
flux. This could mean that the central slices act as 
'islands' with moderately low resistance to mois
ture flow. In fact the observed moisture gradients 
in the slices would cause a flow from warm to cold. 
We stress, however, that these experiments cannot 
really be analysed quantitatively on the basis of 
the available data. 

W e revert to the experiments of Rollins and 
others [1954] to remark on the influence of tem-
lirrature on the observed vapor transfer. These 
authors measured vapor transfer in the same col
umns (that is, at the same values'of a and 9) over 
different temperature ranges; namely 40°C — 2°C, 
M)X - 2°C, 20°C - 1°C, and 10° - 0°C. The 
temperature coefficient of the observed vapor 
transfer was only slightly smaller than that given 
hy the simple theory, but agreed even better with 
that predicted by the present theory, this being 
due to a small negative temperature coefficient 
off. 

(I)) Effect of moisture content on net moisture 
transfer—Before explaining the data of Smith 
I I'M.*.]. Jones and Kohnke [1952], Gurr and others 
|l''52] on the variation of thermal moisture trans
fer with mean initial moisture content, we recall 
iKat these experiments were on closed systems, so 
lhat their observations were not of total moisture 
iransfer, but of the net transfer. When the mean 
moisture content was so low that no liquid con
tinuity existed in the column (and this was so for 
the drier columns of these experiments), the net 
Iransfer observed was in fact equal to the total 
iransfer. At this moisture level transfer will be 
exclusively vapor transfer (using the terminology 
* c propose), so that the transfer increases rapidly 
*ith moisture content rather like Dmp . Since in 
**Cn column there will exist a range of 9, which 
"•creases with the net transfer, the experimental 
l ** u , t s will tend to represent a smoothed Drr» 
ettrve. 

This situation changes radically once 0 exceeds 
« • Then a liquid phase return flow produced by 

'«* moisture gradient will tend to balance the 
wrrnal vapor transfer and reduce the net transfer. . 

*'ill begin to operate when part of the column 

attains a moisture content greater than 9K , and we 
should expect net transfer to decrease rapidly as 9 
increases, until it becomes effectively zero when 
the mean 9 is a little in excess of 9 X . It follows 
that the maximum net transfer will occur at a 
mean 9 somewhat less than 9K ; exactly how much 
less than f?x will depend, among other things, on 
the length of the column and the duration of the 
experiment. 

We recall the data of Jones and Kohnke and 
other investigators on the effect of texture on the 
point of maximum observed net transfer; namely, 
that this point occurs at small tensions but rather 
low moisture contents in coarse-textured soils, 
while in fine-textured soils it occurs at greater ten
sions but at relatively high moisture contents. The 
effect of texture on 9K is entirely parallel to this 
[Moore, 1939]. This parallelism may seem fortui
tous; however, the preceding discussion of the 
relationship between 9K and the point of maximum 
transfer suggests the existence of a real physical 
relationship. 

It is thus seen that the present theory accounts 
both for the rapid increase with mean moisture 
content up to the point of maximum net transfer 
and for the steep decrease as 9 increases further. 
It also explains the way in which the effect of mean 
moisture content on net transfer varies with soil 
texture. 

(c) The transfer of latent heat by distillation— 
According to the simple theory the heat flux by 
distillation would be — LD l l mvaah8VT where L 
is the latent heat of vaporization of water. A simi
lar expression was given by de Vries [1950a] in a 
first attempt to assess the influence of vapor dif
fusion on heat transfer in soils. 

In subsequent papers de Vries [1952ab] de
veloped a method of calculating the thermal con
ductivity of soils from their composition. Here a 
more rational method of taking the distillation 
effect into account, first suggested by Krischer and 
Rohnalter [1940], was adopted. In this method the 
contribution of vapor distillation to the heat trans
fer is first calculated for the air-filled pores sepa
rately. It follows immediately from (14) that this 
produces an apparent increase of the thermal con
ductivity in these pores by an amount X T a p given 
by 

LD*xm*h8 (18) 

(De Vries used an expression for XT»P equivalent 
to (18) but with A - l and applied the results at 
moisture contents above 'wilting percentage.' For 
smaller moisture contents he assumed linear de
crease of XT» P with 9. Eq. (18) is more general, 

'"•"•MP* « 
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applying to the fuH range of k and 0. Note that 
X j , XT' in de Vries [1952ab] correspond to our 
X a , XT»p •) Then in calculating X, the overall ther
mal conductivity of the soil, the value X„ + X v a p 

is inserted for the conductivity of the air-filled 
pores, X a being the normal thermal conductivity 
of air. 

This theory predicts thermal conductivities for 
a wide variety of soils and for the temperature 
range 0 to 75°C in good agreement with experi
mental data. (A difficulty arises in computing X 
in a narrow range of low moisture contents for 
reasons unrelated to the present discussion. We 
refer to the original papers for treatment of this 
point.) 

This second theory of the distillation effect is 
seen to be entirely consistent with the present 
theory of thermal moisture transfer. In principle 
one should also take into account sensible heat 
transfer by Liquid flow through the islands. This 
can easily be shown to be negligible. 

(d) Effect of air pressure on apparent vapor trans
fer—The explanation of the data of Jennings and 
others [1952] involved the concept of vapor dif
fusion as the governing mechanism and depended 
only on this aspect of the simple theory. The pres
ent theory retains this concept and therefore agrees 
just as well with the observation that transfer de
creases as gas pressure increases. 

The situation, then, is that the present theory 
retains the concept of vapor diffusion as the gov
erning mechanism of transfer (at least in dry soils), 
which had received support from the observations 
of (c) and (d), and at the same time provides a 
quite comprehensive (and reasonably quantitative) 
explanation of the apparently conflicting evidence 
presented under (a) and (b). 

Relation of tke present theory to that of Smith 
[1943]—There are certain points of similarity be
tween the present theory and that of Smith [1943]. 
The distinction is, essentially, that Smith envisaged 
the process of vapor distillation as triggering off 
the transfer in a series of discrete steps, while it 
appears to us that the process will very rapidly 
become continuous. By treating it as such we 
have been able to make this first attempt at ana
lyzing the phenomenon quantitatively. In addition, 
we have, of course, attempted to take into account 
the fine structure of the temperature field in the 
medium. 

T H E EQUATIONS OT MOISTURE AND 

HEAT TRANSFER 

We conclude this paper by presenting the system 
of equations which describe moisture and heat 

transfer under combined moisture and tempera^ 
gradients in porous materials. We begin by revert 
ing to (7) for the vapor transfer, which we prr. 
viously derived from the simple vapor theory; *, 
now require to reinterpret the diffusivities of i ; , 
in terms of the present theory. 

The simple theory gives for the isothermal vapr, 
diffusivity 

Dttm vaagp 3^ 
PteRT d6 

The mechanism of transfer operating in the tha. 
mal case fails here, since the vapor pressure gra<l 
ent is now due solely to the moisture gradient, an.' 
in general, very small changes in the curvature .; 
a meniscus will be sufficient to reverse the dim 
tion of vapor movement. Accordingly, the simpi. 
theory may be expected to hold reasonably wi 
for isothermal vapor transfer, that is, the valur-
of ZVrap given by Philip [1955] and (19) should U 
reasonably correct. (The Z> T a p of Philip [1955) a.i 
responds to Z>#r»p here. He omitted the factor r 
(which, as we remark above, is close to unity i"-
most applications to nature) and also the fact. • 
ifpm , so that although numerically correct, h.-
D n p , as i t stands, is in the units gm cm - 1 sec 1 

This view is supported by the data of Staple u: . 
Lehane [1954]. 

We also use here (12) and (13), describing liqui ' 
phase movement. Combining (13) with (7) »r 
obtain 

q/pm - -DTVT - DtVB-Ki 

where q gm cm -* sec-1 is the total flux density . 
water, and 

D T - Z>rii, + D T n p (21 

JJ, - io. + 0 # T . P 

D T , the thermal moisture diffusivity, has bê  
computed for our illustrative Yolo clay and 
shown in Figure 1. The relative constancy of D • 
over a large part of the 0-range must be regards 
as a coincidence due to the fact that in this case tlx 
maximum values of D T \ in and D m p are of atwui 
the same order of magnitude. We expect that ii 
coarser-textured soils than the Yolo light clay tlx 
maximum value of Z>riiq will exceed the maximum 
of Z>mp and tend to dominate the shape of D, 
Conversely, our expectation is that D m ? w 0 U ' J 

be more important in finer-textured soils and wouH 
largely determine the shape of D T . D , , the i** 
thermal moisture diffusivity, has been discus--"-
elsewhere [Philip, 1955]. 

Differentiating (20) and applying the continuii) 

.jqBrernent, we 
jp*4kn describir 

' attenals under c 
: ^ gradients 

Ov, 

M: ~ 

|q. (23) depen 
nVpeness of the 
ipteresisin*(0) 
| tone parts of tl 
•«j other parts a 

*of(20). 
It is seen that 

tke toil are the di 
ijdraulic conduct 
•quired D T and 1 
peats Dri iq , L 
iqtid diffusivities 
M at high moi: 
dp* diffusivities 
•tents. 
finally, we may 

for the soil 

C cal cm-' c 

, . , of the soil a 
•KDal conductivi 

effect). Ec 
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enndi 

requirement, we obtain tbe general differential 
equation describing moisture movement in porous 
materials under combined temperature and mois
ture gradients 

*? . V ( D T V T ) + V(D.VO) + (23) 
at 9Z 

Kq. (23) depends, among other things, on the 
uniqueness of the ¥(0) relation. The existence of 
hysteresis in¥(0) [Haines, 1930], which may occur 
if some parts of the medium are gaining moisture 
and other parts are losing it, may invalidate the 
use of (20). 

It is seen that the significant characteristics of 
the soil arc the diffusivities, D T and D t . and the 
hydraulic conductivity K. When more detail is 
required D T and D t must be split into their com-
l»>nents D T\,q., f m P ; #»iiq. Dtnt> • The two 
liquid diffusivities tend to be the most important 
ones at high moisture contents, whilst the two 
\.i[H>r diffusivities are dominant at low moisture 
• •intents. 

Finally, we may write the heat conduction equa-
ii»n for the soil 

C ^ ~ V - ( X V T ) - LV-(D»>PV6) (24) 

«here C cal cm - ' " C - 1 is the volumetric heat ca
lm ity of the soil and X cal sec-1 cm - 1 "Cr1 is the 
i hernial conductivity (including the thermal dis
tillation effect). Eq (24) is more general than the 
'u*tomary equation, the second term on the right-
li.uid side representing distillation effects induced 
l y the moisture gradient. I t will be noted that (23) 
«|»l <2-l), both equations of the diffusion type in-
v"King 8- and 7"-dependent diffusivities and con-
'lurtivities as well as gradients of both 8 and T, 
'"ttether govern the simultaneous moisture and 
•"•at fields in the soil. 
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SORPTION OF HYDROPHOBIC POLLUTANTS 
ON NATURAL SEDIMENTS 

SAMUEL W. KARICKHOFF, DAVID S. BROWN 

and TRUDY A. SCOTT 

Environmental Research Laboratory. U.S. Environmental Protection Agency. 
College Station Road, Athens. GA 30605. U.S.A. 

{Received 4 September 1978) 

Abstract—The sorption of hydrophobic compounds (aromatic hydrocarbons and chlorinated hydro
carbons) spanning a concentration range in water solubility from 500 parts per trillion (ppt) to 1800 
parts per million (ppm) on local (North Georgia) pond and river sediments was investigated. The 
sorption isotherms were linear over a broad range of aqueous phase pollutant concentrations. The 
linear partition coefficients (X,) were relatively independent of sediment concentrations and ionic 
strength in the suspensions. The Kf's were directly related to organic carbon content for given particle 
size isolates in the different sediments. On an organic carbon basis (X K = X^'fraclion organic carbon), 
the sand fraction (>50jmi particle size) was a considerably less effective sorbent (5O-90°„ reduction 
in K K ) than the fines fraction (>50um particles) Differences in sorption within the silt and clay 
fractions were largely related to differences in organic carbon content. Reasonable estimates of Xot's 
can be made from octanol/water distribution co:fficients, which are widely catalogued or easily-
measured in the laboratory. 

INTRODUCTION 

The fate of hydrophobic organic pollutants (com
pounds having a water solubility of less than a few 
parts per million) in a natural water system is highly 
dependent upon their sorptive behavior. In addition 
to affecting the physical movement of pollutants, 
sorption can be involved directly in pollutant degra
dation via surface-associated chemical processes. 
Moreover, natural ssdiments can indirectly mediate 
solution-phase processes by altering the pollutant 
concentration in solution or by providing a buffered 
solution-phase ion suite that may affect the dielectric 
properties and acidity of the solution phase. A realis
tic key to predicting the environmental fate of hydro
phobic compounds then, lies in an understanding of 
sediment-related processes. 

Existing data point to a large number of different 
sorbent properties as keys to sorption in given situ
ations (Hamaker, 1975; Pionke & Chesters, 1973; 
Bailey & White, 1970). The high degree of variability 
and complexity in sediment composition and poten
tial sorptive interactions seems to preclude the possi
bility of developing a simple, systematic procedure 
for predicting sorption parameters. A general predic
tor, on the other hand, that would take into account 
detailed sorbent -structure and associated physical 
properties would be useless for most applications 
because of its complexity. Acceptability of a predictor 
depends upon the use to be made of the resulting 
number's), the span of environmental conditions over 
which the predictor is to be. applied, and the degree 

Mention of trade names or commercial products does 
not constitute endorsement or recommendation for use by 
the VS. Environmental Protection Agency. 
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of accuracy or precision required in its usage. The 
primary goal is to define a limited set of sorbent 
properties that can generate a sorption predictor 
(generally within a factor of 2) over a broad range 
of environmental conditions in sediment-water sys
tems. 

Significant contributions to the systematization and 
estimation of sorption in natural systems are the 
works of Lambert (1966, 1978, 1968) and co-workers 
(Lambert et ai^ 1965). Lambert has demonstrated that 
for a given soil type, the sorption of_neutral organic 
pesticides can be well correlated with the organic 
matter content of the soil. His approach corrects for 
sorptive differences in different soil types by defining 
an 'effective organic matter', which is derived for a 
given soil by normalizing soil sorption of a known 
compound to a reference or standard soil system. 
Lambert and others (Briggs, 1969; Hance, 1969) have 
utilized an extrathermodynamically based framework, 
similar to that used by Bark & Graham (1966) for 
chromatographic sorbents, to compute sorption con
stants. Lambert further suggested that the role of soil 
organic matter was similar to that of an organic sol
vent in solvent extraction and that the partitioning 
of a neutral organic compound between soil organic 
matter and water should correlate well with its parti
tioning between water and an immiscible organic 
solvent. Briggs (1973) developed a regression equation 
relating the soil sorption of phenyl urea herbicides 
to their octanol-water partitioning. ^ 

The work of Lambert and Bnggs was done in pesti
cide-soil systems as was the overwhelming majority 
of sorption work in systems of environmental interest. 
The interrelationship ofthe sorption t^havior of soils 
and sediment is largely unknown. Poinke & Chesters 
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Table I . Materials used in study 

Material Description 

Sediments 
Doe Run 

Hickor> Hill 

Oconee River 
Class I hydrophobic compounds 
Pyrene 
Methoxychlor 

Tetracene 
Anthracene 
9-Methylanthracene 
Phenanlhrene 
2.4.6.2.4.6'-
Hexachlorobiphenyl 
Class 2 hydrophobic compounds 
Naphthalene 

2-Methylnaphthalene 

Benzene 

Small pond sediment—grass watershed 
Sand (50°,,)*. silt (50°„), clay <!?„) 
Small pond sediment—wooded watershed 
sand (50°„). silt (50%), clay (P0) 
Small river—sand (90°/„), silt (5°J. clay (5%) 

K & K Labs: recryslallized from ethanol 
EPA. Research Triangle Park. NC; Standard-
used as received 
Analabs. Inc.: used as received 
Analabs, Inc.: used as received 
K & K Labs.; recrystallized from ethanol 
K & K Labs.; recrystallized from ethanol 
RFR Corp.: used as received 

Baker; extracted with, and recrystallized in, 
hot water 
Eastman; extracted with, and recrystallized in. 
hot water 
Fisher: spectrograde, used as received 

* Approximate particle size distribution in parentheses. 

sr.! 

(1973) have reviewed interactions of pesticides with 
sediment-water systems and have outlined composit
ional distinctions between soils and sediments that 
can affect sorption. A key distinction between the two 
systems is particle size composition and its potential 
impact upon environmental behavior. Sediments are 
largely eroded soils that have been subjected to con
tinuous redispersion and particle-size fractionation 
commencing with runoff and continuing with sub
sequent water-system processes. These processes are 
highly dependent upon the dynamics of the specific 
stream, river, pond, or lake and upon the dispersion 
properties of the parent soil. One result is that sedi
ment within a given water compartment may contain 
a very narrow range of particle sizes. For example, 
a suspended sediment within a river system may be 
largely clay, a bottom sediment from the middle of 
the river largely sand, and a bottom sediment from 
the edge largely silt. Functional dependence on par
ticle size could vary the degree of sorption in different 
river compartments or produce a nonuniform distri
bution of sorbed pollutant within the sediment. 
Richardson & Epstein (1971) showed that two hydro
phobic compounds, DDT and methoxychlor, tend to 
concentrate in finer particle sizes (clay), whereas the 
more soluble endosulfan preferred coarser material. 

The work reported investigated the sorption of 
polycyclic aromatics and chlorinated hydrocarbons, 
two hydrophobic organic families, on river and pond 
sediments. Special emphasis was placed on the sorp
tion role of sediment particle size and organic matter 
content and upon the correlation of sorption with 
sorbate aqueous solubility and octanol/water distri
bution coefficients. 

MAI EKIALS AND METHODS 

Sediment preparati on 
The three bottom sediments (Table !) tr>Mected for stud? 

provide a range of water sources and associated composit
ional differences; no effort was mad: to collect samples 
that would characterize a given source or geographical 
region. Particle size fractionation procedures were similar 
to those of Jackson (1956) except that no dispersants or 
other additives were used. The sand and silt fractions were 
separated by sedimentation and the clay retained in the 
suspended form. The sand and silt ft actions were washed 
5 times with the first two washes being retained for further 
separation. The particle size separate? were: sand (> 50 m), 
coarse silt (50-20 ^m), medium silt (20-5 um). fine silt 
(5-2//m), and clay (>2jtm). Galbraith Laboratories, Inc, 
Knoxville, TN, performed the organic carbon analyses. 
Organic carbon was determined as total carbon (Leco dry 
combustion) minus inorganic carbonates (gas purge of 
acidified suspensions). 

Sorption isotherms 
Adsorption isotherms for a series of hydrophobic com

pounds (Table 1) were run by a varitty of methods depen
dent upon the water solubility and volatility from sediment 
suspensions of the materials. 

All isotherm determinations involved the equilibration 
at 25CC (±1°C) of variable concentrations of compound 
with constant concentrations of sediment. The sorbent e**-
centrations (air-dry mass basis) generally used were 
400mg ml" 1 of susjxnsion for sand, 20mg ml" 1 for coarse 
and medium silt, lOmgrnP1 for fne silt and lrngml"' 
for clay. These concentrations varied somewhat depending ( 

upon the amount of sediment fraction available. 
The amounts of a given compound added to the sedK 

ment samples were chosen to give, on the high and IP'S*, 
concentration ends of the isotherm, solution concen;'' 
t rat ions approximately 50 and 1C%. respectively, of the' 
compound water solubility. Each isotherm involved at v 
least 12 interim points, and all isotherms were replicated 
at least once. Compounds were handled so as to minimize 
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exposure to laboratory lighting except in cases where light 
stability was checked. The mixing of the compounds and 
sediments proceeded in one of two ways: 

1. Class 1 compounds (low volatility materials having 
water solubility of <500ppb|. These low-water-solubility 
compounds are difficult to store and transfer in aqueous 
solutions. Also, the major portion of these compounds 
tended to sorb when an aqueous solution of the compound 
was mixed with sediment, which prevented the achieve
ment of the desired isotherm span. To curcumvent these 
problems, (he compounds were 'plated' out of hexane or 
isooctane solutions onto Erlenmeyer flasks. Sediment sus
pensions were added, and the containers swirled on an 
oscillating shaker until equilibrium was achieved. Equilib
ration, as judged by sequential sampling, was generally 
achieved within 24 h. Unless the compound started to 
show losses (e.g. 3-ring polycyclics). however, the suspen
sions were allowed to mix for 48 h. 

2. Class 2 compounds (volatile materials having a water 
solubility of > 500 ppb). Aliquots of aqueous stock solu
tions ofthe hydrophobic compounds were mixed with sedi
ment suspensions in stainless steel centrifuge tubes fitted 
with a sealable cap. Compound attenuation prohibited the 
attainment of a stable equilibrium such as was achieved 
for the previous group of compounds; 4-8 h of shak
ing was generally sufficient to produce a fairly constant 
(variation <: 10%) partition response, yet not result in com
pound attenuation in excess of 10% of the total present. 

Subsequent lo compound-sediment equilibration, the 
suspensions were centrifuged at 20.000rev min" 1 (Sorvall 
RC2-B with SS-34 rotor) for 60 min. Analyses were run 
on water phase aliquots taken from the upper portion of 
the centrifuge tube: sorbed compound concentrations were 
computed by difference based on the total compound 
added. Mass baiar.c: v.-. . I z ^ . z i cr. ib.-u-. ha!f ,-' th-
samples by soxhlet extraction of the sediment chase with 
hexane. Recoveries were in excess of 90% for all com
pounds. 

Analyses for polycyclic hydrocarbons were conducted by 
u.v. light alsorption on a Perkin-Elmer 356 spectrophot
ometer: chlorinated hydrocarbon analyses were performed 
on a Tracoi 222 gas chromatograph equipped with a N i 6 3 

electron capture detector and a 3% SE-30 Gas Chrom Q 
Column. 

Partition: ng as measured via sediment-water phase sep
aration effe:ted by filtering the suspensions through Zitex 
membranes (75-F, 2-5 pm pore size, Chemplast, Inc., 
Wayne. NJ) was compared with centrifugation results for 
both pyrene and methoxychlor for Doe Run medium and 
coarse silt. Consecutive aliquots of the filtrate were ana
lyzed until a constant response was obtained indicative 
that the lest compound was not being further removed 
by the filter material. 

Desorption isotherms for pyrene and methoxychlor were 
run on the Doe Run coarse silt. Sediment that had been 
equilibratec with the compounds was removed by sedi
mentation End centrifugation (to remove any unsettled par
ticles). The compound-spiked sediment was resuspended 
and allowed to equilibrate under swirling for 24 h and par
titioning was determined as in previous adsorption runs. 

The dependence of adsorption isotherms on sediment 
concentration and salt content was determined for pyrene 
on the Doe Run medium silt. Silt concentrations were 
varied from 2 to 20mg m l " 1 in 2mg m l " ' increments 
while keeping the pyrene concentration relative to dry 
mass sediment constant. In the salt-spiked isotherms, a 
series of isotherms were run wherein the NaCl additions 
to the sustensions were varied from 0 to 20mgml" ' of 
suspension in increments of 2mgml~' . 

Octanol woter partitioning 

Reagent grade octanol was extracted once with 
0.1 NNaOH, twice with distilled water, and was subse

quently distilled twice. The compounds were prepared in 
octanol at or near saturation concentrations for the solids 
or approximately 0.1% for liquids. A small volume of this 
octanol solution (1-5 ml) was equilibrated with variable 
volumes of water (determined by the amount of compound 
required for analysis and thus the analytical sensitivity and 
water solubility ofthe compound). After equilibration, the 
phases were separated and each phase analyzed for the 
designated compound. For many compounds (especially 
Class 1 compounds), a crystalline third phase appeared 
upon mixing the spiked octanol with water: in the presence 
of the crystalline phase, the aqueous phase concentrations 
were generally within experimental error of the distilled 
water solubilities. Phase separation for nonvolatile (class 

1) compounds involved standing plus centrifugation to 
further resolve the phases. The volatile compounds (class 
2) were equilibrated in sealed centrifuge tubes, centrifuged. 
and the liquid phases sampled out ofthe tubes. In all cases, 
the octanol-phase samples were diluted with hexane or 
isooctane for analysis: the water phase samples were 
extracted with hexane. 

Additional distribution ratios were determined at 
reduced concentrations (i.e. water concentrations < half 
the water solubility) by dilution of the stock octanol solu
tions prior to mixing with water. The presence of interfer
ing, more-water-soluble-impurities was checked by sequen
tially equilibrating the spiked octanol with aliquots of 
water, and establishing the constancy of the partitioning 
ratio. All determinations were in quadruplicate, with at 
least eight total determinations per compound. 

RESULTS AND DISCUSSION 

Sorption isotherms on particle size isolates 

In-depth studies of the dependence of sorption on 
sediment particle size and organic matter content 
were carried out on pyrene and methoxychlor. Repre
sentative adsorption isotherms on the particle size 
isolates are shown in Figs. 1 and 2. General features 
concerning the isotherms include: 

1. The adsorption data for all systems fitted well 
to linear isotherms over a broad range of water phase 
concentrations. That is, 

X = K P C (1) 

where A" denotes the concentration of sorbate on the 
sediment, relative to dry weight (for these compounds, 
conveniently expressed as ppb); C is the equilibrium 
solution sorbate concentration (ppb) and K p is the 
partition coefficient. Deviations from linearity (least-
squares fitted) approximated deviations in replicate 
determinations for individual isotherm points. As the 
sorbate water concentration approached 60-70% of 
the sorbate aqueous solubility, the isotherms typically 
bent upward, indicative of increased sorption. 
Because no distinction was made between sorbed and 
crystalline sorbate, however, these deviations from 
isotherm linearity may reflect the presence of a crys
talline phase rather than increased sorption. Our 
study focused on the linear portion of the isotherms, 
which has more widespread environmental signifi
cance. 

2. The sorption appeared reversible in all systems. 
Linear-least-squares fitting of the 'linear' portions of 
the isotherms gave ordinate intercepts that were small 

» 
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Fig. ). Adsorption isotherm for pyrene on the Doe Run Fig. 2. Adsorption isotherm for methoxychlor on Hickory 
coarse silt. Hill clay. 
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(e.g. intercept was less than 20° „ of the lowest 
measured sorbed concentrations). In general there 
were as many negative-valued intercepts as positive. 
Tiic average intercept value was near zero over all 
systems. 

Desorption isotherms for both the pyrene and 
methoxychlor runs on the Doe Run coarse silt were 
within experimental error ofthe respective adsorption 
isotherms: no hysteretic effects were observed. 

3. Filtering and centrifugation gave comparable iso
therms. Isotherms determined on the Doe Run 
medium and coarse silts (pyrene and methoxychlor) 
by filtering the suspensions through halocarbon mem
branes were within experimental error of those deter
mined by centrifugation. 

4. The linear portion of the isotherms was indepen
dent of sediment concentration in dilute suspensions. 
Varying the Doe Run medium silt concentration from 
2 to 20mgml"' (2mgml~ 1 increments), while keep
ing the total pyrene concentration relative to dry silt 
mass constant at 30 ppm, produced no real (i.e. 
beyond experimental error) change in the aqueous 
phase concentration of pyrene (10 + 2 ppb). When the 
total pyrene relative to sediment was increased to 
150 ppm (near the limit of linear isotherm behavior), 
however, the same increase in sediment concentration 
produced a gradual decrease in aqueous-phase pyrene 
concentration from 50 ± 2 to 40 + 5 ppb. 

5. The isotherms showed only a slight dependence 
on ionic strength. The incremental addition of NaCl 
(0-20 mg m l " 1 in 2 mg m l " 1 increments) to a Doe Run 

* It should be emphasized that this empirical relation
ship does not determine that hydrophobic organic com
pounds are sorbed to organic components of the sediment, 
although this may in fact be the case. Instead, both sorp
tion and organic carbon content may be directly related 
to another sediment property (or properties). 

medium silt—pyrene suspension resulted in an ap
proximately linear increase in K p . A salt content 
equal in mass to the sediment content (20mgml"') 
produced approximately a 15% increase in K r over 
the 'no salt' system. 

6. Sorbates in a mixture sorbed independently. The 
sorption isotherms of pyrene and phenanthrene were 
determined in combination and individually on both 
the Doe Run and Hickory Hill coarse silts. Only the 
linear portion of each isotherm was followed, but the 
combined isotherms showed no discernible sorptive 
interaction between these two sorbates. 

Sorption dependence on sorbent properties 

Table 2 shows the partition coefficients for pyrene 
and m:thoxychlor on the various particle size isolates. 
Organic matter content and sediment particle size 
were the two sorbent properties investigated. Pyrene 
and methoxychlor showed very similar sorptive 
dependencies on these sorbent properties. Figures 3 
and 4 show the individual K 's plotted as a function 
of organic carbon content. Two features of sorptive 
behavior are apparent in these figures. First, the Kp's 
of both pyrene and methoxychlor show, in general, 
a linear increase with organic carbon content. Least 
squares correlation coefficients (y^)* aje indicated in 
the figures. Second, the functional behavior of the 
sand fraction can be distinguished from that of the 
finer (<50jon) sediments. When sorption is 'keyed' 
solely to organic carbon, it is convenient to define 

K« = KJoc, ^ (2) 

where oc is the fractional mas» of organic carbon in 
the sediment. Table 3 gives the mean KJ's for pyrene 
and methoxychlor and variations over^the sediments 
studied. A bell-shaped dependence o f K K on particle 
size is apparent, starting with a low K K value for 
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Table 2. Pyrene and methoxychlor sorption coefficients for linear portion of isotherms 
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Sediment size Organic Pyrene Methoxychlor 
fraction carbon i r 2 ) K„ ( x l O " 5 ) (r 2) (x 10 

Hickory Hill 
Sand 0.13 42 (0.851 0.32 53 (0.85) 0.41 
Coarse silt 3.27 3000 (0.95) 0.92 2600 (0.97) 0.80 
Medium silt 1.98 2500 (0.95) 1.3 1800 (0.91) 0.91 
Fine silt 1.34 1500 (0.90) 1.1 1400 (0.97) 1.0 
Clay 1.20 1400 (0.75) 1.2 1100 (0.99) 0.92 
Doe Run 
Sand 0.086 9.4 (0.97) 0.11 8.3 (0.98) 0.097 
Coarse silt 2.78 2100 (0.92) 0.76 2200 (0.93) 0.80 
Medium silt 2.34 3000 (0.80) 1.3 1700 (0.94) 0.73 
Fine silt 2.89 3600 (0.88) 1.2 2300 (0.95) 0.80 
Clay 3.29 3800 (0.90) 1.2 2400 (0.98) 0.73 
Oconee River 
Sand 0.57 68 (0.38) 0.12 95 (0.93) 0.17 
Coarse silt 2.92 3200 (0.99) 1.1 2500 (0.97) 0.86 
Medium silt 1.99 2300 (0.96) 1.2 2000 (0.93) 1.0 
Fine silt 2.26 2500 (0.99) 1.1 2100 (0.96) 0.93 
Clay* 

* The clay portion of this sediment was allowed to age in suspension and degraded substantially. Therefore, no 
sorption was done on this fraction. 

the sand, increasing to a maximum in the medium 
or fine silt, then decreasing somewhat for clay-sized 
particles. For a whole sediment, the observed K p is 
given by 

<3) 

where / denotes the (Oth size fraction, and f , is the 
fraction of the total mass represented by component 
t. By using organic carbon as the sole sorbent pro
perty required to determine K'p. 

K„ = l ^ M o c ) , (4) 

005 OK) 015 020 025 030 

FRACTION ORGANIC CARBON 

Fig. 3. Pyrene K, as a function of sediment organic 
carbon. 

tTo date, only local sediments have been investigated: 
sediment collection is underway to extend this study to 
a national sediment basis. 

Therefore, given the set of'sediment-independent' K ' x , 
organic contents, and fractional masses of the size 
fraction, one can compute the composite K r for any 
eiven sedimentt The K i r-nnlH HP Hi-tpi-mined by 
sorption measurements on particle-size isolates of any 
given sediment, but a simpler and more easily per
formed procedure was desirable. 

For purposes of K r estimation, the fines are not 
subdivided; the range in the variation of K«. within 
the fines is acceptable, and most likely within the 
limits of accuracy available for definition of particle 
size distribution and/or organic carbon contents. For 
both methoxychlor and pyrene, the Kp's for sand were 
0.5-4% of those for the next finer fraction. This was 
largely caused by the low organic carbon contents 

a Clojr-1.02mg/ml 
O Fin* Silt-5mg/ml 
• Medium Sill-lOmg/ml 
• Coorte Silt-lOmg/ml 
• Sond-200mg/ml 

.009 -OM) OIS 020 025 OSO 

FRACTION ORGANIC CARBON 

Fig. 4. Methoxychlor K p as a function of sediment organic 
carbon. 
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Table 3. Average A'„ values on all sediments 

. . H i 

i e : 

Sediment Pyrene Methoxychlor 

Sand 19.000 (0.65*) 23.000 (0.73) 
Coarse silt 93.000 (0.18) 82.000 (0.04) 
Medium silt 130.000 (0.05) 88.000 (0.16) 
Fine silt 110.000 (0.05) 93.000 (0.11) 
Cla> 120.000 (0.00) 83.000 (0.161 

gave the equation: 

K x = 0.63 K o w (r2 = 0.96). (51 

"Coefficient of variation = 
standard deviation taken overall sediments 

mean value 

of the sand. Also, the K x ' s for sand were generally 
less than half those for finer fractions. This reduces 
the sorptive contribution of the sand in a composite 
sediment to that of a diluent of the fines for most 
applications, ln addition, replicate determinations of 
K p on a given sand fraction frequently differed by 
a factor of 2. Therefore, to estimate the K x of sand 
as 20°,, of the K K for the fines should not introduce 
any substantial error into the estimation of a compo
site K p for most sediments. The required set of K'„ 
is now reduced to a determination of K o c for sediment 
fines (<50/tm). 

Sorption dependence on sorbate properties 

Table 4 shows water solubilities taken from the 
literature, octanol/water distribution coefficients 
(K„w), and K x ' s for a series of polycyclic aromatics 
and chlorinated hydrocarbons. The compounds were 
chosen to span the range in water solubility from ap
proximately 1 ppb to 1000 ppm. The KK 's reported 
are averages for isotherms run on the coarse silt frac
tions of the Doe Run and Hickory Hill sediments. 
Figure 5 shows K.'s plotted against both water solu
bilities and octanol/water distribution coefficients. 
The correlation coefficient (y^) between K x ' s and 
K„w's was 0.98 and between KK 's and water solubili
ties was -0.20. The K x correlation with K c w is excel
lent; there is a rather poor linear correlation in K x 

relating to compound solubility. 
Linear least-squares fitting of the K c w and K x data 

Fitting to an equation that established a non-zero 
ordinate intercept gave comparable fits (based on r2) 
for a broad range of intercept values, because of the 
lack of data in the 'low' K ^ - K ^ region. Therefore, 
the intercept was dropped in favor of the simpler 
equation (5). 

Least squares fitting the log-log plots in Fig. 5 gave 

log K^, = 1.00 log A,,, - 0.21 (R2 = 1.00) 

and 

(6) 

log K„c = -0.54 log S + 0.44 (R2 = 0.94), (7) 

where S is the water solubility expressed as mole frac
tion, and R2 is the linear regression coefficient of 
determination. Equation (6) reduces to equation (5), 
indicative of the linear covariation of K o c and K„. 
K x varies nonlinearly with S as described by equation 
(7). 

These relationships associating sorption to octanol/ 
water partitioning and solubility allow the K x SOT 
the fines' fraction of a sediment to be estimated from 
more easily determined and widely cataloged molecu
lar parameters (Leo et ai, 1971). This K0< estimate 
can be used in equation (4) to calculate a partition 
coefficient for a composite sediment. 

Octanol/water partitioning provides a much better 
estimator for sediment-water partitioning than does 
solubility, which gives at best an order of magnitude 
estimate of K x . This derives from a combination of 
factors: 

1. In a molecular sense, the partitioning of a com
pound between water and either sediment or octanol 
involves monomer distribution between two phases. 
On the other hand, saturated aqueous solutions in
volve the equilibration of primarily dissolved 
monomers with crystalline compounds. Thus, crystal 
energy contributions enter into water solubilities but 
do not affect the monomer-associated properties of 

Table 4. Sorption dependence on sorbate properties 

Water solubility 
Compound Mole fraction x 10'ppb x I O ' 3 x 10~3 K,w 

Pyrene 12* 135 84 150 ^J.56 
Methoxychlor 6.3t 120 80 120 0.67 
Naphthalene 4460 31.700 1.3 2.3 0.57 
2-Methylnaphthalene 3220 25.400 8.5 13 0.65 
Anthracene 7.57 73 26 35 0.74 
9-Methylanthracene 24.4 261 65 117 0.56 
Phenanthrene 130 1290 23 37 0.62 
Tetracene 0.037 0.5 650 800 0.8L 
Hexachlorobi phenyl 0.048J 0.95 1200 ^ , » 0.55 
Benzene 410.000$ 1,780.000 0.083 0.13 0*4 

* The polycyclic hydrocarbon solubilities were taken from Mackay & Shiu (1977). 
t From Zepp et al. (1976). 
t Measured by Chiou et al. (1977) for 2.4,5,2',4',5'hexachlorobiphenyl. 
§ From McAulirTe (1966). . 
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Fig 5. Sorption K„ as a function of compound water solu
bility and octanol/water distribution coefficients. 

2. Both Ko.'s and K„s listed in Table 4 are for 
systems wherein the aqueous solution concentrations 
of compound are considerably below the water solu
bility for the compound. As the water solubility is 
approached, K o w shows a slight dependence on com
pound concentration, and the K p (and thus K o c ) 
shows a very significant change with concentration. 
The reduced K x correlation with solubility could re
flect the differences in 'water loading' in the respective 
systems. 

3. The water solubilities are values from the litera
ture, not run on the same compound samples as were 
the other data. Errors introduced in the absolute 
values of K 0 W and K x as a result of impurities in 
the compounds will tend to cancel when the quanti
ties are interrelated. Also, the solubilities were 
measured at various temperatures (22-25cC). 

Octanol water partitioning 

Literature K 0 ' s for a given compound frequently 
vary over several orders of magnitude. This is es
pecially true when the K o w 's are 10* or greater. This 
variation is largely experimental in origin and stems 
primarily from the following sources: 

1. Presence of impurities that are not analytically 
distinguished from the parent compound. Traces of 
more-water-soluble contaminants can substantially 
reduce the measured X o w . 

2. Compound loss from the water phase during 
phase separation and analysis. Hydrophobic organics 
tend to sorb or volatilize out of aqueous solutions 
during handling. 

3. Contamination of water-phase sample with 
excess (beyond equilibrium value) octanol during the 
sampling process. Because of the magnitude of the 
K o w , mass balance determination will often not reflect 
these errors in the water phase measurements. 

In addition to these potentially large variations of 
experimental origin, smaller changes in K o w were 
observed as a function of compound concentration. 
Not-all compounds were investigated in this respect, 
but the K0K.'s for the polycyclics in class 1 tended 
to increase (as much as 20°,,) as the aqueous concen
tration increased from half-saturation to saturation. 
The K„H.'s reported in Table 4 were measured at water 
concentrations of half-saturation or less (where no 
concentration dependence of K 0 K was observed). The 
coefficient of variation for replicate determinations 
was generally less than 0.1 except in the case of hex-
achlorobiphenyl and tetracene, for which replicates 
varied as much as a factor of 2. 

SUMMARY AND CONCLUSIONS 

Sorption isotherms for all the hydrophobic com
pounds studied (water solubility from 500 ppt to 
1800 ppm) were similar. They were linear over a 
broad range of aqueous phase compound concen
trations. The linear partition coefficients {K p) were 
relatively independent of sediment concentration and 
salt content in the suspens'ons. Mixtures of hydro
phobic compounds sorbed independently through the 
linear portions of their respt ctive isotherms. The K p s 
for a given compound were directly related to orgar,^ 
carbon content for a given particle size isolate ir Af
ferent sediments. On an organic carbon basis (K K ) , ! 
the sand fraction was a considerably less effective sor- • 
bent (50-90% reduction in K K ) than the fines Fraction j 
(sediment particles <50pm). Differences in sorption i 
within the silt and clay fractions were largely the 
result of differences in organic carbon content. Thej 
K x ' s of the different hydrophobic compound could j 
be estimated from octanol, water distribution coeffi-! 
cients. 

In conclusion, reasonable estimation (within a fac
tor of 2) of the sorption behavior of hydrophobic pol
lutants can be made from a knowledge of the particle 
size distribution and associated organic carbon con-. 
tents of the sediment and the octanol/water distribu
tion coefficients of the pollutant. All of these sorbate-
sorbent properties are either known or can be easily 
measured in the laboratory. 
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MAIN POINTS ABOUT BIODEGRADATION 
OF ORGANICS IN THE SUBSURFACE 

Benzene and toluene are readily biodegradable by micro
organisms (Tabak et a l ) . 

Microorganisms exist in the subsurface and they are meta-
bolically active (Wilson and McNabb). 

Aerobic biodegradation of benzene, toluene and related 
organic chemicals occurs in the subsurface (Wilson and 
McNabb, Bouwer and MeCarty). 

The aerobic degradation pathways of benzene and toluene 
lead to complete mineralization to carbon dioxide and 
water with no metabolites formed that are of human health 
or environmental concern. 

Oxygen occurs at significant levels under most conditions 
in the subsurface - even in deeper aquifers. 

Recent studies indicate toluene and possibly benzene may 
degrade under anaerobic conditions i f such conditions do 
occur. 
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U n t i l the r e c e n t development of sampling methods to obt a i n 
uncontaminated s u b s o i l m a t e r i a l , there was a m i s c o n c e p t i o n t h a t 
the s u bsurface ( i n c l u d i n g a q u i f e r s ) i s devoid of l i v i n g organ
isms. Early studies showed t h a t m i c r o b i a l numbers decreased w i t h 
s o i l d e p t h . A number o f i n v e s t i g a t o r s have r e c e n t l y shown t h a t 
the subsurface contains a r i c h assemblage of microorganisms. 

Evidence f o r the occurrence o f microorganisms i n the 
subsurface i s now d i r e c t and c o n c l u s i v e . M i c r o s c o p i c and 
b i o c h e m i c a l i n v e s t i g a t i o n s u s i n g a s e p t i c a l l y obtained a q u i f e r 
m a t e r i a l ( i . e . , uncontaminated by surface microbes) have c l e a r l y 
shown the existence of a si z a b l e m i c r o f l o r a ( 1 - 3 ) . In a d d i t i o n , 
the a c t i v i t i e s of subsurface microorganisms have been detected by 
numerous i n v e s t i g a t o r s (3-11) and d i v e r s e p h y s i o l o g i c a l types 
such as heterot r o p h s , s u l f a t e - r e d u c e r s , acetogens and methanogens 
have been found i n w e l l waters, cores and d r i l l i n g muds (4, 5 ) . 
These studies r e i n f o r c e a recent book (12) which r e i t e r a t e s the 
bas i c c o n c l u s i o n of McNabb and Dunlap (13); t h a t there i s l i t t l e 
t o preclude m i c r o b i a l p r o l i f e r a t i o n i n subsurface h a b i t a t s . 

The f i r s t a t t a c h e d paper by Tabek et a l . (14) demonstrates 
the b i o d e g r a d a b i l i t y of benzene, toluene and t h e i r d e r i v a t i v e s i n 
Table 3 ( p . 1509). I n t h i s study i t was found t h a t 100% of the 
benzene and toluene was degraded w i t h i n seven days i n a f l a s k . 
The next a r t i c l e by Wilson and McNabb (15) i n d i c a t e s i n Table 1 
the numbers of organisms t h a t have been found i n su b s u r f a c e 
m a t e r i a l s . I n m a t e r i a l s c o l l e c t e d from the p a r t i a l l y saturated 
zone ( s u b s o i l ) , from j u s t above the water t a b l e and j u s t below 
the water t a b l e , the numbers o f microorganisms t h a t occur are 
remarkably u n i f o r m . The numbers do not d e c l i n e g r e a t l y w i t h 
depth, they do not change g r e a t l y w i t h season, and the numbers of 
organisms per gram d r y weight of m a t e r i a l are c o n s i s t e n t i n 
r e p l i c a t e bore h o l e s a t the same s i t e . This confirms t h a t the 
subsurface c o n t a i n s l i v i n g microorganisms and i s an i m p o r t a n t 
m i c r o b i a l h a b i t a t . 

The second t a b l e i n t h i s a r t i c l e summarizes the r e s u l t s of 
s e v e r a l experiments on the b i o d e g r a d a b i l i t y o f o r g a n i c s i n 
groundwater. For benzene and t o l u e n e , when the concentrations 
are above 100 p a r t s per b i l l i o n , i t i s p r o b a b l e t h a t they are 
a e r o b i c a l l y degraded. In f a c t , degradation of these two organic 
chemicals has o c c u r r e d every time they have been t e s t e d w i t h 
s ubsurface m a t e r i a l . I n r e c e n t s t u d i e s w i t h p r e v i o u s l y uncon-
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taminated a l l u v i a l a q u i f e r m a t e r i a l from Lula, Oklahoma, toluene 
was biodegraded at a rate of about 250% per week i n m a t e r i a l from 
above the water t a b l e and a t about 30% per week i n a q u i f e r 
m a t e r i a l . This i s i l l u s t r a t e d i n Figure 1, o f t h i s r e p o r t , f o r 
two d i f f e r e n t depths i n the subsurface. 

A d d i t i o n a l papers t h a t i n d i c a t e the b i o d e g r a d a t i o n o f 
o r g a n i c p o l l u t a n t s i n the subsurface are attached. The paper by 
Bouwer and MeCarty (16) shows t h a t n o n c h l o r i n a t e d a r o m a t i c s 
(Table 1) were degraded by more than 99% under aerobic condi
t i o n s . They also i n d i c a t e i n Figure 3 t h a t benzenes are degraded 
under aerobic c o n d i t i o n s . 

The a e r o b i c d e g r a d a t i o n pathways f o r both benzene and 
t o l u e n e are w e l l documented. As shown i n F i g u r e 2 of t h i s 
r e p o r t , benzene i s degraded by b a c t e r i a t o catechol (an a l c o h o l ) , 
then t o e i t h e r an a c i d or an aldehyde by f i s s i o n of the r i n g 
s t r u c t u r e , f o l l o w e d by m i n e r a l i z a t i o n . There are two aerobic 
routes of metabolism f o r t o l u e n e ( F i g u r e 3) . Both i n v o l v e the 
p r o d u c t i o n of catechols followed by r i n g f i s s i o n and m i n e r a l i z a 
t i o n t o CO2 and water. N e i t h e r d e g r a d a t i o n pathway r e s u l t s i n 
the f o r m a t i o n of chemicals of known e n v i r o n m e n t a l or h e a l t h 
conce r n . 

Under most ci r c u m s t a n c e s t h e r e are measurable l e v e l s of 
dissolved oxygen i n the subsurface i n c l u d i n g the deeper ground
water. These c o n c e n t r a t i o n s t y p i c a l l y range from around 2 
m i l l i g r a m s per l i t e r up t o about 8 m i l l i g r a m s per l i t e r . Thus, 
a e r o b i c c o n d i t i o n s and m i c r o b i a l metabolism would be expected i n 
the unsaturated zone and i n most groundwaters. Only under h i g h 
l e v e l s of p o l l u t i o n would anaerobic c o n d i t i o n s be l i k e l y to occur 
(18) . 

U n t i l r e c e n t l y , i t was thought t h a t benzene, toluene and 
s i m i l a r nonhalogenated aromatics are not degraded under anaerobic 
c o n d i t i o n s . This may be because most experiments were conducted 
i n the l a b o r a t o r y u s i n g pure c u l t u r e s of microorganisms and 
s i n g l e s u b s t r a t e s . The most recent l a b o r a t o r y and f i e l d studies 
conducted w i t h a mixture of microorganisms t h a t occur i n subsur
face m a t e r i a l s and w i t h a m i x t u r e o f s u b s t r a t e s i n d i c a t e t h a t 
toluene and r e l a t e d aromatics can be degraded under methanogenic 
( a n a e r o b i c ) c o n d i t i o n s . These chemicals disappear more r a p i d l y 
under f i e l d c o n d i t i o n s than would be expected due t o p h y s i c a l and 
chemical processes alone. This i s at l e a s t i n d i r e c t evidence f o r 
anaerobic m i c r o b i a l transformations of these chemicals (19, 20). 

I n summary, m e t a b o l i c a l l y a c t i v e microorganisms do occur i n 
the subsurface and have been found i n s u r p r i s i n g l y l a r g e numbers 
i n a wide range of m a t e r i a l s t h a t have been examined. These 
microorganisms n a t u r a l l y occur and have the demonstrated a b i l i t y 
of m e t a b o l i z e or degrade benzene, toluene and many other organic 
p o l l u t a n t s i n groundwater. The rate of degradation appears to be 
q u i t e r a p i d under a e r o b i c c o n d i t i o n s which serves t o attenuate 
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p o l l u t a n t m i g r a t i o n and decrease the mass o f o rgan i c s . F i n a l l y , 
the aerobic b iodegrada t ion pathways o f benzene and t o l u e n e are 
known t o r e s u l t i n m e t a b o l i t e s t h a t are no t o f h e a l t h concern 
w i t h the u l t i m a t e p r o d u c t i o n o f carbon d i o x i d e and water . 
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Biodegradability studies with 
organic priority pollutant 
compounds 
Henry H. Tabak, Stephen A. Quave, Charles I . Mashni, Edwin F. Barth 

This report deals with studies undertaken to deter
mine the biodegradability of 114 organic priority pol
lutants included in the U. S. Environmental Protection 
Agency (EI'A) Consent Decree list' to ascertain the 
extent of microbial degradation and to determine the 
acclimation periods. 

With the rapid advances in industrial technology, 
there is an ever-increasing introduction rate of organic 
chemicals from thc pharmaceutical, petrochemical, oil, 
solvents, paper, and other industries into water envi
ronments. The environmental fate of these organics 
depends on whether they bio-oxidize rapidly or very 
slowly, or are biologically recalcitrant, persist in wa
tercourses, become adsorbed to sediment and mud par
ticles and/or bioaccumulate in the food chain process. 
At the same lime, some are toxic to animals and hu
mans, and arc physiologically active as well as poten
tially carcinogenic, posing the possibility of severe 
health problems. 

EPA is consequently very much concerned with ever-
increasing introduction of the potentially dangerous 
pollutants into the watercourses, because of the direct 
toxic effects on animal and human life or through the 
reuse of the inadequately treated waste. The agency is 
charged with the responsibility for setting guidelines 
and concentration limit standards for the priority pol
lutants. An intensive effort of determining the biode
gradability of these compounds under both laboratory 
and natural conditions, along with the gathering of the 
chemical-physical treatability data, is of high agency 
priority. The acquisition of data on biodegradability and 
chemical-physical treatability of the priority pollutants 
is important for the establishment of treatability pro
files for the various groups of organic compounds which 
compose the Consent Decree list. 

Data were collected on the degradability and 
rate of acclimation of 96 compounds. 

These biodegradability data are based on studies in 
which the priority pollutants were subjected to a specific 

set of controlled experimental conditions and culture-
enrichment techniques within the framework of a static 
culture flask biodegradability screening test. 

EXPERIMENTAL PROCEDURE 

For this comprehensive screening the priority pollut
ants were divided into the following classes of organic 
compounds: phenols, phthalate esters, naphthalenes, 
monocyclic aromatics, polycyclic aromatics, polychlo
rinated biphenyls, halogenated ethers, nitrogenous or
ganics, halogenated aliphatics, and organochlorine in
secticides. 

The biodegradability test method used in the studies 
was the static-culture flask-screening procedure of 
Bunch and Chambers,2 utilizing biochemical oxygen 
demand (BOD) dilution water containing 5 mg of yeast 
extract per litre, as the synthetic medium; 5- and 10-
mg/1 concentrations of the test compound, a 7-day 
static incubation of 25°C in the dark, followed by three 
weekly subcultures (totaling 28 days of incubation), and 
incorporating settled domestic wastewater as microbial 
inoculum. 

The test was modified3 to include the capability of 
studying the biodegradation of water insoluble and/or 
volatile compounds comprising the priority pollutant list 
and to facilitate the use of both the gas-chromato-
graphic (GC) as well as the dissolved organic carbon 
(DOC) and total organic carbon (TOC) analytical pro
cedures for determining the extent of biodegradation 
of the test compound. The procedure was extended to 
include the experimental initials in the experimental-
system series for the original culture and three subcul
tures to determine the initial concentration of lest com
pound at the beginning of each incubation period. It 
also incorporated both the medium-inoculum control 
series to serve as blank controls for determining base 
lines for both GC analysis and for DOC and TOC, as 
well as the medium-subslrate control series for deter
mination of possible autooxidation, photolysis, and vol
atilization. Figure 1 shows the incubation of a non-vol
atile series with cotton-stoppered flasks. Figure 2 shows 
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Figure I—Incubation of non-volatile sample series. 

Ihe glass-stoppered vials used during incubation of vol
atile compounds. 

A test protocol was developed to handle the weekly 
subcultures to fresh media, and lo perform solvent ex
traction of Ihe initial and incubated cultures, evaporate 
the solvent fractions by the Kuderna-Danish evapora
tion procedure; cleanup of concentrated solvent extracts 
for GC analysis and thc processing of samples for both 
the TOC and COD. 

Phenol was used as the biodegradable control com
pound in each biodegradability evaluation series to en
sure viability of the wastewater inoculum. 

Because each class of organic compounds had dif
ferent chemical characteristics and solubilities, varied 

Figure 2—Incubation of volatile sample series. 

techniques were necessary lo provide intimate organ
ism-substrate contact during incubation and unmetab-
olized substrate recovery. 

Phenolic compounds. Stock solutions were prepared 
in distilled deionized water as 0.1% solutions by addition 
of sodium hydroxide to effect solution. 

The flasks containing the medium, test compound, 
and inoculum, as well as the medium inoculum and 
medium test-compound-control flasks, were incubated 
in a constant-temperature room at 25°C in darkness. 
Duplicate samples at the beginning of each incubation 
period and triplicate samples at the end of 7-day in
cubation for each subculture were subjected to GC and 
DOC analysis. Thc culture samples were extracled 
three times with 20-ml portions of methylene chloride. 
The pooled-solvent extracts were evaporated by the 
Kuderna-Danish evaporation technique and Ihe con
centrated extracts were then processed for GC analysis. 
For DOC, the samples were membrane-filtered through 
a system using 0.22-^m-porosity filters. 

The GC methodology was developed for the phenolic 
compounds present in aqueous culture media and in 
deionized water as single substrates. The extraction 
efficiency differed with each phenolic compound and 
recovery ranged from 87 to 95%. Results were fairly 
reproducible for several test runs with substrate dosed 
culture samples. Extractions were performed at pH 2.0. 

Phthalate esters and naphthalene compounds. Stock 
solutions of the test compounds were prepared in ab
solute ethanol. Solutions of acenaphthene and acena-
phthylene were made up as 2 and 4% ethanolic stock 
solutions respectively, while 10% ethanolic stock solu
tions were prepared with thc remaining test compounds. 

Homogenous suspensions of all the phthalate esters, 
except dimethyl phthalate and diethyl phthalate. and 
the naphthalene compounds in the synthetic medium 
were prepared by adding appropriate amounts of thc 
test compound to prechilled synthetic medium in a 
heavy-duty blender and blending the medium for 2 
minutes. Aqueous stock solutions (0.1%) of dimethyl 
and diethyl phthalates were used in dosing the synthetic 
medium without blending. 

The blended substrate-containing media were then 
introduced into erlenmyer flasks and inoculated with 
prechilled yeast extract and settled domestic wastewater 
inoculum. The flasks containing the medium with the 
test compound and inoculum, as well as the medium-
wastewater and medium-test compound control flasks, 
were incubated in a constant-temperature room at 25°C 
in darkness. Flasks were shaken on a daily basis during 
the incubation period. 

The culture samples were extracted three times wilh 
20-ml portions of methylene chloride at neutral pH, 
except for the control phenol culture samples which 
were acidified before extraction. Thc extraction, evap-
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oration, and sparging procedure was that used for phe
nolic compounds. 

The extraction efficiency differed with each of the 
phthalate esters and naphthalene compounds. Recovery 
ranged from 62 to 149% and was fairly reproducible 
for the several test runs with substrate-dosed culture 
samples. 

Monocyclic aromatics. Stock solutions of benzene 
and nkrobenzene were prepared in deionized distilled 
water. Stock solutions of chlorobenzene, toluene, 2,4-
and 2,6-dinitrotoluenes were prepared in absolute 
ethanol. Both the aqueous and ethanolic stock solutions 
were prepared as 10% solutions. 

A triglyceride (Tributerin®) was used in making up 
stock solutions of the remaining lest compounds, with 
the exception of hexachlorobenzene, in 10% concentra
tions. Tributerin® was shown to be a suitable emulsi
fying agent for the volatile benzenes (chlorinated ben
zenes and ethyl benzene) and a good vehicle for these 
extremely water-insoluble compounds. 

Homogenous suspensions of ethyl benzene, 1,2-, 
1.3- , and 1,4-dichlorobenzenes and 1,2,4-trichloroben-
zene in the synthetic medium were prepared by adding 
appropriate amounts of tributerin® stock solutions of 
these test compounds to prechilled synthetic medium 
in a heavy-duty blender and blending the medium for 
2 minutes. The same fine suspensions of chlorobenzene, 
2.4- and 2,6-dinitrotoluene, and toluene in the synthetic 
medium were prepared by adding appropriate amounts 
of the ethanolic stock solutions of these compounds to 
prechilled synthetic medium. Aqueous stock solutions 
of benzene and nitrobenzene were used in dosing the 
synthetic medium without blending. 

Hexachlorobenzene, as a 0.1% aqueous suspension, 
was subjected to ultrasonication for 4 hours. An ap
propriate volume of the sonicated hexachlorobenzene 
suspension was then added to prechilled synthetic me
dium and blended for 2 minutes to make up a fine ho
mogenous suspension of this water-insoluble compound 
in culture media. 

The substrate containing synthetic media were stored 
in 2-1 glass-stoppered reagent bottles in a refrigerator 
before use. 

Biodegradability studies with purgeable benzenes and 
toluene chlorobenzene, 1,2-, 1,3-. and 1,4-dichIoroben-
zene, trichlorobenzenc, and ethyl benzene were carried 
oul in 250-ml, glass-stoppered reagent bottles to min
imize thc volatilization of substrate, whereas the non
volatile benzenes (nitrobenzene, 2,4-, and 2,6-dinitro-
tolucnc, and hexachlorobenzene) were studied in cotton-
stoppered Erlenmyer flasks. Both the unblended and 
blended substrate containing media in either reagent 
bottles or flasks were inoculated with prechilled yeast 
extract (5 mg/l) and settled domestic wastewater in-
oculum. The experimental as well as thc medium-wasle-
water and medium-test compound volatility control bot

tles and flasks were incubated in a constant temperature 
room at 25°C in darkness. 

Duplicate samples at the beginning of each incuba
tion period and triplicate samples at the end of the 7-
day incubation for the original and each subculture 
were subjected to GC, TOC, and DOC analysis, utiliz
ing the extraction-evaporation methodology, as well as 
the membrane filtration technology (for DOC deter
minations) as employed for phenols, phthalates and 
naphthalenes. 

The GC methodology was developed for each of the 
benzene and toluene compounds, with the emphasis on 
analyzing single-parent substrate in cultures uncontam
inated with the other test compounds. Extraction effi
ciency differed with each compound and percentage of 
recovery ranged from 83 to 98% and was fairly repro
ducible for several test runs with each compound. 

Polycyclic aromatic hydrocarbons, polychlorinated 
biphenyls, halogenated ethers, nitrosamines, phenylhy-
drazines and herbicides (Isophorone, Acrylonitrile and 
Acrolein). Stock solutions of polycyclic aromatic hy
drocarbons (PA Hs), polychlorinated biphenyls (PCBs), 
and diphenyl hydrazine were prepared in a polyoxy-
ethylated vegetable oil that was shown to be a suitable 
emulsifying agent for some volatile chlorinated com
pounds and a good vehicle for these extremely water-
insoluble compounds in aqueous media. Homogenous 
suspensions of anthracene 1,2-benzanthraccne, and 
chrysene in the synthetic media were prepared by add
ing appropriate amounts of thc solutions of those com
pounds to the prechilled media and blending it for 2 
minutes. The fine suspensions of the other compounds 
in media were prepared by adding stock solutions to the 
media without subsequent blending. 

Ethanolic stock solutions of haloethers, isophorone, 
and N-nitroso diphenylamine were used in making fine 
suspensions of these compounds in prechilled synthetic 
media without blending. Aqueous stock solutions of N-
nitroso-di-n-propylamine, acrylonitrile, and acrolein 
were used to prepare the culture media. 

The substrate containing synthetic media were stored 
in either 2-1 erlenmyer flasks or glass-stoppered reagent 
bottles in a refrigerator before use. 

Biodegradability studies with acrylonitrile, acrolein 
and three haloethers (4-chlorodiphenyl ether. 2-chlo-
roethyl vinyl ether, and 4-bromodiphenyl ether) were 
carried out in 250-ml glass-stoppered reagent bottles 
to minimize volatilization, whereas all the other test 
compounds were studied in cotton-stoppered Erlenmyer 
flasks. Both the blended and unblended media in either 
reagent bottles or flasks were inoculated with prechilled 
yeast extract and settled domestic wastewater inocu
lum. The experimental, as well as the medium-waste-
water and medium-test compound volatility control bot
tles and flasks, were incubated in a constant-temperature 
room at 25°C in darkness. The extraction, evaporation. 
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and sparging of samples as well as the TOC technology 
was the same as employed for phenols, phthalates, 
naphthalenes and benzenes. 

The extraction efficiency differed with each of the 
lest compounds and the recovery value ranged from 78 
to 98% and were fairly reproducible for several test runs 
with each of thc substrate-dosed cluture samples. 

Halogenated aliphatics. Stock solutions of chlorinated 
ethanes, halomethancs, chloroethylenes, chloropropane 
and chloropropylene were prepared in absolute ethanol 
and used for dosing the prechilled synthetic media. 
Stock solutions were prepared in 10% concentrations. 
Stock solulions of hcxachloro-l,3-butadiene and hex-
achlorocyclopcntadiene were prepared in the polyoxy-
ethylated vegetable oil. Fine suspensions of these two 
compounds in synthetic media were prepared by adding 
the appropriate volume of their non-ionic emulsifying 
agent stock solutions to media without subsequent 
blending. 

The substrate containing synthetic media were stored 
in either 1- or 2-1 glass-stoppered reagent bottles in a 
refrigerator before use. 

Biodegradability studies with the halogenated ali
phatics were carried out in 250-ml glass-stoppered re
agent bottles to minimize possible volatilization of the 
test compounds. Thc substrate containing media in re
agent bottles were inoculated with prechilled yeast ex
tract and 10-ml of prechilled settled domestic waste
water inoculum. The experimental, as well as the 
medium-wastewater control bottles were incubated in 
a constant temperature room at 25°C in darkness. 

Volati l i ty controls, utilizing a nonbiological system 
. (medium-test compound without inoculum) were held 

at both refrigerated and 25°C holding temperatures for 
10 days and then analyzed by GC and for TOC to 
determine loss of substrate from volatilization. 

The cxperimenlal cultures, as well as the media and 
volatility control, were analyzed by a direct injection 
method (without solvent extraction) chromatographi-
cally, with thc use of a chromatograph, FID detector 
system, and a column of SP-1000 on Carbopac B. This 
procedure applied to chloroethane, halomethanc, chlo-
roethylene, chloropropane, and chloropropylene con
taining cultures. 

Butadiene and pentadiene cultures samples were sub
jected to normal methylene chloride extraction, K D 
evaporation methodology, and GC analysis. 

Organochlorine pesticides. Stock solutions of pesti
cides were prepared in a non-ionic emulsifying agent. 
The substrate containing media were stored in either 
I - or 2-1 glass-stoppered reagent bottles in a refrigerator 
before use. Appropriate volumes of the oil and stock 
solutions of pesticides were added to prechilled media 
and the substrate was thoroughly mixed with the use 
of a magnetic stirrer. The pesticides were studied in 
cotton-stoppered erlcnmeyer flasks. The substrate con

taining synthetic media in Erlenmeyer flasks were in
oculated with prechilled yeast extract and 10-ml of pre
chilled settled domestic wastewater inoculum. 

The experimental, as well as thc medium-wastewater 
and medium test compound volatility control flasks were 
incubated in a constant temperature at 25°C. Flasks 
were shaken for a few minutes on a daily basis during 
the original and subculture incubation periods. 

Thc extraction of cultures was performed in sepa-
ratory funnels using three 20-ml volumes of methylene 
chloride. The KD evaporation of solvent-pooled frac
tions and the sparging of solvent extracts in preparation 
for GC analysis was performed in the same manner as 
phenols, phthalates, benzenes, and naphthalenes. 

The extraction efficiency differed with each of the 
pesticide compounds and recovery values ranged from 
75 to 98% and were fairly reproducible for several test 
runs with each of the substrate-dosed culture samples. 

The pesticides were analyzed on a chromatograph 
equipped with an F ID detector system. 

RESULTS 

The results for each of the above classes are given 
in the form of a short narrative discussion and tabular 
presentation of (he screening data with correlative data 
gleaned from the literature. 

The indication of 100% biodegradation in the tabular 
data should not be interpreted as zero residual of (he 
individual priority pollutant. The minimum sensitivity 
of the GC procedures used was about 0.1 mg/ l . The 
GC analytical effort involved a massive number of anal
yses in order to verify recoveries, determine blanks, in
clude controls, verify standard chemicals, and monitor 
replicate samples. In order to keep this effort at a man
ageable level, the GC methods for each class of com
pounds were not maximized for sensitivity. 

Phenolic compounds. The biodegradability data from 
the static-culture-flask-biodegradation-screening test 
studies, based on GC analysis and TOC and DOC de
terminations, have demonstrated that phenol and the 
chlorinated, as well as thc nitrated, phenols, with the 
exception of 4,4-dinitro-o-cresoI, were significantly 
biodegraded, with either rapid or gradual adaptation 
periods necessary to achieve optimum biodegradation 
rates. 

The biodegradability data are expressed in Table I. 
which summarizes the average percentage of biodeg
radation for each compound and for each subculture. 

Significant biodegradation with rapid acclimation 
was observed with phenol, 2-chlorophenol, 2,3-dichlo-
rophenol, 2,4,6-trichIorophenol, 2,4-dimelhylphenol, p-
chloro-w-cresol, 2-nitrophenol, 4-nitrophenol, and 2.4-
dinitrophenol with a range of average biodegradation 
between 60 to 100% achieved after the first week of 
incubation. Pentachlorophenol was shown to be signif-
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Table 1—Biodegradability of phenolic compounds evaluated by the static-flask-screening method. 

Average of 3 test flasks (b iodegradat ion of test 

compound in 7 days %) 

Test compound 

test compound 

(mg/ml) 
Per formance 

summary 
Or ig inal 

cul ture 
First 

subcul ture 
Second 

subcul ture 

Third 
subcul tu 

Phenol 5 D 96 100 100 100 
10 D 97 100 100 • too 

2-Chloro phenol 5 D 86 100 100 100 
10 D 83 100 100 100 

2.4-Dichloro phenol 5 D 100 99 98 100 
10 D 99 99 100 99 

2.4.6-Trichloro phenol 5 D too 100 too 100 
10 D 100 100 100 100 

Pentachloro phenol 5 A 19 68 too 100 
10 A 16 0 0 99 

2.4 Dimethyl phenol 5 D 100 100 100 100 
10 D 99 100 100 too 

p-Chloro-/n-cresol 5 D 78 100 too 100 
10 D 76 100 100 100 

2 r*tro phenol 5 O 100 100 100 100 
10 D 100 too 100 100 

4-Nitro phenol 5 D 100 100 100 100 
10 D 100 100 100 100 

2.4-Oinitro phenol 5 D 60 100 100 too 
10 D 68 100 too 100 

4.6-Dinitro-o-cresol 5 N 52 58 56 51 
10 N 0 5 11 14 

D — Significant degradation, rapid adaptation 

A —Significant degradation, gradual adaptation 

N—Not significantly degraded under the conditions ot test method 

icantly bio-oxidized but with a gradual adaptation pro
cess over a 2-week period to achieve 100% biodegra
dation in 5-mg/I substrate cultures and over a 4-week 
period to achieve 98 to 100% loss in 10-mg/l pentach-
lorophenol cultures. 

The nitrocresol, 4,6-dinitro-o-cresol did not demon
strate significant bio-oxidation and necessary acclima
tion for optimum bio-oxidation activity within the 28-
day incubation period under the enrichment-culture 
conditions of the test method. 

In general, chlorophenols are more stable to biodeg
radation than phenol and the resistance lo microbial 
catabolism is greatest among the more highly chlori
nated phenols/ 

Phthalate esters. Phthalate esters are reported to be 
metabolized in the aquatic environment by a variety of 
organisms and degraded by mixed microbial systems 
at rales which vary widely, depending on environmental 
conditions. These compounds undergo primary and ul
timate biodegradation in naturally occurring microbial 
populations by mechanisms of enzymic hydrolysis. The 
rate of degradation depends on temperature, pH, the 
presence of oxygen and phthalate structure.5 

The 'static-culture-flask biodegradability screening 
<est data based on GC and TOC determinations have 
demonstrated that phthalate ester priority pollutants 

were significantly biodegraded with cither rapid or 
gradual adaptation to achieve optimum biodegradation 
rates. 

The biodegradability data are expressed in Table 2, 
which summarizes the average percentage of biodeg
radation for each test compound and subculture. 

Significant biodegradation, with rapid acclimation 
was observed with the phthalate esters, dimethyl phthal
ate, diethyl phthalate, di-n-butyl phthalate, and butyl 
benzyl phthalate, with 100% losses achieved after the 
first week of incubation. 

Bis-(2-ethylhexyl) phthalate (EHPE) and di-n-octyl 
phthalate (DOPE) were significantly bio-oxidized, but 
with a gradual adaptation process needed over a 3-week 
period to achieve 95 and 94% loss for EHPE and 94 
and 937o loss for DOPE in 5- and 10-mg/l substrate 
containing cultures respectively at the end of the third 
subculture incubation. The phthalate esters, EHPE and 
DOPE, were (hus proven the most persistent of the 
phthalates studies under the conditions of the static-
flask screening test. 

Naphthalenes. The degradation and metabolism of 
naphthalene and the identification of the metabolites 
is known from many studies wilh bacteria. Naphthalene 
is reported to be probably the most easily biodegraded 
polycyclic aromatic hydrocarbon. Biotransformation 
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T a b l e 2 — B i o d e g r a d a b i l i t y o l p h t h a l a t e e s t e r s a n d n a p h t h a l e n e c o m p o u n d s e v a l u a t e d b y s t a t i c - f l a s k - s c r e e n i n g 

m e t h o d . 

Average o l 3 test (tasks (b iodegradat ion o l test 
compound in 7 days (%)) 

Concent ra t ion of Per fo rmance Or ig inal First Second Third 
Test compound tes t compound summary cul ture subcul ture subculture subcu l f i 

{Dimethyl phlhalale 5 D 100 100 100 100 
10 D 100 100 100 100 

Diethyl phlhalale 5 D 100 100 100 100 
10 D 100 100 100 100 

Di n-bulyl phthalate 5 D 100 100 100 too 
to D 100 100 100 too 

Bis-(2-ethyl hexyl) phthalate 5 A 0 43 80 95 
10 A 0 47 89 93 

Di-n-oclyl phthalate 5 A 0 79 89 94 
10 A 0 42 93 92 

Bulyl benzyl phlhalale 5 D 100 100 100 100 
10 D 100 100 100 100 

Napthalene 5 D 100 100 100 100 
10 D 100 100 100 100 

2-Chloro napthalene 5 D 100 100 100 100 
10 D 100 100 100 100 

Acenaplhene 5 D 95 100 100 too 
10 100 100 100 100 

Acenaphthylene 5 D 100 97 96 98 
10 D 94 91 93 93 

D —Significant degradation, rapid adaptation 
A — Significant degradation, gradual adaptation 

and biodegradation of naphthalene is rapid enough to 
make it a dominant fate process in an aquatic system.6 

The biodegradability data for the priority-pollutant 
naphthalene compounds based on the static-culture-
flask screening test have demonstrated that naphtha
lene, 2-chloronaphthalcne, acenaphthene and acena
phthylene undergo significant biodissimilation in cul
ture media dosed with 5- and 10-mg/l substrate 
concentration, with rapid acclimation periods for naph
thalene oxidiztng-enzyme induction to occur. The naph
thalene and 2-chloronaphthalene compounds exhibit 
rapid biodegradation in culture media at the end of the 
first subculture, showing 100% loss of the substrate at 
the two concentrations. Acenaphthene was observed to 
show similarly high biodegradation activity, with 100% 
loss of substrate in 5- and 10-mg/l dosed cultures 
throughout the four incubation periods. Rapid dissi
milation activity was also demonstrated for acenaphthy
lene, with ranges of 87 to 100% and 80 to 100% loss 
of substrate in cultures dosed with 5 and 10 mg / l , re
spectively, throughout the four 7-day incubation pe
riods. 

Table 2 summarizes the biodegradability data for the 
priority pollutant naphthalene compounds showing the 
average biodegradation for each test compound for each 
subculture. 

Monocyclic aromatics. Based on the biodegradability 

data accumulated for the priority-pollutant benzenes, 
toluenes, and their chlorinated and nitrated derivatives, 
certain conclusions can be drawn about their relative 
susceptibility to microbial bio-oxidation, their persis
tence and stability in aqueous environments as well as 
about their toxicity to the wastewater microbiota. 

The analytical data, based on GC and TOC deter
minations, have demonstrated significant biodegrada
tion of some of the benzene and toluene compounds, 
with varying degrees of acclimation depending on the 
test compound and thc dose concentration of substrate 
in the culture media. Polychlorinated benzenes and the 
dinitrotoluenes initially exhibited a significant bio-oxi-
dative activity with gradual adaptation and induced 
enzyme formation, followed, however, by a deadaptive 
process from the loss of the metabolically efficient mi
crobial population or the gradual build-up of toxicity 
of either the parent substrate or metabolic products to 
microbiota. Hexachlorobenzene was shown to be rela
tively resistant to dissimilation by the microorganisms 
under the conditions of the static-flask methodology. 

Table 3 summarizes the average percentage of bio
degradation for each test compound at the end of the 
original culture and each of the subculture incubation 
periods. Significant biodegradation with rapid accli
mation was observed with benzene, toluene, and nitro
benzene. Toluene and nitrobenzene were shown to be 
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T a b l e 3 — B i o d e g r a d a b i l t y o f b e n z e n e , t o l u e n e a n d t h e i r d e r i v a t i v e s e v a l u a t e d b y t h e s l a l i c - s c r e e n i n g - f l a s k t e s t 

m e t h o d . 

Average ot 3 test flasks (b iodegradat ion o l test 
compound in 7 days (%)) 

Concent ra t ion of 
text compound Per formance Or ig inal First Second Third 

Test compound ( m g / l ) summary cul ture subcul ture subcul ture subcul ture 

Benzene 5 D 49 100 100 100 
to D 37 95 100 95 

Chlorobenzene 5 D 89 100 100 100 
10 A 30 77 100 100 

1.2-Dichlofobenzene 5 T 45 66 48 29 
10 T 20 59 32 18 

1.3-Dichlorobenzene 5 T 59 69 39 35 
10 T 58 67 31 33 

1 4-Dichlorobenzene 5 T 55 61 34 16 
10 T 37 54 29 0 

1,2.4-Tricnlorobenzene 5 T 54 70 59 24 
10 T 43 54 14 0 

Hexachlorobenzene 5 N 56 30 8 5 
10 N 21 3 0 0 

Nitrobenzene 5 D 100 100 100 100 
10 D 87 97 100 100 

Ethylbenzene 5 D 100 100 100 100 
10 A 69 78 87 100 

Toluene 5 D too 100 100 ' 100 
10 D too 100 100 100 

2.4-Dinitrololuene 5 T 77 61 50 27 
10 T 50 49 44 23 

2.6-Oinitrotoleune 5 T 82 55 47 29 
10 T 57 49 35 13 

D —Significant degradation with rapid adaptation. 
A—Significant degradation with gradual adaptation 

T — Significant degradation with gradual adaptation followed bv a deadaptive process in subsequent subcultures (toxicity) 
N—Not significantly degraded under Ihe conditions of fhe test method 

completely biodegradable after the first week of incu
bation at 5- and 10-mg/l levels. Benzene demonstrated 
complete dissimilation at these levels after the second 
week of incubation. Chlorobenzene and ethyl benzene 
exhibited complete losses after the second and third 
weeks of incubation, respectively, at the 5-mg/l level. 
At 10 mg/ l of substrate, biodegradation was manifested 
by gradual adaptation of microbiota with 100% losses 
evidenced for chlorobenzene and ethyl benzene at the 
end of the second and third subculture periods, respec
tively. 

A gradual acclimation process with significant bio-
oxidation of the substrate was observed with 1,2-, 
1,3-, and 1,4-dichlorobenzene, 1,3,4-trichlorobenzene, 
and with 2,4- and 2,6-dinitrotoluene. Subsequent sub
cultures demonstrated a reduction of the biodegradation 
rate with these test compounds and an accumulation 
of the parent compound in the culture media. 

The gradual reduction of biodegradation activity with 
aspect to the polychlorinated benzenes and dinitrated 

<oluenes may be from the possible loss of synergistic 
activity on the substrate exhibited by the original het

erogenous microbial population in the inoculum as a 
result of the subculture method, or from a retardation 
of the adaptive (induced) enzyme process because of 
possible accumulation of toxic by-products of metab
olism. 

Hexachlorobenzene did not demonstrate significant 
bio-oxidation and the necessary acclimation for bio-ox-
idative activity within the 28-day incubation period 
under the conditions of the static-flask-culture method. 

The volatility control systems for the volatile benzene 
compounds provided data which demonstrated no sig
nificant losses of the substrate from culture media due 
to volatilization at 25°C holding temperature for 7-day 
periods. 

Some species of soil bacteria and petroleum-degrad
ing microorganisms have been reported to be capable 
of util izing benzene, ethyl benzene, and toluene as a 
sole carbon source and Ihe metabolic pathways involved 
in the microbial oxidative degradation of these com
pounds have been established. Nitrobenzene is reported 
to be potentially biodegradable in soil. The nitro sub-
stituent generally decreases the biodegradability of the 
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Table 4 — Biodegradability o< polycyclic aromatic hydrocarbons, halogenated ethers and polychlorinated biphenyls 
evaluated by the static screening ffqsk test method. 

Average o l 3 test (tasks (b iodegradat ion o l test 
compound in 7 days (%)) 

Test compound 

Concentra t ion of 

test compound 

( m g / l ) 
Performance 

summary 
Original 
culture 

First 
subculture 

Second 
subculture 

Third 
subculture 

Polycyclic aromatic 
hydrocarbons 

Anthracene 

Phenanthrene 

Fluorene 

Fluoranthene 

1.2-Benzanthracene 

Pyrene 

Chrysene 

Halogenated ethers 

Bis-(2-chloroethyl) ether 

2-Chloroelhyl vinyl ether 

4-Chlorodiphenyl elher 

4-Bromodiphenyl elher 

Bis-(2-chloroethoxy)methane 

Bis-(2-chloroisopropyl) ether 

Polychlorinated biphenyls 
PCB-10 16 

PCB-1221 

PCB-1232 

PCB-1242 

PCB-1248 

PCB-1254 

PCB-1260 

5 
10 

5 
10 

5 
10 

5 
10 

5 
10 
5 

10 

5 
10 

5 
to 
5 

10 
5 

10 

5 
10 
5 

10 

5 
10 

5 
10 
5 

10 
5 

10 

5 
10 

5 
10 

5 
10 

5 
10 

A 
A 
D 
D 
A 
A 
A 
N 
N 
N 
D 
N 
A 
N 

D 
D 
D 
D 
N 
N 
N 
N 
N 
N 
D 
D 

N 
N 

D 
D 
D 
D 
N 
N 
N 
N 
N 
N 
N 
tsi 

43 
26 

100 
100 
82 
65 

0 
0 

16 
0 

71 
11 
6 
0 

100 
100 
76 
52 

0 
0 
0 
0 
0 
0 

85 
63 

44 

22 
100 
99 

100 
100 
37 
34 

0 
0 

11 
10 
0 
0 

70 
30 

100 
100 
53 
43 
47 

0 
41 
38 

100 
2 

65 
30 

100 
100 
75 
68 
32 
28 
19 
0 
0 
0 

100 
100 

47 
46 

100 
100 
100 
100 
41 
33 

0 
0 

4 2 
26 
21 

6 

84 
40 

100 
100 
67 
38 

100 
0 

35 
23 

100 
0 

53 
34 

100 
100 
100 
100 
36 

5 
36 
10 
0 
0 

100 
100 

46 
20 

100 
100 
100 
100 
47 
15 
0 
0 

15 
0 
0 
0 

92 
51 

100 
100 
77 
45 

100 
0 
0 
0 

100 
0 

59 
38 

100 
100 
100 
100 

t 

0 
0 
0 
0 
0 

100 
100 

48 
13 

100 
100 
100 
100 
66 

0 
0 
0 
0 
0 
0 
0 

D—Significant degradation with rapid adaplation 

A — Significant degradation with gradual adaplation 

N — Not sigmftcanlly degraded under the condilions of Ihe method 

aromatic ring, and therefore, the polynitrobenzenes are 
decomposed very slowly. According to reported studies, 
the more highly halogenated the benzene molecule be
comes, the more resistant it is to microbial degrada
t ion" . 

Polycyclic aromatic hydrocarbons, polychlorinated 
biphenyls and halogenated ethers. 

Polycyclic Aromatic Hydrocarbons. The polycylic 
aromatic hydrocarbons (PAHS) demonstrated varied 
rates of biodegradation with different acclimation pe-
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riods, depending on the test compound and the dose of 
substrate in culture media, as shown in Table 4. The 
tricyclic aromatic hydrocarbon, anthracene,'showed sig-

- nificant bio-oxidation with gradual adaptation, with a 
loss of 92 and 51% of substrate at the end of the third 
subculture in cultures with initial levels of 5 and 10 
mg/l, respectively. Significant biodegradation with 
gradual adaptation was also demonstrated in the case 
of fluorene, which exhibited 77 and 45% losses at the 
end of third subculture with the above initial concen
trations. 

Fluoranthene, pyrene and chrysene demonstrated sig
nificant degradation at 5-mg/l substrate levels, but low 
oxidative activity at 10 mg/l. The tetracyclic hydro
carbon, 1,2-benzanthracene, in contrast, did not dem
onstrate significant degradation and the necessary ac
climation for oxidative activity during the four successive 
incubation periods. 

The PAHs in general have been reported to be po
tentially biodegradable compounds, particularly by soil 
microorganisms and in soil systems which provide better 
conditions for biodegradation than aquatic systems.10 

The biodegradability data have shown that the tri
cyclic aromatic hydrocarbons are more susceptible to 
biodegradative action than the tetracyclic and higher 
polycyclic hydrocarbons. 

Polychlorinated biphenyls. The individual polychlo
rinated biphenyls (PCBs) vary widely in their suscep
tibility to biodegradation, as shown in Table 4. The 
mono-, di-, and trichlorinated species may be signifi
cantly biodegraded or biotransformed, as well as vol
atilized; whereas PCBs with five or more chlorine atoms 
per molecule have a tendency to adsorb to suspended 
materials and sediments, bioaccumulale because of very 
low solubility, photodissociate, and are quite resistant 
to biodegradation."" The priority pollutant PCBs are 
Aroclors or technical mixtures of individual PCBs made 
by the partial chlorination of biphenyl in the presence 
of suitable catalyst. The PCBs 1016, 1221, 1232, 1242, 
1254, and 1260 are Arochlors which differ from one 
another in the average chlorine content on a weight 
basis and in types of the individual PCBs composing 
thc mixture. 

Biodegradability data with the priority pollutant 
PCB Aroclors, have demonstrated that PCB Aroclor 
1221 (with an average chlorine content of 21% and 
limited to mono- and di-chloro isomers and PCB Ar
oclor 1232 (with an average chlorine content of 32% 
and limited to mono-, di-, tri-, and tetra-chloro isomers) 
were the only PCB Aroclors exhibiting significant bio
degradation with rapid acclimation. PCB Aroclor 1016 
(a new mixture limited to mono-, di-, tri-, and tctra-
chloro isomers) and PCB Aroclor 1242 (with an average 
:hlorine content of 42% and limited to di-, tri-, and 
tetra-chloro isomers) showed little bio-oxidation at 5 

mg/l, and no oxidative activity at 10 mg/l. PCB Aroclor 
1248 (with an average chlorine content of 48% and 
limited to tri-, tetra-, and penta-chloro isomers), PCB 
Aroclor 1260 (with an average chlorine content of 60% 
and limited to penla-, hexa-, and hepta-chloro isomers) 
demonstrated recalcitrance to microbial metabolism at 
5 and 10 mg/l. The biodegradability of PCBs is a func
tion of thc number of C-H bonds available for hydrox-
ylation. The fewer the chlorine "atoms, thc more com
mon the adjacent unchlorinated carbons, and the higher 
the rate of bio-oxidativc activity. 

Halogenated ethers. The 7-day incubation periods for 
each subculture as shown in Table 4 demonstrated that 
bis-(2-chlorocthyl) ether, 2-chloroethyl vinyl ether, and 
bis(2-chloroisopropyl) ether are significantly biode
gradable with slightly varied acclimation periods for 
optimum oxidative activity, whereas 4-chlorodiphenyl 
ether, 4-bromodiphenyl ether, and bis-(2-chloroethyl) 
methane demonstrated insignificant biodegradability, 
with successive reduction of bio-oxidative rates and ac
cumulation of the parent compound in the culture me
dia from the possible toxicity of substrate to microbiota. 

The findings on the susceptibility of the chloroalky-
lethers to degradation are corroborated by reported 
data based on studies with river waters supplemented 
with wastewater inocula.1* The haloaryl ethers, as well 
as the chloroethoxy ethers, are shown to bio-oxidize 
very slowly under the conditions used. The experimental 
conditions may not have permitted a proper enzyme 
induction period or natural selection of microorganisms, 
l l may also be possible (hat structural configuration of 
these ethers imparls recalcitrance to dissimilation of the 
molecule by microorganisms. The static-flask results for 
these three classes of priority pollutants arc shown in 
Table 4. 

Nitrogenous organic compounds. The diphenylnitro-
samine, N-nitroso-N-phenylbenzaminc (N-nitrosodi-
phenylamine) was shown to be easily biodegradable by 
microorganisms, with rapid acclimation to 5-mg/l sub
strate doses and gradual acclimation to 10 mg/l of the 
substrate in culture media, whereas the dialkylnitro-
samine, di-n-propylnitrosamine (N-nitrosodi-n-propy-
lamine), was observed not to exhibit significant deg
radation at either concentration. 

Based on the relatively few reported data found in 
the literature, the diphenylnitrosamine is more easily 
degraded by microorganisms than are dialkylnitrosa-
mines.17 The carcinogenic nitrosamine, dimethylnitro-
saminc, which was not included in the biodegradability 
studies, is reported to exhibit resistance to microbial 
degradation in soil and in wastewater, and is not af
fected by the anaerobic organisms in bog sediment." 

The hydrazobenzene, 1,2-diphenylhydrazine, exhib
ited significant biodegradation with gradual adaptation, 
with the metabolic activily leveling off in thc last two 
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subcultures dosed with 5 mg/ l of the substrate. At the 
initial concentrations of 10 mg/ | , ihe significant bio-
oxidative activity exhibited initially with gradual ad
aplation process, was followed by a deadaptive process 
and toxification in subsequent subcultures. 

The compound is in easily reversible redox equilib
rium with azobenzene, and the relative concentrations 
of thc two compounds that will be present at any time 
depends upon the oxidation potential of the water sam
ple. " The azobenzene which predominates in well-aer
ated water was found in insignificant concentrations in 
the static-flask medium-substrate control set-ups. 

Herbicides. The unsaturated ketone (cyclohexene-
one) isophorone was shown to exhibit rapid degradative 
activity by microorganisms that adapt themselves readily 
to dissimilatc the substrate. The microbial metabolism 
of isophorone probably involves the oxidation of the 
allylic methyl group of isophorone to a carboxylic acid 
group, which is followed by the rupture of the cyclo
hexane ring and decarboxylation. 2 0 

Thc herbicide compound, acrylonitrile (vinyl cya
nide) demonstrated case in degradation with rapid ad
aptation and induced enzyme formation under the con
ditions of the enrichment culture technique of the static-
flask screening studies. These findings are in agreement 
with reported studies on acetonitrile biodegradation, 
which demonstrate that the substrate is readily dissi-
milaled by microorganisms of activated sludge and is 
not toxic to the microorganisms.2 1 

Acrolein (an unsaturated aldehyde) was also shown 

to be easily dissimilated with rapid acclimation of mi
crobiota to the substrate. These findings are corrobo
rated by reported studies on acrolein biotransformation 
in activated sludge.2 2 2 4 

Table 5 summarizes the biodegradability data of the 
studies with the nitrogenous organic compounds. 

Halogenated aliphatics. Table 6 summarizes the an
alytical data based on GC and TOC determinations, 
and correlates the percentage of losses of the haloge
nated aliphatic priority pollutants in 7 days for the four 
successive incubation periods with the average per
centage of removals of the substrate from volatilization 
in 10 days at refrigeration and 25°C. 

The volatilization of the halogenated aliphatics re
ported are based on volatility controls utilizing non-bi
ological systems (synthetic media without inoculum). 
This approach was used to provide the conditions for 
the highest possible volatilization in the sealed-bottle 
systems of the biodegradation screening test to occur, 
since volatilization is reported to depreciate consider
ably in solutions containing organic solids and/or mi
crobial cultures. } > 

Chloroethanes. The chloroethane aliphatics, 1,1- and 
1,2-dichloroethane, 1,1,1-, and 1,1,2-trichloroethanc 
were shosvn to be potentially biodegradable, whereas 
1,1,2,2-tetrachlorocthanc was observed not to support 
any bio-oxidative activity by microbiota under the con
ditions of the biodegradability test-method used. Te-
trachloroethane was shown to exhibit higher resistance 
to bio-oxidation than the two trichloroethanes (1,1,1-

Table 5 — Biodegradability ol nitrogenous organics evaluated by the static screening flask test method. 

Average of 3 tes t f lasks (b iodegradat ion of test 
compound in 7 days (%)) 

Concent ra t ion of 
test compound Per fo rmance Or ig inal F i rs l Second Third 

Test compound ( m g / l ) summary cul ture subcul ture subcul ture subcul fure 

Nitrosamines 
N-Nilroso-di-N-

propylamine 

N-Nilrosodiphenylamine 

Substituted benzenes 

Isophorone 

1.2-Diphenylhydrazine 

Acrylonitrile 

Acrolein 

5 
10 

5 
10 

5 
10 
5 

10 

5 
10 

5 
10 

N 
N 
D 
A 

D 
D 
T 
T 

D 
D 

D 
D 

27 
0 

87 
47 

100 
100 
80 
72 

100 
100 

100 
100 

37 
8 

100 
63 

100 
100 
73 
55 

100 
100 

100 
100 

47 
40 
92 
95 

100 
100 
66 
40 

100 
100 

100 
100 

50 
40 

100 
98 

100 
100 
77 
40 

100 
ion 

100 
100 

D — Significanl degradalion wilh rapid adaptation 
A —Significant degradation with gradual adaptation 

T — Significanl degradation wilh gradual adaptation followed by a deadaplive process (toxicity). 
N—Not significantly degraded under Ihe conditions o l the test melhod 
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and 1,1,2-isomers) which in turn are more refractive 
to degradation than the two dichloroethanes. Rate of 
bio-oxidation was also shown to vary depending on the 

-' position of the chlorine atom on thc C 2 carbon structure. 
Hexachloroethane, in contrast, exhibits significant deg-
radative activity with rapid adaptation of the micro
biota. 

These findings are based on considering the relation
ship of the total percentage of loss data, with the vol
atility data of thc chloroethane aliphatics. Whereas re
frigeration temperature did not show any loss of 
substrate from volatility, losses from volatilization were 
observed at 25°C for the 10-day holding period. How
ever, considering that the volatility losses were estab
lished for non-biological volatility control systems, the 
volatility losses in experimental biological set-ups were 
such that the loss of the substrate from biodegradative 
activity could be inferred. Based on literature data, the 
chloroethane aliphatics, 1,1- and 1,2-dichloroethane, 
and 1,1,1-trichloroethane are considered to be poten
tially biodegradable and will probably be destroyed 
during the aerobic treatment after a considerable period 
of acclimation, whereas tetrachloroethanes will exhibit 
recalcitrance to microbial activity and might be bio-
oxidized only after very extensive acclimation pe-
riods.J*"JS Because of their lipophylicity, the dichloro
ethanes should not be bioaccumulated to a large extent, 
whereas the tri- and tetrachloroethanes, being lipo
philic in nature, might have a tendency for accumu
lation. 

Halomethanes. The halomethane aliphatics demon
strate different biodegradation rates and acclimation 
periods, depending on the test compound and substrate 
concentration in the culture media. Methylene chloride, 
bromochloromcthane, and carbon tetrachloride were 
shown to exhibit rapid degradation, whereas chloroform 
shows significant dissimilation with gradual adaptation. 
Dichlorobromomcthane and bromoform demonstrate 
59 and 51% losses and 48 and 35% losses at 5 and 10 
mg/l, respectively, at the end of the third subculture 
period. Chlorodibromomethanc and trichiorodifluoro-
methane exhibit recalcitrance for thc four 7-day incu
bation periods. 

As in the case of chloroethane aliphatics, the bio
degradability findings for halomethanes are based on 
evaluation of the effect that volatilization of these com
pounds might have on the bio-oxidative activity in the 
microbiota. The total losses of these substrates from 
culture media, as shown on Table 6, compared to the 
volatility losses for methylene chloride, bromochloro
mcthane, carbon tetrachloride, chloroform, dichlorob-
romelhane, and bromoform allow biodegradation to be 
inferred. In contrast, with chlorodibromo- and trich-
orofluoromethane, any possible loss of the substrate 
caused by bio-oxidative action was shown to be pre
cluded by the loss resulting from volatilization. 

Chlorocthylenes. Based on the analytical data for the 
four incubation periods of the experimental culture se
ries and on the analysis of the volatility, certain as
sessments may be made about the biodegradability of 
the chloroethylene aliphatics. The 1,1-dichloroethylene 
compound showed relatively significant biodegradation 
with gradual adaptation al the end of the first subcul
ture period, with leveling off for the next two subculture 
periods. The volatilization of the substrate in the non-
biological volatility control systems at 25°C, although 
significant, was observed not to be the dominant process, 
because of the relatively high total precentage of losses 
of the compound at the end of each successive incu
bation period. 

The 1,2-cis- and 1.2-trans-dichloroethylenes exhibit 
slow biodegradative activity concomitant with the rel
atively moderate rate of volatilization established in the 
non-biological volatility control systems. Based on the 
total percentage of loss of substrate in culture media 
and the loss from volatilization, the 1,2-trans-dichlo-
roethylcne isomers can be considered more refractive 
to bio-oxidation than the 1,1-dichloroethylene com
pound. In general, the dichloroethylene carbon struc
ture seems to confer a significant stability of the mol
ecule to microbial bio-oxidative action. 

The chloroethylene aliphatics, trichloroethylene, and 
tetrachloroethylene, were shown to be significantly bio
degradable with gradual adaptation observed. The rel
atively significant volatilization in the non-biological 
volatility control series did not preclude the biodegra
dative activity of microbiota in culture media from the 
relatively high total percentage of loss of substrate 
throughout thc study in comparison to the volatility 
percentage losses. 

There was no evidence of loss of the substrate from 
volatilization under refrigeration noticed with the chlo-
roethylenes or the halomethanes. 

Dichloropropancs and dichloropropyleses. Biodegrad
ability data indicate that 1,2-dichloropropane and 1,3-
dichloropropylcne are essentially biodegradable com
pounds, exhibiting relatively high biodegradative rates, 
with gradual adaptation of microbiota. 

Considering the relatively insignificant volatilization 
of the chloropropane and chloropropylene aliphatics, 
the above compounds achieved 89 and 81% losses and 
85 and 84% losses at 5 and 10 mg/l, respectively, at 
the end of the third subculture period. The total per
centage of losses at the end of the respective incubation 
periods in the culture media were essentially from the 
bio-oxidative activity of the microbiota. 

Literature data on 1,2-dichloropropane and 1,3-dich-
loropropylene corroborate the findings from the static-
culture-flask biodegradability screening studies. They 
are considered biodegradable compounds based on thc 
studies with soil and wastewater microorganisms.39 1 1 

October 1981 1513 



T a b a k et a l . 

T a b l e 6 — B i o d e g r a d a b i l i t y a n d v o l a t i l i t y s t u d i e s w i l h h a l o g e n a t e d a l i p h a t i c s e v a l u a t e d b y t h e s t a t i c - s c r e e n i n g - f l a s k 

t e s t m e t h o d . 

Average to ta l l oss o( les t compound in 7 Volat i l izat ion 
days incubat ion t ime (%) loss (%) 

Test compound 

Cone. 
(mg/1) 

Per formance 
summary Or ig ina l First Second Th i rd 5° C 2 5 ' 

ChlO'oethanes 
1.1 -Dichloroethane 5 A 50 78 85 91 0 19 

10 A 29 74 79 83 0 4 

1.2-Dichloroelhane 5 B 26 4 1 54 63 0 27 

10 B 20 35 51 53 0 5 

1.1.1- Tnrhloroethane 5 B 29 64 76 83 0 27 

10 B 23 53 68 75 0 7 

1.1,2-Tnchloroelh.me 5 C 6 30 38 44 0 15 

10 C 0 27 30 39 0 3 

1 1 2.2-Tetrachloroelhane 5 N 0 12 27 29 0 7 

to N 0 1 1 20 23 0 0 

Hexachloroelhane 5 D 100 100 100 100 0 0 

10 0 100 100 100 100 0 0 

Halomethanes 

Methylene chloride 5 D 100 too 100 100 0 25 

10 0 100 100 100 100 0 6 

Br omochlor ome th a ne 5 D 100 100 100 100 0 1 t 

10 D 100 100 100 too 0 3 
Cafbon tetrachloride 5 D 87 100 100 100 0 23 

10 D 80 100 100 100 0 5 
Chlorolorm 5 A 49 85 92 100 0 24 

10 A 46 70 80 100 0 6 

Dichlorobromomethane 5 A 35 54 56 59 0 8 

10 A 34 44 46 51 0 1 

Bromoform 5 A 11 22 40 48 0 0 

to A 4 14 31 35 0 0 

Chlorodibromomelhane 5 N 25 28 35 39 0 16 

10 N 10 12 21 25 0 3 

Trichlorofluoromethane 5 N 59 61 65 73 5 58 

10 N 38 40 43 45 2 37 

Chloroelhylenes 

1.1 -Dichloroelhylene 5 A 78 100 100 100 0 24 

10 A 45 100 100 100 0 15 

1.2-0ichloroethylene-cis 5 B 54 76 79 86 0 34 

to B 43 75 78 84 0 27 

1,2-Oichloroethylene-trans 5 B 67 79 88 95 0 33 

10 B 40 76 81 93 0 26 

Trichloroethylene 5 A 64 73 82 87 0 29 

10 A 38 56 76 84 0 22 

Tetrachloroelhytene 5 A 45 54 69 87 0 23 

10 A 30 41 67 84 0 16 

Chloropr opnnes 
1,2-Dichlor opr opane 5 A 42 70 79 69 0 3 

10 A 36 61 69 81 0 0 

Chloropr opylenes 

1,3-Dichloropropylene 5 A 55 65 75 85 0 19 

10 A 54 64 69 84 0 7 

Chlorobuladienes 
Hexachloro- 1.3-buladiene 5 D 100 100 100 100 0 1 

to D 100 100 100 100 0 0 

Chloropentadienes 
Hexachlorocyclopentadiene 5 D 100 100 100 100 0 0 

10 D 100 100 100 too 0 0 

D — Significant degradal ion wilh rapid adaptation 
A — Significant degradation with gradual adaptation 
B — Slow to moderate biodegradative aclivily. concomifant wilh significanl rate of volatilization 
C — Very slow biodegradative activity, wilh long adaptation period needed 
N—Nof significantly degraded tinder Ihe conditions of test method and /o r precluded by extensive rale o l volalilizalion. 
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Table 7 — Biodegradability of organochlorine pesticides evaluated by the static screening flask test method. 

Average of 3 test flasks biodegradation ol lest 
compound in 7 days (%) 

Concentration of • 

lest compound Performance Original First Second Third 

Test compound (mg/l) summary culture subculture subculture subculture 

Aldfin 5 N 0 0 0 0 
10 N 0 0 .0 0 

Dieldrin 5 N 0 0 0 0 
10 N 0 0 0 0 

Chlordane 5 N 0 0 0 0 
10 N 0 0 0 0 

OOT p.p' 5 N 0 0 0 0 
10 N 0 0 0 0 

DDE p.p' 5 N 0 0 0 0 
10 N 0 0 0 0 

DOD p.p' 5 N 0 0 0 0 
10 N 0 0 0 0 

Endosulfan-alpha 5 N 0 0 0 0 
10 N 0 0 0 0 

Endosulfan-beta 5 N 0 0 0 0 
10 N 0 0 0 0 

Endosulfan sullate 5 N 0 0 0 0 
10 N 0 0 0 0 

Endnn 5 N 0 0 0 0 
10 N 0 0 0 0 

Heptachlor 5 N 0 0 0 0 
10 N 0 0 0 0 

Heplachlor epoxide ' 5 N 0 0 0 0 
10 N 0 0 0 0 

Hexachlorocyclohexane 5 IM 0 0 0 0 
BHC-alpha 10 N 0 0 0 0 

—riexachlorocyclohexane 5 N 0 0 0 0 
fi BHC-beta 10 N 0 0 0 0 
Hexachlorocyclohexane 5 N 0 0 0 0 
tf> Bt IC della 10 N 0 0 0 0 
Hexachlorocyclohexane 5 N 0 0 0 0 
A-BI IC-ganinia (lindane) 10 N 0 0 0 0 

N — Not signilicanlly degraded or biotranslormed under the conditions o l Ihe biodegradability test procedure used (phenol control 100 
percent degraded) 

Chlorobutadienes and cliloropentadiencs. The com
pounds, hexachloro-1,3-butadiene and hexachlorocyclo-
pentadiene, demonstrated a 100% loss of substrate at 
5 and 10 mg/l at the end of the original culture incu
bation period and this bio-oxidative activity continued 
over the next three 7-day incubation periods. The vol
atility control systems showed almost no loss from vol
atilization of the two compounds at both the refriger
ation and 25°C holding temperatures. 

These data are in agreement with reported studies 
on hexachlorocyclopentadiene, which was shown to be 
degradable by the microorganisms of wastewater sludge 
and of an aquatic ecosystem. 

Organochlorine insecticides. The priority pollutants 
consisting of aldrin, dieldrin, chlordane, DDT p,p', 
DDE p,p', DDD p,p', endosulfan-alpha, endosulfan-
cta. endosulfan sulfate, heptachlor, heptachlor epox

ide, endrin, hexachlorocyclohexane isomers (alpha, 
beta, and delta) and lindane compounds were shown to 

be recalcitrant to bio-oxidative activity of wastewater 
microbiota at 5 and 10 mg/l for the four successive 7-
day incubation periods of the static-flask-culture method. 
Data based on chromatographic analysis of methylene 
chloride extracts indicate 0% losses of thc above insec
ticide compounds. The chromatographic results indicate 
no reduction of thc chromatographic peaks character
izing each parent pesticide and concomitant absence of 
new peaks with different retention times suggesting 
possible transformation metabolites, thus providing ev
idence of persistence of the parent substrate. 

Table 7 summarizes the biodegradability data with 
organochlorine insecticides for the successive 7-day in
cubation and subculture periods. Evidence of absence 
of any biodegradative activity in the static culture flask 
studies is corroborated by the results from literature-
reported studies, with regards to the organochlorine 
pesticides, dieldrin, chlordane, DDE, DDD, endosulfan 
sulfate, endrin, and heptachlor epoxide. 
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Possible transformation activities by microorganisms 
in the static-culture-flask studies, such as epoxidation 
of aldrin to dieldrin; cometabolic transformation of 
DDT to DDE; possible transformation of endosulfan 
isomers to endosulfan sulfate and heptachlor to hep
tachlor epoxide; and transformation reaction of alpha, 
beta, and delta BHC isomers, as well as of lindane to 
metabolites, if present, were not established by the an
alytical procedures used. 

These results on the chlorinated insecticides are con

sistent with published work on this class of compounds, 
which show resistance to biodegradation.'4""* 

Priority pollutants not evaluated by the static-flask 
test. This current work with priority pollutants com
prises a total of 96 organic compounds belonging to 
several well-defined chemical classes. The EPA Consent 
Decree list includes I l 4 organic compounds. The ad
ditional 18 compounds were not included in the static 
culture flask biodegradability screening studies for the 
following reasons: 

Polycyclic Aromatic Hydrocarbons 

Benzo(a)-pyrene 

3,4-Benzofluoranl bene 
Ben zo(k)fluorant bene 
Benzo( g,h )pery lene 
Dibenzof, a.h )anthracene 
lndeno( 1,2,3-cd)pyrene 

Carcinogenic compound 

Carcinogenic 
Carcinogenic 
Carcinogenic 
Carcinogenic 
Carcinogenic 

compound 
compound 
compound 
compound 
compound 

Included in Illinois 
Institute of Technology 
(HT) Research Institute 
Contract Studies, 
Chicago, III. 
(EPA Contract #68-03-2834) 

Pesticides 

Toxaphene 
Dioxin 

Endrin aldehyde 

Toxic or 
carcinogenic compound 
Toxic or 
carcinogenic compound 
Compound unavailable 

Included in ITT 
Research Institute 
Contract Studies, 
Chicago, III. 

Arylamincs (biphenylamincs) 

Benzidine 
3,3'-Dichlorobenzidine 

Carcinogenic compound 
Carcinogenic compound 

Included in NT 
Research Institute 
Contract Studies 
Chicago, 111. 

Published Continuous 
Feed Reactor Studies" 

Haloethers 
Bis-(2-chloromethyl) ether Toxic and/or 

carcinogenic compound 
Included in HT 
Research Institute 
Contract Studies, 
Chicago, III. 

N-nitrosodimethylamine Carcinogenic compound Included in IIT 
Research Institute 
Contract Studies 
Chicago, III. 

Chlorocthancs and Halomethanes 

Vinyl chloride 

Chloroethane 
Methyl chloride 
Methyl bromide 
Dichlorodifluoromethane 
1516 

Carcinogenic compound 

Gas at room temperature 
Gas at room temperature 
Gas at room temperature 
Gas at room temperature 

Included in IIT 
Research Contract Studies 
Chicago, III. 
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DISCUSSION 

The static-culture-flask biodegradation screening 
technology used in this study made il possible to de
termine the biodegradability of each of the priority pol
lutants at two concentrations (5 and 10 mg/l) by 
wastewater microbiota, utilizing culture-enrichment 
techniques. Under normal waste treatment conditions, 
such culture-enrichment processes are different and thc 
feed and sludge retention times may not always be op
timum for the establishment of an acclimated microbial 
population to efficiently treat the priority pollutant. 
Furthermore, the concentration levels of the organic 
pollutants in wastewater will be significantly smaller 
than those used in the biodegradation studies, and as 
such, may not elicit an induction enzyme formation 
response by the activated sludge microbiota. 

The assessments of the biodegradability of the prior
ity pollutants with the use of the static-culture-flask 
method can be helpful, however, in predicting the treat
ability of these compounds by the normal wastewater 
treatment process, provided methodology is modified to 
allow for adaptation to these compounds to occur. The 
static-culture-flask data can be utilized to predict the 
possible recalcitrance, stability, and persistence in the 
effluents and in natural bodies of water, following ef
fluent discharge, as well as the potential toxicity of the 
parent compound or their metabolites to microbiota of 
activated sludge during the waste treatment. 

The completed studies have established a biodegrad
ability profile for thc priority pollutants constituting 
several classes of organic compounds included in the 
Consent Decree list. The findings from the biodegrad
ability studies could be utilized in the development of 
bio-oxidative predictability patterns for closely related 
compounds. 

In some cases, it was possible to compare thc results 
of the simple static screening tests with published work 
that utilized a variety of biodegradation procedures. In 
all such cases, good agreement was noted. 

The priority pollutants that were observed not lo ex
hibit significant degradation under the conditions of the 
static-culture-flask methodology, cannot be presumed 
to be completely recalcitrant to microbial action. More 
rigorous biodegradability methods, such as shaker-flask 
techniques, soil percolation studies, aerated batch fer
mentation set-ups, and the continuous-feed aerated re
actor technology could be utilized to provide optimum 
conditions for acclimation of microorganisms to dissi-
milate the compounds, and thus definitely ascertain the 
biodegradability of the pollutant that did not pass the 
static-culture-flask screening test. 
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Biological 
Transformation 
of Organic Pollutants 
in Groundwater 

John T. Wilson and James F. McNabb 

R. S. Kerr Environmenial Research 
laboratory, U.S. Environmental Protection 
Agency, A<la, Oklahoma 7-1820 

Recent investigations have discovered surpris
ingly high numbers of microorganism:; in shal
low watci-table aquifers. Evidence is atcumiilai-
ing that these microorganisms may, under cer
tain circumstances, transform many ol ihe 
organic pollutants that enter the subsurface 
environment. These transformations can lead to 
total destruction of the -pollutant or to (he pro
duction of new organic pollutants. 

Introduction 
The phenomenal expansion of the chemi

cal industry in this century, and particularly 
since World War I I , lias bi ought us many 
blessings and several new problems. Among 
these is widespread pollution of groundwater 
in industrial areas with organic contaminants 
and the growing pollution oi groundwater in 
agricultural areas with pesticides and herbi
cides. ' I he role played by microorganisms in 
ihc destruction ol'organic contaminants in 
sin lace water has long been appreciated. 
However, the importance ot subsurface 
microorganisms in com rolling the quality of 
groundwater lias only recently become appar
ent 

Groundwater is Part of 
the Biosphere 

In early studies of the numbers of microbes 
in soils, the microorganisms were counted by 

Cover. Election micrographs of microbi
al cells released from subsurface samples. 
(a) Thin section of cell released by the 
blending-ceiurif ligation method. Note 
Grain-negative wall structure and pres
ence of fibrous polysaccharide slime mate
rial around cell, (fr) Thin section of cell re
leased by the blending-cenirifugatioii 
method Note Grain-positive cell wall and 
presence of cross wall (division septum) 
within cell (CW). (c) Negative stain of cell 
released by the flotation method. Light ar
eas within cell are probably PHI1 <po!y-B-
liydroxybutyrate) granules, (d) Negative 
stain of cell released by the flotation meth
od. Note Gram-negative wall structure 
and that cell appears to be dividing. (I'lio-
10 submitted by John T. Wilson and James 
F. McNabb; reprinted by permission of 
Ground Water. Copyriglu €> 1983. All 
lights reserved.) (See p. 505 for article.) 

spreading dilutions of subsurface material on 
a culture medium and counting die colonies 
that developed. Because very lew colonies de
veloped from samples ol soil taken below the 
root zone, early microbiologists concluded 
that ihis region ol the earth was essentially 
devoid of life | It'a&tuirin, I f 16J. As a result, 
au understanding of the true size and impor
tance of I he populations ot organisms that oc
cur naturally in groundwater was delayed. 
Recently, techniques have been developed 
dial allow microbiologists to study all of the 
microbes in the subsurface and not just those 
dial could grow on nutrient agar or on some 
similar growth medium. 

Special staining procedures that distinguish 
cellular material from nuncellulai panicles of 
the same size and shape have been adapted 
to subsurface material [Ghiurse and Balkwill, 
1983). Alter staining, the microtis can be 
counted directly in samples of subsurface ma
terial with a microscope. The technique has 
been applied lo core material from several 
shallow water-table aquifers and associated 
material from the vadose zone. These cores 
were obtained by using special procedures 
developed io provide tincomamiiiated sul>-
surface samples [Wilson et al., 19834]. The 
numbers of organisms were surprisingly high 
(Table I) . Numbers did noi decline drastically 
with depth, and there was surprising uni
formity of numbers at different seasons and 
in material from replicate bore holes al tlie 
same site. 

The population density of organisms in the 
cores was comparable wilh the density of bac
teria in nutrient-rich lakes [see Hedrui-Alio and 
Brock, 1982]. ln fact, the total biomass in re
gions below the root zone in North America 

is probably much higher lli.in the li.Kteii.il 
biomass in the livers and lakes of out conti
nent. Shallow water-table aquifers and associ
ated regions ol tlie vadose /one, lliciclorc, 
are an important mic robial habiiat, wliicli un
til recently had been virtually iguoieil hy mi
crobiologists. 

Thc groundwater microbes were studied by 
electron microscopy lo learn something of 
their structure and taxonomy. When fine
grained subsurface material was examined, 
several morphological (onus oi bacteria were 
seen [Ghione and Balkwill, 1983; Wilwn etal., 
19836). There was little evidence ol yeasts or 
oilier fungi, protozoa, or higher animals. 
This makes the assemblage ol bacteria in 
these environments unique, because orga
nisms thai are important scavengers and 
predators in oilier natural systems, such as 
protozoa, are missing. Sands and gravels in 
river valleys may contain a wide variety of 
higher organisms [Danirlpol, 1976). Coarse 
material in upland landscapes is yet to lie ex
amined. 

To confirm the results of the microscopic 
examinations, (he biomass of organisms in -
the core material was also estimated by ex
tracting and quantifying certain biochemical 
compounds that are usually restricted io liv
ing organisms [White et al., I983|. The bio
chemical analyses for biomass, in general, 
showed gocxl agreement with expected values 
based on cell numbers. Also in agrecmetil 
with the direct count, the biochemical charac
terization failed io delect any of several bio-
chemicals that are found in protozoa, fungi, 
or higher animals, but not in bacteria 

The biochemical characterization of subsur
face material is potentially a very powerful 
tool. Certain physiological groups of bacteria, 
such as the sulfate reducers or the methane 
bacteria, can be detected by the presence of 
cellular constituents that are restricted io thai 
group. On the other hind, the general nutri
tional slate of the entire biological community 
can often be inferred from the ratio of the 
quantities of certain biochemicals found in 
most bacteria. 

Biotransformations of 
Organic Pollutants 

Organisms in the deeper subsurface envi
ronment can transform many important or
ganic pollutants. T he rale of transformation 

TABLE I . Numbers of Organisms in the Subsurface Environment 

Depth to 
Water Table, 

Site SubsoilS 
Just Above 

Water Table! 
(usi Below 

Waiei TableS 

Lula, Okla.* 3.6 
February 1981 6.8 3.4 6.8 
June 1981 9.8 3.7 3.-1 

Fort Polk, La.t 
Borehole 6B 6.0 3.4 1.3 3.0 
Boiehole 7 5.0 7.0 1.3 9.8 

Conroe, T exas! 6.0 0.5 0.3 0.6 
Long Island, N.Y.* Long Island, N.Y.* 

6.0 — — 36 
3.0 170 — 

Pickett, Okla.t 5.0 — — 5.2 

*Wtlson etal. [1983]. 
tOhivtie and Balkwill [1982]. 
}\V G. Ghiorsc (personal communication, 
§In millions per gram dry material. 

1982). 

This paper is not subject to U.S. copyright. 
Published in \9HS by the American Geophysical Union. 



is limited by the numbers and activity ol die 
uiicmorgaiiisms, while the extent ol transfor
mation is most frequently limited by some re
quirement lor metabolism such as oxygen, 
pH buffering capacity, or mineral nutrients. 

As a result, the biological late ol a particu
lar class of organic pollutant is controlled by 
the geocheinical properties of the subsui lace 
environment. For example, Wilson etal. 
| I983«| and Wilsuit et al. 119834) found no ev
idence for biological degradation of chlori
nated aliphatic hydrocarbons in three shallow 
aerobic aquifers. On the other hand. Pursuits 
{19831 showed that many of these compounds 
could be transformed in anaerobic subsurface 
material. In muck soil from Florida, carbon 
tetrachloride was transformed to chloroform. 
Similarly, tetrachloroethylene was trans
formed to trichloroethylene, then to all three 
die liloroelliyleiies and perhaps to vinyl chlo
ride. In a study of the fate of halogenated hy
drocarbons in treated municipal wastewater 
after injection of wastewater into an aquifer, 
Uutiwer et al. 119811 found that chloroform 
and several other halogenated methanes were 
transformed readily in the anaerobic water in 
the aquifer, and tri- and teiracliluroelhylene 
disappeared at a somewhat slower rate. 

The geocheinical properties of ihe subsur
face environment also limit the degradation 
of oi ganic pollutants that are natural prod
ucts, as op|K>sed to synthetic industrial chemi
cals. Eltiiuh et al. [ 1982) studied ihe fate of 
creosote waste in a contaminated aquifer and 
found that many phenolic compounds in the 
waste were being degraded lo carbon dioxide 
and methane by an anaerobic consortium of 
bacteria iu the aquifer. However, they found 
no evidence lhat |x>lynuclear aromatic hydro
carbons such as naphthalene were being de

graded under anaerobic conditions in the 
aquifer. 

Predicting Degradation 
of Organic Pollutants 

The relationship between the concentration 
of a |>olltiiaiil and its fate is complex. Al rea
sonably high concentrations (>I00 u.g/1) utili
zation of a pollutant can provide au ecologi
cal advantage, resulting in an increase in the 
numbers of microbes that metabolize the or
ganic pollutant. At concentrations less than 
10 fi.g/1, use of ihe pollutant usually does not 
provide enough of an advantage to lead to 
enrichment of active organisms. Al concen
trations greater than 1,000-10,000 p.g/1, me
tabolism of the pollutant can entirely deplete 
oxygen or other metabolic requirements in 
the groundwater. 

As a result, compounds lhat usually are 
consideied degradable may not be trans
formed by the subsurface microorganisms i f 
the compound is present al low concentra
tions. Similarly, compounds present al high 
concentration may be only partially degraded 
when oxygen is entirely depleted and can 
only be degraded further after dispersion or 
other physical processes mix the contaminat
ed water with oxygenated water. 

Table 2 presents the authors' opinions con
cerning ihe prospects for biotransformation 
of several important classes of organic pollut
ants in groundwater. These predictions are 
based on a cautious extrapolation from the 
behavior of these compounds in other natural 
systems and on our admittedly limited ex|>eri-
ence with their behavior in the subsurface 

TABLE 2. Prospect of Biotransformation of Selected Organic Pollutants in Water-Table 
Aquifers 

Aerobic Water, 
Concentration of 

Pollutant, u.g/1 

Class of Compounds >100 <10 Anaerobic Water 

Halogenated Aliphatic Hydrocarbons 
Tr ic l i loroeihy lene none none possible* 
Tetrachloroethylene none none possible* 
1,1,1 -T i ichloroethane none none possible* 

Carbon Tetrachlor ide none none possible* 
Ch lo ro fo rm none none possible* 
Methylene Chlor ide possible improbable possible 
1,2-Dicliloroethane possible improbable possible 

Brominaied methanes improbable improbable probable 
Chlorobenzenes 

improbable improbable 

Chlorobenzene probable possible none 
1,2-Dichlorobenzene probable possible none 
1,4-Diclilorobenzene probable possible none 
1,3-I)ichlorobenzene improbable improbable none 

Alkylbenzenes 
improbable 

Benzene probable possible none 
Toluene probable possible none 
Dimeihylbenzenes probable possible none 
Styrene probable possible none 

Phenol and Alky l Phenols probable probable probablet 
Chloi ophenols probable possible possible 
Aliphatic Hydrocarbons probable possible none 
Polyuuclear Aromat ic Hydrocarbons 

probable possible 

T w o and three rings possible possible none 
Four or more rings improbable improbable none 

environment. The research effort in litis area 
is expanding rapidly. As our knowledge 
glows, microbiology should become a useful 
complement lo the earth sciences, in our 
search lor a belter understanding of the be
havior of organic contaminants in the subsur
face environment. 
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Modeling of Trace Organics Biotransformation 
in the Subsurface 

by Edward J. Bouwer3 and Perry L. McCarty b 

ABSTRACT 
Biofilm processes arc potentially important for 

transformations of organic micropollutants in ground 
water. Some theoretical hypotheses and empirical observa
tions suggest that a concentration threshold exists for some 
compounds below which the concentration cannot be 
reduced by bacterial action. However, in the presence of 
one compound at a relatively high concentration, termed 
the primary substrate, another compound present at trace 
concentrations, termed the secondary substrate, can be 
biotransformed as well. These concepts were evaluated 
through laboratory column studies with several halogenated 
organic compounds of importance in ground water. A 
biofilm model can successfully describe utilization of trace 
substrates, and application to modeling the subsurface is 
discussed. A simplified batch model with first-order kinetics 
may be adequate for describing subsurface microbial 
processes when low active organism and pollutant 
concentrations exist over a large scale. 

INTRODUCTION 
The movement, transformations, and fate of 

'•• trace and toxic organic compounds have become of 
,; increasing concern because of the potentially 
5 harmful effects such materials can have on humans 
| »nd on the environment. Both inorganic and 
j * organic chemicals that enter the subsurface 
8 environment can be transformed by microbio-
L logical processes. Nonphotosynthetic micro-
iorganisms obtain energy for growth by oxidation 
I of substrates in the presence of an electron 
Acceptor, such as oxygen under aerobic conditions, 

a 
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and nitrate, sulfate, and carbon dioxide under 
anoxic conditions. The energy obtained from the 
oxidation/reduction reactions is used for cell 
growth and maintenance, which bring about direct 
transformations of inorganic and organic 
compounds. By consuming or producing oxidants, 
reductants, acids, and bases, microorganisms can 
also affect the chemical environment in the vicinity 
of growth, resulting in change in pH and the 
electrochemical potential of the system. Such 
environmental alterations can lead to abiotic 
degradation reactions such as hydrolysis and/or 
chemical oxidation or reduction of compounds. 
Microbial growth can also alter the permeability of 
aquifer material. Thus, many physical and chemical 
changes can be brought about in association with 
the decomposition or transformation of substrates 
by subsurface microorganisms. 

The subsurface environment is generally 
characterized by low substrate and nutrient con
centrations and high specific surface area which 
favor predominance of bacteria attached to solid 
surfaces in the form of biofilms (Zobell, 1937; 
Wuhrmann, 1972). Attached bacteria have an 
advantage over suspended bacteria as they can 
remain near the source of fresh substrate and 
nutrients contained in ground water that flows by 
them. A third microbiologically important 
characteristic of the subsurface environment is that 
because of the low concentrations, bacteria are 
usually required to utilize numerous different 
compounds to obtain sufficient energy to sustain 
themselves. Furthermore, a portion of the organic 
matter, particularly in aquifers containing 
recharged waste waters, leachates, or spilled 
chemicals, may consist of xenobiotic compounds. 

An understanding of biofilm kinetics is useful, 
therefore, to adequately understand the kinetics of 
subsurface microbiological processes. This paper 
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conceptualizes the application of brofilm modeling 
to microbiological processes affecting transforma
tions of organic micropollutants in the subsurface. 
Results of laboratory reactor experiments used to 
simulate an aquifer and to evaluate the ability of 
biofilms to transform several halogenated organic 
compounds present at trace concentrations are 
given to support the theoretical concepts. 

BIOFILM KINETICS 
The goal of modeling biofilm processes is to 

predict the flux of substrate into the film as a 
function of bulk concentration and quantifiable 
biofilm parameters. Rittmann and MeCarty 
(1980a) developed a fixed-film model to simulate 
both the steady-state flux of a single rate-limiting 
substrate into a biofilm and biofilm mass (thick
ness) using independently determined rate 
parameters. Biofilm processes were simplified by 
considering an idealized biofilm composed of a 
homogeneous matrix of bacteria and the extra
cellular polymers that bind the bacteria together 
and to the surface. The model considers four basic 
processes which occur simultaneously to cause a 
flux of substrate from the bulk liquid into 
the biofilm: (1) mass transport of substrate from 
the bulk liquid across a fluid boundary layer and 
into the biofilm described by Fick's First Law, 
(2) utilization of the substrate and growth by 
bacteria, assumed to foHow a Monod-type relation
ship, (3) diffusion of the substrate through the 
biofilm according to Fick's Law, and (4) growth 
and decay of the biofilm mass. Since details of the 
model development and solution have been pub
lished previously (Rittmann and MeCarty, 1980a), 
no model formulations are presented here. This 
steady-state biofilm model successfully simulated 
the flux of substrate as a function of the biofilm 
parameters and the bulk substrate concentration in 
laboratory column studies (Rittmann and MeCarty, 
1980b) and engineered fixed-film processes, such 
as the submerged filter, rotating biological 
contactor, and trickling filter (Rittmann and 
MeCarty, 1980c). 

Microorganisms require energy to maintain 
themselves. Should the concentration of a 
substrate be very low, the organism may not get 
enough energy from oxidation of the substrate to 
supply maintenance requirements, and hence, 
organic compounds at trace concentrations may 
persist (Alexander, 1981). Boethling and 
Alexander (1979a; 1979b) showed that biodegra
dation of trace aqueous concentrations (/jg/1) of 
glucose, diethanolamine, 2,4-dichlorophenoxy-

acetate (2,4-D), and 1-naphthyl-N-methylcarbamatc 
(Sevin) was significantly retarded even though thc 
compounds are normally biodegradable at milli-
molar concentrations. Even for resting or starved 
cells that appear to have essentially no mainte
nance energy requirements and that might consti
tute a significant portion of the indigenous bacteria 
in the subsurface (Wilson et al., 1983), a concentra
tion threshold can exist for substrates below which 
the concentration cannot be reduced by bio
chemical action. In this case, when the substrate is 
present below the concentration threshold, the 
energy requirements for active transport of 
metabolites and energy carriers within the cell and 
for enzyme induction and synthesis exceed the free 
energy available from substrate decomposition 
(Zehnder, 1983). 

Rittmann and MeCarty (1980a, 1980b) found; 
both theoretically and experimentally that a single 
substrate cannot be reduced in concentration 
below some minimum level that is required for 
maintenance of the bacteria. This limiting value is 
determined by relating the rates of biofilm growth 
and loss as given by the relationship: 

b 
Smin ~ K s — — • (1) 

Yk - b 

Smin is the minimum-substrate concentration for 
existence of a steady-state biofilm, K s is the 
Monod half-maximum-rate concentration, b is the 
first-order decay coefficient, k is the maximum 
specific rate of substrate utilization by the 
bacteria, and Y is the cell growth yield. At concen
trations below Smin. t n e entire biofilm would be in .-
net decay and would eventually cease to exist. 
Hence, in order to sustain a biofilm reaction for 
the long term, the rate-limiting substrate must be 
present at a concentration greater than Smin- The 
value of Smin depends on substrate, electron 
acceptor, and the organism. 

The concept of Smin suggests that when a 
biodegradable contaminant is introduced in the 
subsurface, the concentration would decrease to a 
finite level as the contaminant moved through the 
soil away from the source as a result of steady-state 
microbial utilization (Figure 1). Many organic 
micropollutants are present at concentrations 
below S m j n and would apparently go unutilized. 
However, simultaneous utilization of several differ
ent substrates is possible; so cells can sometimes 
metabolize these trace compounds in the presence 
of another substrate, which provides the cells 
energy needs. This process is termed secondary 
utilization and is a mechanism which allows cells to 



degrade compounds that could otherwise not 
provide enough energy to sustain the microbial 
cultures (MeCarty etal., 1981). The primary 
substrate, which can be one compound or the 
aggregate of many compounds, is present at a 
concentration greater than Smjn and supports the 
long-term biofilm growth, while individual trace 
organic compounds, none of which could support 
biofilm growth alone, are called secondary 
substrates. Therefore, secondary utilization occurs 
when a secondary substrate is utilized by a biofilm 
that is supported by utilization of a primary 
substrate. A primary substrate provides the 
organism energy and carbon for cell synthesis, 
whereas secondary substrates may or may not 
contribute either to cell growth. A secondary 
substrate need not share enzymatic pathways with 
the primary substrate, although the bacteria must 
be capable of transforming both compounds. 

Biofilm kinetic modeling of secondary 
utilization is derived from the relationship between 
the primary and secondary substrate. Since the 
primary substrate is the rate-limiting organic 
electron donor which contributes energy and 
carbon to the long-term growth and maintenance 
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Fly. 1. Biotransformation of organic contaminant following 
Introduction into the subsurface environment. 

of the biofilm, the utilization of the primary 
substrate and growth of the biofilm can be 
described by a steady-state biofilm model that 
balances energy for growth with that used for 
biomass maintenance (Rittmann and MeCarty, 
1980a). This model cannot be used to describe 
secondary utilization since this contributes little to 
biofilm growth. An appropriate model for 
describing secondary-substrate flux into a biofilm 
is one based on the solutions developed by Atkins 
and Davies (1974) to which mass transport 
resistance was considered by Rittmann and 
MeCarty (1981). This model simulates substrate 
flux into the biofilm for any substrate concentra
tion if the biofilm mass and rate parameters are 
known. Steady-state utilization of secondary sub
strates can be described with this model by 
coupling the biofilm mass, which is controlled 
from degradation of the primary substrate, with 
concentration and individually determined rate 
parameters for each secondary substrate. 

Substrate utilization within the biofilm was 
modeled with the Monod relationship, 

d Sf k X f Sf 

dt K s + Sf 

(2) 

in which Sf is the rate-limiting substrate concentra
tion in the biofilm, t is time, and Xf is the active 
cell density. For secondary substrates, the concen
tration Sf is usually much less than K s , and the 
above expression can be simplified and reduced 
to first order with respect to substrate concentra
tion: 

d S f ^ k X f 

dt K s

 f 
(3) 

Consequently, for trace substrates, there 
should be a linear relationship between substrate 
flux into the biofilm and substrate concentration. 
Once acclimation has occurred, the rate of degrada
tion of secondary substrates also should be directly 
proportional to active organism concentration and 
the ratio of k to K s . 

LABORATORY EVALUATION OF 
SECONDARY UTILIZATION 

Continuous-flow laboratory column studies 
under aerobic and methanogenic conditions were 
performed for periods longer than a year with 
mixed bacterial cultures to evaluate the concept of 
secondary utilization and to determine the trans-
formability of several potentially hazardous 
halogenated organic compounds found in contami-
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nated ground waters, often at relatively low 
concentrations (Bouwer and MeCarty, 1981, 1982, 
1983a). Glass beads were used as the support 
media for biofilms in order to simulate flow in the 
subsurface environment while minimizing sorptive 
effects. Acetate was used as the primary substrate 
to support bacterial growth. A group of priority 
pollutants was selected as secondary substrates at 
concentrations between 10 and 30 j/g/1. 

Secondary utilization was possible for several 
nonchlorinated aromatic compounds and 
chlorinated benzenes under aerobic conditions 
(Table 1) (Bouwer and MeCarty, 1981). The non
chlorinated aromatic compounds were rapidly 
transformed to effluent concentrations near the 
detection limit with acclimation times of less than 
five days. Between ten days and five months were 
required for acclimation of the biofilm culture to 
the chlorinated benzenes. Experiments with 
carbon-14 radiolabeled substrates indicated that 
chlorobenzene, 1,3-dichlorobenzene, and 

1,4-dichIorobenzene were oxidized to C0 2 without 
detectable intermediates in the presence of biofilm 
bacteria, confirming removal by biooxidation. The 
halogenated aliphatic compounds studied were not 
transformed by the aerobic biofilm or in aerobic 
batch biodegradation experiments. This is in agree
ment with their observed persistence in aerobic 
environments. Significant degradation of these 
compounds has not been observed during ground
water recharge (Roberts et a i , 1982), passage 
through GAC columns (MeCarty et al., 1979), 
riverbank filtration in Germany (Sontheimer, 
1980), or waste-water percolation in soil columns 
(Bouwer a i , 1981). 

Evidence for secondary utilization of 
halogenated aliphatic compounds was also 
obtained under methanogenic conditions (Table 1) 
(Bouwer and MeCarty, 1983a). Transformation of 
the brominated aliphatics to below the detection 
limit occurred with almost no acclimation period 
required, while significant removals of almost all 

Table 1. Average Utilization of Substrates Fed Continuously to Aerobic and 
Methanogenic Biofilm Reactors After Acclimation 

Aerobic biofilm column* 
(20 min. detention time) 

Methanogenic biofilm column* 
(2-day detention time) 

Substrate 
Influent 

cone, fig/l 
Effluent 

cone, tig/I 
% 

removal 
hifiu rn; 

cone, fig/1 
Effluent 

cone, fig/I 
% 

removal 

Primary 
acetate 1.0 + 0.05 mg/l 0.05 + 0.0003 mg/l 95 ± 1 100 + 5 mg/l 0.28 ± 0.1 mg/l 99 + 1 

Secondary 
Chlorinated benzenes-. 

chlorobenzene 11.3 ± 2.6 1.05 ± 0.37 91 ± 4 22.1 ± 5 20.5 + 5 7 + 26 
1.57 ± 0.3 0.23 ± 0.09 85 ± 6 - - -

1,2-dichlorobenzene 9.6 ± 2.4 0.41 ±0.2 96 ± 2 14.6 ± 3 14.0 + 3 4 + 27 
1,3-dichlorobenzene 9.8 ± 1.8 7.6 ± 1.4 22 ± 20 10.4 ± 3 10.6 +3 -2 + 29 
1,4-dichlorobenzene 10.8 ± 1.8 0.20 ± 0.13 98 + 1 9.8 ± 3 10.2 ± 3 -4 + 29 
1,2,4-trichlorobenzene 9.2 + 1.6 0.92 ± 0.4 90 + 5 11.4 ± 3 10.1 ± 3 11+25 

Nonchlorinated aromatics: 
ethylbenzene 9.1 ± 2 0.10 ± 0.1 99+ 1 12.0 ± 4 11.2 ± 3 7 + 26 
styrene 7.6 ± 1.5 <0.05 >99 7.9 ± 2 7.3 ± 2 8 ± 26 
naphthalene 13.8 ± 3.5 0.17 ± 0.12 99 + 1 28.8 ± 7 29.5 ± 7 -2 + 29 

Halogenated aliphatics: 
chloroform 28.5 ± 4.2 29.1 ± 3.8 -2 + 20 28 + 7 0.35 ± 0.2 99 + 1 
carbon tetrachloride t - — 17 ± 1 <0.1 >99 
1,2-dichloroethane t - - 22 + 3 24 + 3 - 1 ± 20 
1,1,1 -trichloroethane 15.9 ± 3.3 15.5 ±2 .9 3 ± 27 18 + 2 0.57 + 0.5 97 ± 3 
1,1,2,2-tetrachloroethane t - - 27 + 1 0.90 + 0.7 97 + 3 
tetrachloroethylene 9.8 + 3.7 9.9 ± 3.1 - 1 ± 50 15+4 3.7 ± 1.3 76 + 10 
bromodichloromethane t - — 26+3 <0.1 >99 
dibromochloromethane t — — 25 ± 2 <0.1 >99 
bromoform t — - 26 ± 2 <0.1 >99 
1,2-dibromoethane t - 27 ± 2 <0.1 >99 

* One standard deviation of the mean values is given. 
t Compound not included in feed to aerobic column. These compounds were nor degraded in aerobic bitch cultures. 



of the chlorinated aliphatics did not occur until 
after a ten-week lag period. Carbon-14 tracer 
experiments showed that some of the chlorinated 
aliphatics were nearly completely oxidized to C0 2 

under methanogenic conditions, confirming 
removal by biooxidation. The aromatic compounds 
persisted under methanogenic conditions. 

The column studies indicated that the type of 
electron acceptor present was an important factor 
affecting biotransformability of the priority 
pollutants studied. Additional experiments indi
cated a few of the halogenated aliphatic com
pounds (carbon tetrachloride and brominated 
trihalomethanes) could be transformed when 
incubated under anoxic conditions in the presence 
of denitrifying bacteria (Bouwer and MeCarty, 
1983b). None of the aromatic compounds showed 
significant utilization under denitrification 
conditions. 

For the secondary substrates transformed 
under either aerobic or methanogenic conditions in 
the continuous-flow columns, the rates of decom
position were similar to those for acetate, the 
primary substrate, with 1,3-dichlorobenzene and 
tetrachloroethylene being exceptions. When the 
influent concentration of chlorobenzene was 
decreased from 11.3 to 1.57 jug/1, this resulted in a 
corresponding decrease in effluent concentration 
to 0.23 fig/l, resulting in 85 percent removal or 
about the same as that obtained previously 
(Table 1). Therefore, the first-order dependence 
between substrate flux into the biofilm and 
substrate concentration for the secondary 
substrates was confirmed. 

Kinetic modeling of acetate (primary sub
strate), chlorobenzene, and 1,4-dichlorobenzene 
(secondary substrates) utilization in the aerobic 
biofilm reactor resulted in apparent ratios of k to 
K s for the substrates of 3.8, 2.5, and 11 1/mg"1 

day"1, respectively (Bouwer and MeCarty, 1984). 
Independent determination of k and K s for 
secondary substrates is difficult because their 
utilization is not linked with biofilm growth. The 
measured ratio of k to K s for acetate and chloro
form biotransformation in the methanogenic 
biofilm reactor was 0.63 and 0.62 1/mg"1 day"1, 
respectively. Although the utilization kinetics for 
each substrate appeared to be unique, the ratio of 
k to K s for each secondary substrate was similar to 
the value for the primary substrate. Kinetic 
constants were within the general range expected 
for aerobic and methanogenic heterotrophic 
bacterial growth (Metcalf and Eddy, Inc., 1979). 
The active organism concentration in the aerobic 

and methanogenic columns was similar, so com
parison of the k to K s ratios indicates the overall 
decomposition rate under methanogenic conditions 
appeared to be five to ten times slower than under 
aerobic conditions. 

MODEL SIMULATIONS OF 
LABORATORY RESULTS 

Acetate utilization in the aerobic reactor was 
simulated with the steady-state biofilm model of 
Rittmann and MeCarty (1980a) to yield substrate 
flux into the biofilm and biofilm mass. This 
biofilm mass was coupled with kinetic parameters 
determined for the secondary substrates in a 
second model developed for a biofilm of specified 
thickness (Rittmann and MeCarty, 1981) to 
simulate utilization of the secondary substrates. 
This approach resulted in reasonable agreement 
between biofilm model simulations and the 
measured steady-state acetate, chlorobenzene, and 
1,4-dichlorobenzene concentration profiles along 
the reactor length (Figure 2). The concentration 
profile data indicate that chlorobenzene and 
1,4-dichlorobenzene utilization occurred in the 
same region of the columns as acetate utilization, 
verifying that primary and secondary substrate 
utilization occur simultaneously. Furthermore, 
these results show that if the biofilm mass for 
steady-state conditions is estimated from primary 
substrate utilization, then this mass together with 
rate parameters for the secondary substrates can be 
applied in a biofilm model to simulate removal of 
the trace substrates. The simulations appear 
adequate in terms of both the rate and the extent 
of secondary substrate removal. 

0 5 10 15 20 

DISTANCE ALONG COLUMN. CM 

Fig. 2. Measured steady-state concentration profiles and 
model simulations in aerobic biofilm reactor. 
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DISCUSSION 
The approach to modeling biotransformations 

of organic micropollutants described here should 
be applicable to subsurface contamination, such as 
landfill leachate plumes, infiltration of waste water 
from spreading basins, and waste-water injection 
for ground-water recharge, where sufficient 
primary substrate is available to support an active 
biofilm that is one to several cells thick. Rittmann 
etal. (1980) have described application of the 
steady-state biofilm model to an injection well 
system. Consideration of the kinetics of substrate 
utilization and growth of biofilm for these cases 
indicates that microbiological activity is likely to 
predominate within a small zone near the source 
of contamination. Here, secondary utilization of 
trace constituents can occur. However, a portion 
of trace substrates that have slow utilization rates 
relative to the primary substrate might pass 
through the biologically active zone and would 
remain undegraded and available to penetrate deep 
into the aquifer. 

For large-scale subsurface contamination with 
low active organism concentrations and slow 
ground-water movement, biotransformation rates 
will be slow and limited by the reaction rate rather 
than mass transport. For this situation, which is 
representative of the subsurface some distance 
from a source of contamination, it may not be 
necessary to use a complex biofilm model to 
describe transformation rates. Here, a simple batch 
model using first-order decomposition kinetics may 
be adequate. Assuming batch conditions and 
substrate utilization according to equation (3), 
integration gives an expression for the half-life of 
the substrate, ty2 •. 

Here, X is the average concentration of organisms 
capable of degrading the contaminant in the region 
of interest. Degradation half-lives under aerobic 
and methanogenic conditions resulting from 
typical subsurface organism concentrations (Wilson 
et al., 1983) and rate parameters derived from the 
laboratory column studies are shown in Table 2. 
The t^ for an organism concentration of 0.01 
mg/l, or about 104 bacteria/ml, is about two weeks 
under aerobic conditions and 20 weeks under 
methanogenic conditions. Given a sandy aquifer 
with 25 percent porosity and average particle size 
of 1 mm, this corresponds to roughly one organism 
per sand grain. These calculations show that even 

Table 2. Half-Lives of Biotransformation Modeled wi th 
First-Order Batch Kinetics as a Function of 

Active Organism Concentration 

Organism 

concentration Degradation half-life, days 

Aerobic 
mg/l No./ml* respirationt Metbanogenesis§ 

10 1 0 7 0.014 0.14 
1 10* 0.14 1.39 
0.1 10 s 1.39 13.9 
0.01 10 4 13.9 139 
0.001 10 3 139 1,390 

* Organism dry weight taken as 10~1Jg/cell. 

t k /K s = 5 1/mg cells-day. 

§ k /K s = 0.5 1/mg cells-day. 

at extremely low active organism concentrations, 
significant biotransformation rates of organic 
micropollutants can occur. 

The laboratory findings and rate data 
compare favorably to some field evidence for 
biotransformation of organic micropollutants. 
Schneider et al. (1981) found evidence for 
1,4-dichlorobenzene degradation during infiltra
tion from the River Glatt under aerobic conditions 
with an apparent half-life of eight days. Tetra
chloroethylene was found to be persistent in the 
aquifer. Evidence for biotransformation of trace 
organic compounds in the subsurface was obtained 
at the ground-water recharge project in the Palo 
Alto, California baylands where advanced treated 
municipal waste water was injected into a confined 
aquifer (Roberts et al., 1982). After a three-month 
injection period, breakthrough of trihalomethanes, 
1,1,1-trichloroethane, trichloroethylene, and 
tetrachloroethylene occurred at an observation 
well 10 m from the injection well. When injection 
was stopped, the aquifer slowly became anoxic, 
and the concentrations of trihalomethanes at the 
observation well were found to decrease indicating 
half-lives of 21 to 42 days. A much slower decline 
occurred in the concentrations of the chlorinated 
ethanes and ethenes, with apparent half-lives 
from 200 to 300 days. 

Secondary utilization is a possible mechanism 
for transformation of trace substrates. This process 
requires an active organism population that is 
supported by other organic materials occurring in 
perhaps low concentrations, but still greater than 
Smin levels. Consequently, a possible approach to 
enhance biotransformation of organic micro
pollutants in a contaminated aquifer would be 
injection of biodegradable material as primary 



•Intrate to increase the active microbial biomass. 
its approach to treatment was implemented with 
irrllent success by the city waterworks of 
rlsruhe, Germany (Nagel et al., 1982). The 
lifer for drinking-water supply had become 
luaminated with petrochemicals. Water from the 
>n polluted well was treated with ozone and 
filtrated again through the contaminated ground, 
ronation increased the biodegradable fraction of 
: dissolved organic carbon which led to a 
logical self-cleaning process in the underground. 

Titer is now being pumped from the aquifer and 
tributed without any further treatment. 

The laboratory studies clearly indicate that 
jer proper conditions, many potentially 
irdous organic compounds can be biotrans-
icd, even when present at very low concentra-

ins. The ability to successfully model and predict 
insformability of these compounds necessitates 
i ability to predict electron acceptor presence. In 

[the subsurface environment following introduction 
r water containing biodegradable contaminants, 
tygen, ammonia, nitrate, and sulfate, an ecologi-

succession of microorganisms and biological 
cesses might evolve with distance away from 
source of contamination as depicted quali-

itivcly in Figure 3. Different electron acceptors 
redox conditions would prevail downstream 

)m the initial point, and each particular environ-
tt would tend to favor the transformations of 

Remain organic micropollutants such as those also 
[feted in Figure 3. Future ground-water modeling 
|ftscarch efforts need to consider competitive 

ibstrate utilization and kinetics of anoxic 
p̂rocesses so that the electron acceptor availability 

idownstream from a contamination source can be 
fdetermined. For example, when oxygen is initially 
; present, it can be used competitively for oxidation 
\ of organic compounds or for nitrification. Also, 
ithc kinetics of anoxic processes are not known well 
'enough to be able to predict minimum substrate 
'concentrations necessary for decomposition. 
Research on subsurface microbiology to character-

l i re the indigenous microflora, to enumerate active 
^organism concentrations, and to determine 
whether or not subsurface organisms are capable of 
transforming xenobiotic chemicals is needed to 

| i refine existing models for microbial processes. 

CONCLUSIONS 
Secondary utilization is a means by which 

bacteria can degrade very low concentrations of 
organic contaminants, even those which are below 
the Smin concentration required to sustain long-

term biomass activity. The laboratory studies have 
shown that several potentially hazardous haloge
nated organic compounds frequently found as 
contaminants in drinking water and ground water 
can be transformed even when present at very low 
concentrations. A biofilm model can be used 
successfully to simulate utilization of trace 
substrates if the biofilm mass present is either 
known or predicted from steady-state utilization 
of a primary substrate, and if rate parameters are 
available for the secondary substrates. This 
modeling approach is best suited for subsurface 
contamination where relatively high primary 
substrate concentrations (mg/l) are present. For 
large-scale subsurface contamination with low 
active organism and contaminant concentrations, a 
simplified batch first-order model appears 
adequate. To successfully model and predict the 
transformations of several halogenated organic 
micropollutants necessitates an ability to predict 
electron acceptor presence. Once acclimation has 
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Fig. 3. Possible microbially-mediated changes in chemical 
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formations of organic micropollutants as a function of 
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occurred under favorable conditions, the degrada
tion rate appears to be first order with respect to 
substrate concentration, and is also a function of 
active organism concentration and the ratio of k to 
K s . Secondary utilization may be an important 
tool for cleaning up aquifers that have been 
contaminated with trace organic compounds. 
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rrmainint;, bound SCu" groups. Amide-
modified 0.5-u,m particles were ingested 
in the same proportion (100 percent effi
ciency) at which they were in suspension 
(treatment 4, Table 2), in contrast to the 
0.5-u.m unmodified polystyrene particles 
(treatment 1, Table 1). Addition of a 
surfactant caused a statistically signifi
cant reduction in capture efficiency of 
0.5-u.m unmodified particles (treatment 
3, Table 1) to 44 percent aHd of amide-
modified particles (treatment 5, Table 2) 
to 71 percent. These experiments indi
cate that capture efficiencies of the 
smallest particles can be affected by 
changing surface charge of the particles 
and by changing wettability. Neutral par
ticles were captured more readily than 
particles with a net negative charge, and 
addition of a surfactant, which increases 
the wettability of both particles and ani
mals, caused more particles to escape 
the filtering apparatus of the Daphnia. 

Differential particle capture on the ba
sis of charge and wettability has general 
significance for freshwater and marine 
filter feeding. Natural particles have a 
range of surface properties that affect 
their adsorption to surfaces and move
ment through fluids (16). Anomalous se
lective feeding by zooplankton may be 
explained on the basis of surface chemis
try, in that the animals' filtering appen
dages may have had greater affinities for 
some particles than for others (17). Se
lective filter feeding by copepods (18) 
may in fact be due to surface chemistry 
interactions rather than size selection or 
taste selection. Surface charge is affect
ed by pH (16), so we may expect that 
environments with extreme pH values 
will affect filter-feeding capabilities of 
small invertebrates. The elimination of 
certain zooplankton species from sys
tems with elevated pH due to high rates 
of photosynthesis, or lowered pH due to 
dissolved humic substances or acid rain 
(19), may be due to a reduced ability of 
certain species to capture food as well as 
other effects mediated by pH. Finally, 
we may expect surface adaptations of 
filter-feeding animals and their prey to 
enhance or reduce particle capture. An 
example of this might be the nonwetta-
bility of the exoskeleton of cladocerans, 
which frequently imprison small individ
uals in the surface tension of the water, 
but may aid in particle capture. The 
interactions between surface che.Tiistry 
and feeding may change some of our 
models in aquatic ecology. 

JEROEN GERRITSEN 

KAREN G. PORTER 

Institute of Ecology and 
Department of Zoology, 
University of Georgia, Athens 30602 
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Deep Oxygenated Ground Water: 
Anomaly or Common Occurrence? 

Abstract. Contrary to the prevailing notion that oxygen-depleting reactions in the 
soil zone and in the aquifer rapidly reduce the dissolved oxygen content of recharge 
water to detection limits, 2 to 8 milligrams per liter of dissolved oxygen is present in 
water from a variety of deep (100 to 1000 meters) aquifers in Nevada, Arizona, and 
the hot springs of the folded Appalachians and Arkansas. Most of the waters 
sampled are several thousand to more than 10,000 years old, and some are 80 
kilometers from their point of recharge. 

The geochemical and hydrogeologic 
literature provides a broad spectrum of 
notions regarding the occurrence of dis
solved oxygen (DO) in ground water. 
The views range from the idea that DO is 
absent below the water table (/, 2) to the 
idea that DO is purportedly generated by 
the radiolysis of water at depths of 2 to 3 
km (3). The prevailing opinion (/, 4, 5) is 

that the bulk of DO in recharge water is 
consumed in the soil and unsaturated (or 
vadose) zones by microbial respiration 
and the decomposition of organic matter, 
or rapidly thereafter in the aquifer by 
various mineral-water and organic oxida
tive reactions. Despite the multitude of 
studies of ground-water geochemistry in 
the last decade, measurements of DO in 
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Fig. I. Variation in the dissolved oxygen content of ground water along an approximately 80-km 
flow path in the Ash Meadows ground-water basin, south-central Nevada. The first number in 
parentheses is the temperature of the water (in degrees Celsius); the second is the number of 
measurements at the site, or at Ash Meadows the number of springs, sampled. Error bars 
represent 1 standard deviation for Cold Creek Spring and seven Ash Meadows springs; the 
standard deviation is too small to show for the other three stations. Highly fractured Paleozoic 
carbonate rocks comprise the aquifer; hydrogeologic, hydrochemical, and isotopic studies of 
this ground-water flow system and location of the line of section and sampling sites are given in 
(10). 
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Fig. 2. Dissolved oxygen in deep ground waters versus the approximate distance from recharge 
areas in five intermontane basins of southern Arizona. Numbers on the index map identify the 
following locations: /, Vekol Valley; 2. Ranegras Plain; 3, Butler Valley; 4, San Pedro Valley; 
and 5, San Simon Wash. Numbers next to the well symbols are, from top to bottom: the well 
depth (in meters), the depth to water (in meters), the depth to the top aquifer (in meters), and the 
temperature (in degrees Celsius). Letters designate well locations, based on the U.S. Geological 
Survey and state of Arizona township, range, section, system: well A, (D-7-2JI8ABA; B, (D-8-
D31CBC; C, (D-7-1HOCBĈ ; D. <D-8-DI4BAA; £, (D-9-D13BBD; F, (D-8-D35ABD; C, (B-4-
15118BBB; H. (B-6-l6)33AAA: 1.1B-6-16)26AAD; J, (B-3-15)2DAB; K, (B-8-14)29CDD; L, (D-
9-l7)24DCC; M. (D-8-17)32DAA: and N, (C-I6-D10CCA. 

water from shallow (< 100 m) aquifers 
(6) are not routine and such measure
ments have rarely been made for deeper 
ground water (7). It is pur intent here to 
document the widespread presence of 
DO in significant (2 to 8 mg/liter) concen
trations in water several thousand to 
more than 10,000 years old from deep 
aquifers of several lithologies in both 
arid and humid climates, and at distances 
as great as 80 km from recharge areas. 

Because of the ease with which anoxic 
well waters can be oxygenated, special 
precautions were taken during sampling. 
The pumping water levels, in the high-
capacity production wells chosen for 
sampling, were several meters to tens of 
meters above the pump intakes. In addi
tion, many of these wells tap confined 
aquifers; in such wells, entrainment of 
air by pumping is unlikely because of the 
absence of unconfined flow. The sample 
bottles were purged and sealed within 
the full flowing discharge pipe. Sampling 
in the flowing artesian wells and springs 
was accomplished by filling and purging 
the sample bottles under water. We car
ried out replicate analyses in the field by 
using either a modified Winkler method 
or a dissolved oxygen meter (8). That our 
sampling techniques did not introduce 
0 2 is best shown by the absence of DO in 
water sampled in similar ways from deep 
aquifers (9) which contain organic detri
tus and in which DO should, intuitively 
at least, be absent. 

Dissolved oxygen occurs at concentra
tions of 2 to 8 mg/Iiter in water from a 
variety of aquifers in the south-central 
Great Basin, Nevada. These aquifers— 
principally Paleozoic carbonate rocks, 
Tertiary welded tuffs, and Quaternary 
valley fill—occur at depths of 200 to 1000 
m (10). Water table (more correctly po-
tentiometric surface) depths in the region 
range from 200 to 660 m below the sur
face (10). The residence time of water 
from most of these aquifers is on the 
order of thousands to more than 10,000 
years (11). Figure 1 shows the variation 
in DO along an 80-km flow path in the 
Paleozoic carbonate-rock aquifer of the 
Ash Meadows ground-water basin (12). 

Dissolved oxygen has been observed 
in all shallow (< 100 m) and deep 
ground water from valley-fill aquifers in 
the southern Arizona portion of the Ba
sin and Range Province. Unequivocal 
evidence of DO at depths of hundreds of 
meters was obtained from wells in sever
al of the agriculturally less developed 
basins where well construction, thick
ness of aquifer tapped, location of re
charge areas, and the absence of oxygen
ated irrigation return flow could be docu-
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merited. The basins sampled and our 
results are shown in Fig. 2. In many of 
the areas sampled, the aquifers are over
lain by a thick (> 100 m) clay stratum, 
which effectively precludes the possible 
mixing of deep water with shallow oxy
genated ground water. Hydraulic and 
l 4C data (13) indicate water ages in ex
cess of 10,000 years for most ofthe wa
ter sampled. 

The DO content of thermal spring wa
ters in the Valley and Ridge Province 
from western Georgia to eastern New 
York and the waters of Hot Springs 
National Park, Arkansas, ranges from 2 
to 7 mg/liter (14). Water temperatures 
are between 30° and 60°C, and the mini
mum depths of water circulation are 250 
to 2300 m. Hydrogeologic and isotopic 
evidence suggest relatively short flow 
paths (from recharge to discharge areas), 
on the order of a few kilometers to at 
most tens of kilometers (14). The flow to 
some springs is chiefly through carbon
ate rocks, whereas flow to other springs 
is entirely in siliceous reservoir rocks. 

The 3H data for some of these hot 
springs suggest that their DO content 
may represent a mixture of deeply circu
lating thermal water and relatively shal
low, cooler, and younger ground water 
(14). However, several spring waters 
that have a DO content of 2 to 7 mg/liter 
have negligible 3H (< 1 ± 1 tritium 
unit). The low 3H content is a clear 
indicator that these waters are, at the 
least, predominantly of pre-H-bomb (be
fore 1952) age. The Arkansas waters 
have a l4C age of about 4000 years (14). 

The presence of DO in the deep car
bonate-rock aquifers of the Great Basin 
and the folded Appalachians (14), like 
that in the shallower carbonate aquifers 
of Great Britain [Edmunds (6); Morgan-
Jones and Eggboro (6)] did not complete
ly surprise us, despite the great differ
ence in the age of the shallow and deep 
waters. Commonly, recharge to such 
aquifers is oxygenated, after passage 
through soils, by flow through fissures 
and caverns in the unsaturated zone. 

More importantly, flow through the 
dense carbonate-rock aquifers that we 
sampled is predominantly by way of so
lution-modified fractures rather than 
through intercrystalline pore space; rela
tively rapid flow through, and the low 
ratios of rock surface area to water vol
ume in, such fractured aquifers would 
not favor removal of DO by chemical 
reactions. Moreover, in the middle and 
distal portions of regional flow systems 
comprised of carbonate-rock aquifers, 
oxidizable minerals, if originally present 
along fracture surfaces, are likely to be 

coated with calcite or dolomite precip
itated from the ground water. 

The presence of DO contents of 2 to 8 
mg/liter in the deep valley fill and tuff 
aquifers of Nevada and Arizona, al
though unexpected, appears in hindsight 
to be qualitatively explainable. Valley-
fill sediments of the Basin and Range 
Province were deposited under generally 
oxidizing conditions and probably re
mained exposed to oxidizing arid and 
semiarid climates for tens to hundreds of 
years prior to burial; after burial they 
commonly remained in oxidizing unsatu
rated zones for tens of thousands to 
perhaps hundreds of thousands of years, 
depending upon the rates of basin sub
sidence and the depth to the regional 
water table. Such depositional environ
ments hardly favor the preservation of 
readily oxidizable organic or mineral 
matter. Moreover, recharge to such 
aquifers is commonly by way of the 
infiltration of oxygenated runoff along 
the bottoms of major arroyos; such re
charge may have little contact with 
readily decomposable or relatively unox-
idized soil organic matter. 

More puzzling is the presence of DO in 
those Arkansan and Appalachian hot 
springs (14) whose water has passed 
principally through fractured siliceous 
rocks. Recharge to these humid-zone 
aquifers probably had to traverse an or
ganic-rich soil zone; moreover, the res
ervoir temperature (30° to 60°C) should 
certainly have favored both the outgas-
sing of the DO and mineral-water reac
tions. Perhaps all pertinent reactions (or
ganic and inorganic) involving DO have 
gone to completion within the aquifer 
prior to the entry of the extant ground 
water, as hypothesized by Galloway (7) 
for the oxidative "tongues" found in 
sandstones containing roll-front uranium 
deposits. 

We hope that this report will stimulate 
a systematic appraisal of DO in future 
geochemical studies of shallow and 
deep ground water. Such measurements, 
which can readily be made in the field, 
are essential for predictions ofthe move
ment of toxic transition metals (15) and 
actinide radionuclides in aquifer environ
ments (15). The common assumption 
that reducing conditions prevail in deep 
aquifer environments must be tested on a 
case-by-case basis. 

Note added in proof: Mineralogic evi
dence for deep oxidizing conditions in an 
1800-m-thick Tertiary ash-flow and ash-
fall tuff sequence in the Jackass Flats 
area of southern Nevada is given by Bish 
et al. (16). They found highly oxidized 
iron-titanium minerals in cores (test hole 

USW-Gl, Yucca Mountain) from the up
per 1600 m of this tuffaceous sequence. 
The water table is about 580 m deep at 
the site of the test hole. We measured 
DO (6 to 7; mg/liter) in ground water, 
from the upper 120 m of the saturated 
zone in this volcanic sequence, at nearby 
water-supply wells J-l2 and J-l3. We are 
not suggesting that the extant ground 
water caused the deep oxidation noted 
by Bish et al., because such oxidation 
might well have occurred several million 
years ago. Rather we cite their work to 
suggest that oxidizing conditions were 
once, and may still be, present within 
this volcanic rock sequence at considera
bly greater depths than the water we 
sampled. 

ISAAC J. WINOGRAD 
U.S. Geological Survey, 
Reston, Virginia 22092 • 

FREDERICK N. ROBERTSON 

U.S. Geological Survey, 
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of merozoites per segmenter, and a retar
dation of the periodicity, resulting in 
many deteriorating schizonts within the 
infected erythrocytes. Since this early 
report, the term crisis form has become 
synonymous with obviously degenerat
ing intraerythrocytic parasites seen in 
hemoprotozoan infections with Babesia 
and Plasmodium sp. (2). Experimental 
induction of crisis forms is not always 
consistent and, in rodent infections with 
Babesia and Plasmodium sp., nonspecif
ic factors associated with Corynebacteri-

umparvum, Mycobacterium bovis BCG, 
or endotoxin-stimulated macrophages 
appear to be important (J). 

Studies of immunity to primate malar
ia^—including malaria due to P. falci
parum in man—have demonstrated that 
serums collected from experimentally in
fected animals, or from humans living in 
regions of malaria hyperendemicity, con
tain humoral factors that inhibit parasite 
development in vitro (4). Since the mero-
zoite is the only extracellular stage of the 
blood infection, it is especially suscepti
ble to immunologic attack, and numer
ous studies have confirmed that malaria-
immune serum appears to act by block
ing invasion of erythrocytes by the mero
zoites (J). Attempts to demonstrate 
inhibition of intracellular parasite devel
opment or to identify additional protec
tive actions for malaria-immune serum 
have been, up to now, unsuccessful (6). 
One result of these studies has been to 
emphasize the merozoite as the source of 
protective antigen. We now report that 
serums collected from individuals living 
in malarious regions of the Sudan not 
only contain merozoite-blocking anti
bodies, but also cause intracellular para
site deterioration and classical crisis 
forms in cultures of P. falciparum. 

We have collected more than 300 se
rum samples from three different regions 
in Sudan, and of these, 90 have been 
tested for parasite inhibition in continu
ous cultures of P. falciparum. Since in 
some areas, particularly Blue Nile Prov
ince, the villagers have access to chloro-
quine, all serums were dialyzed 1:1000 
against RPMI 1640 medium. This proce
dure removes 98 percent of the chloro-
quine from serum (7). Because dialysis 
also removes hypoxanthine, a required 
nutrient not found in RPMI 1640, com
plete medium was supplemented with 
hypoxanthine to give a final concentra
tion of 5 x 10_5Af (8). All serums were 
heat-inactivated at 56°C for 30 minutes. 
Parasites of P. falciparum, strain 
FCRyGambian, were synchronized with 
a modification of the sorbitol method (9); 
cultures were washed with 5 percent 
(weight to volume) aqueous sorbitol, cul
tured for 12 hours, washed again with 
sorbitol, returned to culture for 24 hours, 
then concentrated to 80 to 90 percent 
parasitemia by the gelatin-RPMI 1640 
method U0). This procedure results in 
highly synchronous schizonts with a 6-
hour age differential. The synchronized 
schizont-infected red cells were diluted 
to a 0.5 to 1.0 percent parasitemia with 
freshly washed O+ erythrocytes and dis
persed into 96-welI microculture plates 
so that each well received 3 u,l of packed 
erythrocytes. The dialyzed serum was 

Induction of Crisis Forms in Cultured Plasmodium falciparum 
with Human Immune Serum from Sudan 

Abstract. Serums from 90 individuals from three areas in Sudan were tested for 
inhibitory activity against cultures of Plasmodium falciparum. In addition to inhibi
tory activity against merozoite invasion, all of the serums demonstrated, in varying 
degrees, the ability to retard intraerythrocytic development, leading to crisis forms 
and parasite deterioration. These retardation factors could be removed by absorp
tion of immune serum with parasite-infected erythrocytes and were demonstrable in 
purified immunoglobulin fractions. Serum from donors in hypoendemic Khartoum 
did not retard parasite development. 
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Q 3 Microbial Numbers and Activity In the Subsurface 
at a Creosote Waste Site. J. M. THOMAS*. M. D. 

LEE, and C. H. WARD, Dept. of Environmental Science & 
Engineering, Rice University, Houston, Texas. 

Microbial numbers and activity were determined 1n 
subsurface soil and ground water at a creosote waste site. 
Approximately 1 yr old core samples from a highly contami
nated (15A11), slightly contaminated (16B7), and a pristine 
location (14B10) were plated on 2 kinds of solid media. 
Medium I was ground water agar and medium I I was ground 
water agar amended with low concentrations of nutrients. 
Cell counts were highest when cores 15A11 and 16B7 were 
plated on medium I I . Microbial growth from core 14B10 was 
never detected. To Investigate the lack of growth from core 
14B10, biological activity, measured as the ability to 
mineralize naphthalene, was compared between core 14B10 and 
fresh ground water collected from well 14. Mineralization 
was never detected when slurried core material amended with 
31 ng naphthalene per ml was Incubated for 6 wks; 36X of the 
naphthalene was mineralized by ground water after 1 wk. In 
an experiment using ground water amended with 46 ng naphtha
lene per ml, 5% was mineralized after 24 h and 30% was 
mineralized after 120 h of Incubation. Direct counts of 
ground water and core material yielded 4.9x10* cells per 
ml and 6.2xl05 cell per g of dry soil. The data suggest 
that media selection is Important 1n enumeration of sub-

E n v i r o n m e n t a l and G e n e r a l A p p l i e d s u r f a c e ™1eroorgan1sms and that prolonged storage of some 
cores may decrease biological activity. 

Microbiology 

Q 1 Alcohol Biodegradation in Groundwater Microcosms 
and Pure Culture Systems. R. BENOIT*. J. NOVAK, 
C. GOLDSMITH and J. CHADDUCK. Virginia Polytech. 

Inst. J State Univ., Blacksburg. 

Soil was obtained from 3 U.S. sites -from depths that 
ranged from surface to 100 feet by use of Shelby tubes in 
various types of samplers. Microbial biomass was determin
ed by AO microscopy and various culture techniques. The 
deep soil had a viable count of 105 - 10' cfu/g soil at all 
sites. Yeasts were observed in some samples. Obligate 
oligotrophic bacteria were isolated, but facultative oligo
trophy bacteria dominated the microflora. Obligate anaer
obic bacteria and microaerophilic bacteria were isolated 
from deep soil, however, they were a small portion of the 
population. Many bacteria and yeasts were isolated which 
could catabolize methanol under aerobic or anaerobic con
ditions in culture media which contained methanol at low 
and high concentrations (greater than 1000 mg/l). Methanol 
was degraded in groundwater microcosms at low and high 
concentrations of substrate. Tertiary butyl alcohol (TBA) 
was more refractory, but i t was biodegraded in microcosms 
at all sites. Several species of bacteria were isolated 
which degraded TBA under aerobic conditions. The hypoth
esis that methanol and TBA can be biodegraded by ground
water microorganisms is supported by these data, 

0 4 Isolation and Characterization of a Subsurface 
Amoeba. JAMES L. SINCLAIR* and UILLIAM C. GHI0RSE, 
Cornell University, Ithaca, NY 

Previous microscopic and chemical analyses of subsurface 
soil samples suggested that the number of eukaryotic micro
organisms in groundwater-bearing sediments was extremely 
low. To determine i f subsurface sediments are indeed de
void Uf "eukaryotes, aseptically procured samples from at 
-•and below the groundwater interface from Conroe, Texas, Ft. 
Polk, Louisiana, and Lula, Oklahoma were examined for pro
tozoa using a modified Singh gloss ring enrichment tech
nique. After 2 weeks of incubation with Enterobacter 
aerogenes as a food source, amoeba were found in 2 samples 
from the saturated zone interface at Lula, Oklahoma. Also 
found in the amoeba cultures was 1 species of fungus in 
samples from the interface and in the saturated zone of the 
same site. Repeated enrichments of 2 separate corings from 
this layer produce one species of a_cyst-forming amoeba 
which was present at 111.1 g dry wt"1. Measurements of the 
cysts and acridine orange-stained bacteria from the same 
site indicated that the encysted amoeba comprises 15% and 
the bacteria comprise 85» of the total biovolume of sedi
ments in the interface zone. Morphologic and other charac
teristics of this amoeba have been studied. I t is con
cluded that subsurface sediments can contain eukaryotic 
microorganisms. 3ecause of their low population densities, 
subsurface eukaryotes are best studied with enrichment 
culture techniques. 

Q 2 Mineralization of Xenoblotlc Chemicals by Aquifer 
Sediments. MAUREEN A. DOOLEY , ROBERT J. 

LARSON and ROY M. VENTULLO, Univ. of Dayton, Dayton, OH and 
The Procter and Gamble Conpany, Cincinnati, OH. 

The ultimate degradation of xenoblotlc chemicals by 
aquifer sediment microbial communities was measured. Trace 
levels (nH) of C-labeled benzoates, chlorobenzene, 
phenol, cresol, or surfactants were added to replicate 
biometer flasks containing aseptically obtained sediments 
from Conroe, TX or Sault St.Marie (SSM), ONT. Kinetic data 
( COj evolution with time) were analyzed by 
nonlinear regression models to generate f i r s t order rate 
constants and half lives. The rate and extent of 
biodegradation varied with both substrate and sediment 
type. Half lives of the chemicals tested ranged from 13 to 
657 h. Generally, the chemicals degraded faster and to a 
greater extent in tbe SSM sediments. The number of 
degraders, determined by a C-MPN technique, were 
also greater at SSM. Prior exposure of sediments to 
unlabeled chemicals led to a greater degradation of added 
C-chemicals. The results demonstrate that aquifer 

sediment microorganisms can mineralize trace levels of 
organic chemicals and the rates can be affected by 
preexposure of the microbial community to a chemical. 

Q S Biotransformation of Toluene in Methanogenic 
Subsurface Material. JOHN F. REES, BARBARA H. 

WILSON,* and JOHN T. WILSON, BioTechnica Ltd., Cardiff, 
Wales, U.K., Univer. of Oklahoma, Norman, OK, and R.S. 
Kerr Environmental Research Lab. (U.S. EPA), Ada, OK. 

Toluene is an important constituent of leachate from 
many municipal landfills and hazardous waste disposal 
sites. Although toluene has been shown to degrade in 
several aerobic subsurface environments, there is l i t t l e 
information on its behavior in anaerobic materials. The 
study material was methanogenic alluvium from the flood-
plain of the South Canadian River which receives leachate 
from the City of Norman l a n d f i l l . This material was 
amended with toluene and benzene at 500 ug/liter of pore-
water and ethylbenzene and ^-xylene at 200 ug/1 pore 
water. Toluene degradation was apparent after 6 weeks; 
after 11 months the toluene concentration was reduced at 
least an order of magnitude. There was no significant 
degradation of the other aromatic hydrocarbons. Toluene 
was not Tost from autoclaved material. Implicating a bio
logical process. When a fresh sample of methanogenic 
river alluvium was amended with ''•C-toluene, the 
toluene was transformed to water-soluble material that 
was much less volatile than toluene. 



Occurrence and Distribution of Organic Chemicals in Two Landfill Leachate 
Plumes 

Martin Reinhard* and Naomi L. Goodman 

Department of Civil Engineering, Stanford University, Stanford, California 94305 

James F. Barker 

Earth Sciences Department, University of Waterloo, Waterloo, Ontario, N2L 3G1 Canada 

• The spatial distribution of trace organic compounds in 
leachate plumes of two sanitary landfills was established 
by using multilevel sampling devices. The majority of the 
compounds originated from decomposing plant material 
and included aliphatic and aromatic acids, phenols, and 
terpene compounds. Minor constituents, including chlo
rinated and non-chlorinated hydrocarbons, nitrogen-con
taining compounds, alkylphenol polyethoxylates, and alkyl 
phosphates, were of industrial and of commercial origin. 
Vertical concentration profiles indicated accumulation of 
chlorinated solvents beneath the leachate plume. Lateral 
distribution profiles indicated that the sorptive capacity 
of the sandy aquifer was apparently too low to prevent 
migration of aromatic hydrocarbons with a log A ' o c l l o o l | , w , t H 

of less than 3-4. The distribution of trace organics at the 
two sites was much more complex than that of inorganics 
commonly used to map leachate plumes. This indicates 
that extensive monitoring will be required to predict future 
impacts. 

Introduction 
Landfilling has long been the major disposal method for 

both domestic and industrial wastes. Unfortunately, many 
of the thousands of landfills, active or abandoned, have 
been operated with little regard for the dangers of 
groundwater contamination. In recent years, the number 
of sites in which landfill leachate is known to contaminate 
the underlying aquifer has been increasing, but only a few 
cases have been studied in detail with regard to geochem-
ical processes (i-6). Likewise, few studies have addressed 
the occurrence of potentially hazardous organic chemicals 
in leachates of sanitary landfills (7,8). To assess the im
pact on water quality at a given site, several questions must 
be asked: (i) What are the potentially harmful constituents 
in the leachate? (ii) What are the local hydrogeologic 
conditions? (iii) What is the significance of attenuating 
factors such as biological and/or chemical degradation, 
adsorption, ion exchange, precipitation, and hydrodynamic 
dispersion? These questions are difficult to answer, mainly 
because of the cost and complications involved in obtaining 
hydrogeological data and representative samples of 
groundwater, as well as a paucity of data on degradation 
and sorption constants. 

The objective of this study was to characterize the or
ganic constituents in landfill leachate plumes and to 
identify geochemical, physical, and biological processes that 
affect their distribution in the subsurface environment. 
The Groundwater Research Institute at the University of 
Waterloo has furnished several landfill sites with obser
vation wells and piezometers and has established the ex
tent of the leachate plumes (3,4,9). The sites studied here 
are located near North Bay and Waterloo, Ontario, Can
ada, on sandy, relatively permeable deposits. Their hy
drogeological characteristics have been under investigation, 
and the principal features of the leachate plumes, i.e., the 
distribution of the major reactive and nonreactive leachate 

components, have been established (3, 9). Reactive com
ponents of leachates include sorbable and degradable or
ganic compounds, and nonreactive components include 
conservatively behaving anions such as chloride (Cl"). In 
this study the behavior of the reactive trace organics has 
been evaluated by using the Cl" distribution as a reference. 
The findings discussed here should be useful for the design 
of more detailed studies on groundwater contamination 
by landfills and for selection of protocols for groundwater 
monitoring in similar hydrogeologic settings. 

Summary of Site Descriptions 

Woolwich. The Woolwich landfill is located in the 
northwestern part of the Regional Municipality of 
Waterloo, Ontario. I t is situated on a deposit of 
glaciofluvial sand which is generally about 30 m thick and 
overlies a deposit of relatively impervious clayey till . The 
landfill occupies approximately 3.5 ha, 75% of which has 
been filled since operation began in the mid-1960s. The 
site has received rural and municipal as well as some in
dustrial wastes. Rain and snow melts infiltrated the 
sand-covered refuse, and after migrating through the un
saturated zone, contaminated waters dispersed into the 
underlying groundwater located 10-15 m below the refuse. 

The monitoring well network included 62 bundle pie
zometers (10), each having eight to nine individual pie
zometers screened over short intervals (<0.3 m) at varying 
depths between the water table and the bottom of the 
unconfined sand aquifer. The plume boundary shown in 
Figure 1 was delineated on the basis of chloride ion con
centration. A background sample was obtained from 
piezometer W-D, located about 50 m east of the north end 
of the landfill. 

As of 1982, it extended about 600 m to the south of the 
landfill and appeared to consist of two major segments. 
The high concentration zone originated in the eastern part 
of the landfill, which was in use from 1965-1975. The 
second plume segment was located in the southwest corner 
of the landfill and originated from more recent landfilling. 
Chloride concentration was greatest in the eastern segment 
with a maximum of about 500 mg/L. In contrast, the 
maximum concentration in the southwestern segment was 
about 100 mg/L. Chloride concentration decreased with 
distance, and 600 m downstream it was reduced by a factor 
of 10. Chloride concentration generally decreased with 
depth near the landfill, but profiles obtained at locations 
further downstream indicated that chloride was fairly 
evenly distributed throughout the aquifer. 

North Bay. The North Bay site, operational since 1962, 
is located near the City of North Bay in north-central 
Ontario on the Precambrian Shield. The landfill lies on 
a complex deposit of bedded glaciofluvial sand (9). The 
aquifer overlies a discontinuous layer of silty-sandy glacial 
til l deposited on biotite gneiss. The site has received do
mestic, commercial, and small quantities of industrial 
wastes. The area receives an average of 80 cm of precip-
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WOOLWICH 

Cl CONTOUR 

Figure 1. Woolwich, 1982. LandfIB area, sampling locations, and 
extent of groundwater contamination. Leachate strength Is Indicated 
with contours of maximum Cr concentrations (mg/L). 

itation per year, much of which penetrates the sandy cover 
and transports contaminants into the underlying ground
water through a very thin (0-5 m) unsaturated zone. 

The plume stretched from beneath the landfill to the 
discharge area where the leachate-contaminated ground
water emerged as an area of springs (Figure 2). The most 
contaminated section of the plume appeared to fall relative 
to the groundwater table with increasing distance from the 
landfill. Beyond point G, the leachate strength was ob
served to be highest near the bottom of the sand aquifer 
and less contaminated water was found overlying the 
contaminated zone. 

The plume appeared to be at a steady state with respect 
to all ions measured, except N H 4

+ and K + . A background 
sample was obtained from multilevel observation well 0-4 
located south of the leachate pond, about 50 m away from 
the boundary of the plume and well outside the bedrock 
depression that constrained the plume. 

Sampling and Analysis 

Sampling. At the North Bay site the water table was 
within 7-8 m of the surface, permitting the use of peris
taltic suction sampling pumps. The sampling procedure 
was as follows: Teflon tubing was inserted to the bottom 
of the polyethylene piezometer tube and was connected 
to a 2-L suction flask. A peristaltic pump was connected 
after the flask so that the sample came in contact with only 
Teflon and glass after passing through the Nylon and 
polyethylene piezometer tip. Prior to sampling, 1-2 L of 
wellwater were removed and discarded. A 2-L sample was 
taken for analysis of organic acids, phenols, neutrals (in
cluding purgeables), and bases. In addition, 50-mL sam
ples were taken for volatile organic analysis. The 50-mL 
vials were filled by inserting the Teflon tube into the 
piezometer and applying a slight suction to it before 
withdrawing, thereby using the tube as a bailer. The 
contents of the tube were drained into the vials, and several 
volumes of sample were displaced before capping the vial 
airtight. Chloride was determined in the 50-mL samples 

Figure 2. North Bay, 1982. (Top) Landfill area, sampling locations, 
and extent of groundwater contamination. Leachate strength Is indi
cated with contours of maximum Cl~ concentrations (mg/L). (Bottom) 
Cross section of leachate plume and sampling locations along axis of 
plume (A to A'). 

after the pentane extraction or in a subsample of the 2-L 
sample. 

At Woolwich, where the water table was too deep for 
sampling by suction, samples were taken by using a tri
ple-tube gas-drive sampler {10), constructed of Teflon and 
stainless steel except for a short length of Latex rubber 
packer. One well was equipped with a multilevel posi
tive-displacement (PDML) sampler (11) which consisted 
of gas-operated polyethylene syringes and tubing placed 
at various depths. Two to four standing volumes were 
removed from each piezometer before sampling. 

Samples from some wells tended to develop gas bubbles 
as they were brought to the surface, which may have 
caused some loss of volatile organics. Between samples, 
the equipment was rinsed with methanol and deionized 
water. Samples were packed in cooled containers, shipped 
by air freight to Stanford University, and stored under 
refrigeration until analyzed, which normally occurred 
within a week. 

Analytical Procedures. Volatile halogenated organics 
with one and two carbons were analyzed by pentane ex
traction followed by electron-capture gas chromatography 
(GC) analysis (12). Purgeables were analyzed by using a 
closed-loop stripping (CLS) procedure (23). Base/neutrals 
and acid/phenols were analyzed by using a solvent extract 
analysis (SEA) method similar to EPA method 625 (14) 
but modified as follows: 2-L continuous extractors were 
used for the methylene chloride extraction (Continental 
Glass Blowing Corp., Richland, NY); base/neutrals (B/Ns) 
were extracted at pH 11; acid/phenols (A/Ps) were sub
sequently extracted at pH 2; the acid/phenol extracts were 
methylated with an excess of diazomethane, generated with 
a Diazald Kit (Aldrich Chemical Co., Milwaukee, WI); a 
fused silica (J & W Scientific, Rancho Cordova, CA) SE-52 
capillary column (50 m, 0.3 mm i.d., 0.25 um film thickness) 
was used for GC/MS analysis. Tracor and Carlo Erba 
(Model 2900) gas chromatographs and a Finnigan gas 
chromatography-mass spectrometer (GC/MS) (Model 
4000 with INCOS data system) were used for VOA, CLS, 
and SEA analyses, respectively. Identifications were 
considered positive if both the gas chromatographic re
tention time and the mass spectrum agreed with those of 
a standard compound. Tentative identifications were 
based on computerized or manual matching of the un-
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Table I . Woolwich: Vertical Profiles of Chlorides and 
Volatile Organics 

Well M-4, 10/23/81 

depth below surface, m 

Table I I . Woolwich: 
Distribution" 

19.6 21.0 22.5 25.6 

144 182 25.5 chlorides, mg/L 303 
ci-

halogenated 
organics," 
Mg/L 

1,1,1-tri-
chloroe thane 
trichloro- 2.9 ± 0.7 2.6 ± 0.3 
ethylene 
tetrachloro- 1.7 ± 0.4 0.86 ± 0.39 1.5 ± 0.55 0.79 ± 0.09 
ethylene 

Well PDML," 11/11/81 

depth below surface, m 

5.4 ± 2.8 4.3 ± 0.08 9.1 ± 0.4 68.1 ± 4.6 

2.9 ± 0.5 1.1 ± 0.3 

19.6 20.1 21.0 22.0 22.9 23.8 

154 152 132 154 112 33.4 
133 UO 140 140 139 179 

0.6 0.6 1.1 1.0 1.0 1.2 

chlorides, mg/L 
1,1,1-trichloro

ethane, ug/L 
trichloro

ethylene, Mg/L 

"Average and standard deviation. 'PDML, positive-displace
ment multilevel sampler (11). 

known spectra against those of a reference library (15). 
Volatiles and purgeables were quantified by using an 

internal standard method. A/P and B / N concentrations 
were estimated on the basis of the peak height relative to 
the peak height of a single characteristic ion fragment of 
the internal standards which were p-bromophenol and 
anthracene-dl0, respectively. The concentrations given 
were not corrected for differences in extraction efficiencies 
and differences in the detection sensitivities. Application 
of these corrections may change the given concentrations 
by more than an order of magnitude. Nevertheless, the 
values derived are adequate for comparison of concen
trations at different locations. Chloride was analyzed t i -
trimetrically by using the mercuric nitrate method (16). 
Total organic carbon (TOC) was measured with a Model 
DC-80 TOC analyzer (Envirotech-Dohrmann, Santa Clara, 
CA). 

Results 
Woolwich. (1) Vertical Distribution. Vertical con

centration profiles for volatile compounds were measured 
at M-4 and PDML (Table I). Both wells were located near 
the boundary of the landfill, M-4 at the center of the 
eastern segment of the plume and PDML between the two 
leachate plume segments (Figure 1). The measured Cl" 
concentrations were higher than 100 mg/L at all but the 
lowest well levels, where they were 26 and 33 mg/L, very 
close to the background concentration of 13 mg/L mea
sured at WD. 

The data for 1,1,1-trichloroethane (1,1,1-C13EA), tri
chloroethylene (C13EY), and tetrachloroethylene (C1«EY) 
did not conform to the Cl" distribution. At M-4, a high 
1,1,1-C13EA concentration was observed at the bottom of 
the aquifer, while the upper levels showed an order of 
magnitude lower concentrations. In contrast, the 1,1,1-
CI3EA profile at PDML was relatively even, with concen
trations ranging from 110 to 179 Mg/L. But as at M-4, the 
highest concentration was measured at the bottom where 
the Cl ' concentration was lowest. The profiles of both 
CI3EY and CL,EY at PDML were relatively constant to the 

Chlorides, TOC, and Trace Organic 

well (depth from surface, m) 
WD» M-4-5 M-9-8 
(25.1) (19.6) (24.6) 

chlorides, mg/L Cl" 13.1 300 215 
TOC, mg/L 23.5 2040 472 

Volatiles1 

1,1,1-trichloroethane 0.01 ± 0.005 5.4 ± 2.8 5.3 ± 3.2 
trichloroethylene <0.01 2.9 ± 0.5 5.3 ± 2.2 
tetrachloroethylene <0.01 1.7 ± 0.4 ND 

Aromatic Hydrocarbons 
toluene 0.21 140 14 
ethylbenzene ND 98 0.08 
p/m-xylene ND 17 ND 
o-xylene ND 12 0.1 

Phenols* 
phenol ND 460 ND 
methylphenol isomer ND 610 63 
ethylphenol isomer ND 17 11 
chlorocresol isomer ND 13.6 ND 

Alkyl Phosphates* 
tributyl phosphate ND 1.2 0.4 
triethyl phosphate ND 15 10 

Carboxylic Acids'* 
benzoic acid <0.1 >10 3 17 
methylbenzoic isomer ND >10 3 30 
dimethyl benzoic isomer ND >10 3 3.5 

•phenylacetic acid ND >10< >10 2 

3-phenylpropanoic acid ND >10< 1.9 
4-phenylbutanoic acid ND 9.7 0.8 
palmitic acid 1.7 42 1.8 
stearic acid 0.8 8.8 1.2 
linoleic acid ND 0.1 0.1 
benzenedicarboxylic acid ND 6.1 1.1 

isomer 
nonanedioic acid ND 68 NA 
chlorinated unknown ND 5.4 0.4 

(Af* 228?) 
dichlorohydroxybenzoic ND 0.2 0.2 

acid 

Nitrogen Containing* 
benzonitrile ND NA 2.5 
methylbenzonitrile isomer ND 0.8 8.8 
aniline ND NA 9.9 
tetramethylthiourea ND 19 12 
cyanobenzoic acid isomer ND ND 34 

" All concentrations given in micrograms per liter, except chlo
rides and TOC which are in milligram per liter. ND, not detected; 
NA, not analyzed due to analytical interferences; <0.01, trace de
tected but not quantified. 'Background well. 'Average and 
standard deviation of three analyses. d Semiquantified; tentative 
identifications based on matching with references. 

bottom of the aquifer, again showing high values below the 
chloride-defined plume. 

(2) Lateral Distribution. Samples from wells WD, 
M-4-5, M-9-8, and M-17-8 were taken to evaluate the 
lateral distribution of contaminants (Table II). The 
numbers following well identification indicate tube num
ber. M-4-5 and M-9-8 were selected for sampling because 
of their closeness to the center streamline of the eastern 
plume segment. No significant contamination was found 
at M-17-8 (data not shown). The Cl" concentration at 
M-4-5 was 300 mg/L, and the TOC concentration was 2040 
mg/L. At M-9-8, approximately 70 m further downstream, 
the Cl" concentration was lower by 30%, whereas the TOC 
concentration was lower by 77%. Whether this apparent 
retardation of TOC was due to biotransformation will be 
addressed in future studies. 
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Table I I I . Woolwich: Miscellaneous Compounds 
Tentatively Identified at M-4-5" 

monocarboxylic acids 
pentanoic acid 
2-methylpentanoic acid 
hexanoic acid 
2-ethylpentanoic acid 
heptanoic acid 
2-ethylhexanoic acid 
2-methylpentanoic acid 
dodecanoic acid 
cyclohexanoic acid 
2-methylcyclohexanoic acid 

miscellaneous 
cyclohexanone 

dicarboxylic acids 
nonanedioic acid 
decanedioc acid 
undecanedioic acid 

unsaturated 
C17H31COOH (2 DB)» 
CnHjjCOOH (1 DB)6 

nitrogen-containing compounds 
cinnoline 
benzothiazole 
N-propylmethy lbenzam ide 

° Structural assignments based on matching of mass spectra with 
reference spectra (15). 6 DB, double bond. 

The trace organic concentrations generally follow the 
trend indicated by TOC: high concentrations at M-4-5; 
significantly lower concentrations at M-9-8. The concen
tration decrease with distance was particularly significant 
for CI4EY, ethylbenzene, the xylene isomers, phenol, the 
chlorocresol isomers, the unchlorinated aromatic acids, and 
nonanedioic acid. Volatile halocarbon concentrations of 
tens to hundreds of micrograms per liter were found ad
jacent to the landfill (M-4, PDML; Table I) , whereas 
concentrations at M-9 were much lower. More recent 
sampling has found volatile halocarbon concentrations 
below 1 Mg/L at locations more than about 100 m from the 
landfill margin. 

Generally, the carboxylic acids listed in Table I I were 
present at M-4-5 in much higher concentrations than 
downstream at M-9-8. It is unclear whether this decrease 
in concentration, which exceeds 3-4 orders of magnitude 
in some instances, was due to sorption by the aquifer 
materials or biological or chemical transformation, or 
whether it was simply due to a retarded input relative to 
that of chloride. This attenuation is much more pro
nounced than that of TOC, and to infer that biotrans
formation is effectively removing these compounds appears 
reasonable. Two chlorinated organic acids were observed 
in the leachate plume. One was tenatively identified as 
a dichlorohydroxybenzoic acid; the other with an apparent 
molecular weight of 228 remains unknown. It is suspected 
that these compounds are mobile metabolites of unknown, 
immobile precursors. 

The alkyl phosphates and the nitrogen-containing com
pounds were minor constituents. I t is suspected that 
benzonitrile, methylbenzonitrile, aniline, tetramethyl-
thiourea, cyanobenzoic acid, cinnoline, benzothiazole, and 
A/-propylmethylbenzamide originated from wastes of a tire 
manufacturing plant, since several of these chemicals are 
used in tire manufacturing as intermediates or as vulcan
ization accelerators. Cyanobenzoic acid may be an oxi
dation product of methylbenzonitrile. 

The acid/phenol fraction contained numerous other 
compounds including aliphatic and cyclic carboxylic acids, 
some of which were tentatively identified (Table III) . 
Other compounds detected appear to be polycyclic car
boxylic acids, but no reference spectra could be found, and 
their structure remains unknown. 

North Bay. (1) Vertical Distribution. At location 
G, a piezometer and an upper (G-l) and a lower (G-2) 
multilevel device were installed. Eleven piezometer sam
ples were analyzed for selected organics, TOC, and Cl". 
The CL profile (Figure 3) indicates that the leachate plume 
was concentrated in the center and upper section of the 
aquifer as predicted from inorganic data obtained previ-

G-l G-2 

Ct OOC XYLENES 

0 ZOO 400 0 200 400 0 80 i6C 

mq/t mq/t ^q /t 

40 ' 2(00 0 OOO 2000' 4000 0 2 

f i g / I M q / I 

Figure 3. North Bay, Jury 11, 1982. Vertical profile of Cr, DOC, total 
xylenes, benzoic acid, total substituted phenols, and trichloroethytene 
at G. 

ously (3). The DOC and some specific organic parameters 
such as total xylenes had similar concentration maxima. 
Benzoic acid and the sum of various phenols (phenol, 
methylphenol, 2,4-dimethylphenol, ethylmethylphenol) 
showed secondary concentration maxima at intermediate 
depths but had a much higher concentration in the low
ermost sampling point. The volatile, chlorinated organic 
compounds showed a similar pattern with only traces being 
detected except at the deepest point (G-2-9), which con
tained low Cl". A previous sampling in 1981 also indicated 
a maximum C13EY concentration of 14 ng/L at G-2-9, the 
lowest tube, significantly above that of the upper levels. 
C14EY and 1,1,1-C13EA followed the same trend in that 
their concentrations were above the detection limit only 
at the G-2-9 level. 

(2) Lateral Distribution. To evaluate persistence and 
attenuation of selected components, samples were analyzed 
from wells along the centerline of the leachate plume in
dicated in Figure 2. In the samples taken downstream of 
G, the concentrations of volatiles were below the detection 
limit of 0.1 Mg/L, and no plume of these volatiles could be 
discerned. The G-pz sample was taken as representative 
for the pollutant input of the 800-m plume stretching to 
AAA. The relative abundance of the aromatic hydro
carbons from G-pz, shown in Figure 4, was similar to that 
of the water-soluble fraction of diesel fuel (17, 18), indi
cating that waste petroleum products, deposited at the 
landfill, were the major source of the aromatic hydro
carbons. The terpenoid compounds with the elemental 
composition C 1 0H,O! (x = 20, 18, 16) are constituents of 
turpentine and other wood products and presumably were 
derived from buried plant material (19). The other com
pounds detected included tert-octylphenol, terr-octyl-
phenolmonoethoxylate, tributyl phosphate, and dimethyl 
sulfoxide (Table IV). 

Numerous compounds were persistent and apparently 
migrated from the landfill to the leachate spring located 
800 m away. Attenuation appeared to be selective. For 
instance, camphor 22 and unknown 23, p/m-xylene 6, and 
o-xylene, which were major peaks in the G-pz sample, were 
close to or below the detection level at AAA-5. Conversely, 
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Figure 4. Reconstructed ion current chromatogram of CLS extract, North Bay, G-pz, 10/25/81. 50-m fused silica column, SE-52 (0.3 mm i.d., 
film thickness 0.25 fim); temperature programmed 40 (4 min) to 230 °C (3 °C/min). Peak numbers refer to Table IV. Internal standards (200 
Mg/L): peaks 20 (1-chloro-n -octane) and 32 (1 -chloro-n -dodecane). 

Table I V . Liat of Chemicals (Tentatively) Identif ied in Samples G-pz and A A A 5° 

(1) * benzene 
(2) " toluene 
(4) * chlorobenzene 
(5) 6 ethylbenzene 
(6) ' p/m-xylene 
(7) * o-xylene 
(8) isopropylbenzene 
(9) 6 propylbenzene 
(10) l-ethyl-3-methyIbenzene, l-ethyl-4-methylbenzene 

(Chlorinated) Aromatic Hydrocarbons 
(11) 1,3,5-trimethylbenzene 

(12) l-ethyl-2-methylbenzene 

(13) 1,2,4-trimethy lbenzene 

(14) b 1,4-dichlorobenzene 
(16) 1,2,3-trimethylbenzene 
(17) C<-benzenec 

(18) ' 1,2-dichlorobenzene 

(19) indan 
(26)6 naphthalene 
(28) 6 2-methylnaphthalene 
(29) k 1-methylnaphthalene 
tetrahydronaphthalene 
C t- and C2-indansc 

Cj-tetrahydronaphthalenes' 

(3)* dimethyl sulfoxide 
(30) phenyl ether 

Miscellaneous 
(34) octylphenol 
(35) tributyl phosphate 

(39) octylphenol monoethoxylate 

Terpenes 
(15) l-methyl-4-(l-methylethyl)-7-oxabicyclo[2.2.1]heptane (C 1 0 H 1 8 O) 
(18) l,3,3-trimethyl-2-oxabicyclo[2.2.2]octane (Ci 0 H l 8 O), cineole 
(21) l,3,3-trimethylbicyclo[2.2.1]heptan-2-one (C 1 0 H l 6 0) , d-fenchone 
(22) l,7,7-trimethyibicyclo[2.2.1]heptan-2-one (CioHi 80), camphor 
(23) unknown, spectrum similar to 8-methyl-l,8-nonanedial 
(24) l-isopropyl-4-methylcyclohexanol (CloH2oO) 
(25) 5-methyl-2-isopropylcyclohexanol (CioHjoO), menthol 

Most Abundant Ions of Unknowns (Intensity in 
Parentheses) 

(33) m/z 145 (100), 41 (60), 57 (45), 20 (25), 127 (20) 
(36) m/z 59 (100), 109 (48), 166 (39) 
(37) m/z 145 (100), 215 (20), 127 (10) 
(38) m/z M * 346 (10), 253 (100), 331 (25) 

* Identified by matching against reference spectra {15); numbers refer to Figure 4. 'Confirmed by comparison of GC retention times, 
number of aliphatic carbons. 

minor components at G-pz including chlorobenzene 4, 
ethylbenzene 5, and l-methyl-4-(l-rnethylethyl)-7-oxabi-
cyclo[2.2.1]heptane (15) (not quantified) were all major at 
AAA-5. 

Selected pollutants were (semi)quantifled in samples of 
G-pz, M-9, LL-9, and AAA-5 (Table V). Benzoic acid and 

C2-benzoic and C3-benzoic acid may be degradation 
products of alkylbenzenes leaching from the landfill, al
though other precursors may be possible. Degradation of 
the aromatic fraction of petroleum products is possible 
under aerobic conditions (17) and may occur at the surface 
of or in aerobic pockets within the landfill. The sum of 
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Table V. yorth Bay, 10/25/81: Chlorides, TOC, and Trace Organic Distribution" 

well 

(background) G-pz M-9 LL-9 AAA-5 

chlorides, mg/L 2.4 710 (1.0) 188 (1.0) 96.5 (1.0) 77.9 (1.0) 
TOC, mg/L ((mg/L)/(mg/D) 3.3 600 (0.84) 205 (1.1) 109 (1.1) 79 (1.0) 

Aromatic Hydrocarbons 
benzene 0.3 47 (66) 4.5 (24) 2.1 (65) 2.1 (26) 
toluene 0.2 59 (83) 0.8 (4) 0.6 (16) 3 (38) 
ethylbenzene 0.1 480 (780) 30 (160) 26 (260) 14 (180) 
m/p-xylene <0.1 820 (1100) 60 (330) 13 (130) 0.5 (7) 
o-xylene ND 510 (720) 13 (71) 2 (21) 0.6 ( 8) 
1,2,4-trimethylbenzene <0.1 220 (310) 75 (410) 40 (410) 0.6 (8) 
naphthalene ND 110 (150) 21 (110) 10 (100) 3 (38) 
2-methylnaphthalene <0.1 20 (28) 5.6 (30) 2 (21) 1 (13) 
1-methylnaphthalene 0.1 13 (18) 3.4 (18) 1.6 (16) 0.8 (10) 
acenaphthene11 ND 0.9 (1.2) 1.2 (6.5) 0.1 (1.0) 0.2 (2.6) 
fluorene4 ND 1.2 (1.7) 0.7 (3.8) ND (-) ND (-) 

Chlorinated Benzenes 
chlorobenzene 0.3 33 (46) 17 (92) 16 (165) 16 (205) 
1,2-dichlorobenzene 0.2' 13 (18) 5.6 (30) 2.8 (29) 4.8 (61) 
1,4-dichlorobenzene <0.1 40 (56) 10 (54) 7 (72) 7 (90) 

Phenols' 
ethylphenol isomer ND 6.3 (8) 1.8 (9) ND (-) ND (-) 

Carboxylic Acids' 
benzoic acid NA 8.8 (12) ND (-) <0.1 (-) 1.0 (12) 
C2-benzoic* acid NA 25 (35) 6.5 (35) 4.2 (4) 0.8 (10) 
C3-benzoic* acid NA 7.3 (10) 2.3 (12) 1.9 (1.9) 0.1 (1.3) 
methylbutanoic acid NA 238 (330) 37 (210) 25 (260) 13 (170) 
dehydroabietic acid NA 15.5 (21) 1.9 (10) 0.6 (6) 0.6 (8) 

"Concentrations in micrograms per liter, except where indicated; in parentheses concentrations relative to Cl" (ng/L organic to mg/L Cl"). 
NA, not analyzed; ND, not detected; <0.1, trace detected but not quantitated. *Semiquantified as 3,6-dimethylphenanthrene. 
c Semiquantified as anthracene-d10; structural assignments based on matching of MS with reference spectra (15). *C„, number of aliphatic 
carbons. 

the individual aromatic hydrocarbons was in the range of 
2 mg/L, close to the solubility limit for no. 2 fuel in water 
(17, 18). This suggests that the groundwater becomes 
saturated with hydrocarbons when passing through the 
landfill area. 

No significant contamination was detected at 0-4, the 
background well. The concentrations measured at G 
clearly indicate the impact of the landfill. Generally 
concentrations decreased steadily with distance from the 
landfill, indicating the effectiveness of attenuating factors. 
To obtain a better picture of attenuation processes other 
than dispersion, the observed pollutant concentrations 
were corrected for dispersive dilution by using Cl" as a 
conservative tracer (Table V). The relative TOC concen
trations were remarkably constant and indicated that the 
bulk of the dissolved organics were refractory. The trace 
organics data were somewhat variable, but several trends 
appear to be significant. The relative concentrations of 
benzene, ethylbenzene, naphthalene, and the methyl-
naphthalenes were relatively constant at all four wells, 
suggesting that the adsorptive capacity of the aquifer for 
these compounds was exhausted and that hydrodynamic 
dispersion was the only attenuation mechanism. Appar
ently, these aromatic hydrocarbons were released at a 
constant rate over a period of several years, perhaps from 
a large pool of petroleum products. The apparent selective 
loss of the xylene isomers is of interest. Perhaps it indi
cates microbial transformation of these compounds, since 
physicochemical processes are not expected to affect se
lectively the fate of these chemicals to such a marked 
degree. 

The relative concentrations of the chlorinated benzenes 
showed a tendency to increase from G-pz to AAA-5. This 
increase may have been due to a slow decrease in the 

leaching rate of these compounds. The behavior of the 
carboxylic acids was mixed. The concentrations of benzoic 
acid decreased between G-pz and M-9 but reappeared at 
AAA-5, whereas the relative concentrations of 2-methyl-
butanoic and dehydroabietic acid were fairly constant. 
Whether the two latter compounds are refractory or are 
intermediates that were formed and removed simultane
ously remains to be investigated. 

Discussion 
Leachate Composition. Short-chain fatty acids, which 

have been reported to make up 49% of the dissolved or
ganic carbon (DOC) of fresh leachate (20), are major 
contaminants adjacent to the Woolwich landfill but are 
less prevalent near the North Bay landfill. Qualitatively, 
the leachates examined resembled previously reported 
landfill leachate (7,8) and, interestingly, surface water from 
within the blast zone of the Mount St. Helens eruption, 
where decomposition of large amounts of plant material, 
destroyed by heat, wind, and pyroclastic flow, created 
biogeochemical conditions similar to those of a leachate 
plume, i.e., anoxic conditions, high DOC, iron and man
ganese concentrations, and enhanced bacterial activity 
(21-23). 

As is indicated by the types of compounds detected at 
North Bay, methanogenesis appears to be the major re
moval process for DOC. Several of the compounds iden
tified in leachates, including phenylpropanoic acid, phe-
nylacetic acid, benzoic acid, cyclohexane carboxylic acid, 
cyclohexanone, and heptanoic acid, are intermediates in 
the anaerobic degradation of ferulic acid, a model lignin 
compound (24). The occurrence of these compounds is 
compatible with the methanogenic degradation of com
pounds similar to ferulic acid, although it cannot be con-
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eluded that lignin degradation in fact occurs. The oc
currence "of methanogenesis is also supported by a previous 
study (25), which demonstrated the formation of methane 
from G to LL and its persistence from there to AAA. 
Oxygen was not detected at AAA. 

At both sites, chlorinated hydrocarbons, such as mono-
and dichlorobenzenes, CI3EY, CI4EY, and 1,1,1-ClsEA, were 
detected along with non-chlorinated aromatic hydro
carbons. At the North Bay site, CL.EY, C13EY, and 
1,1,1-C13EA were detected only in groundwaters adjacent 
to the landfill, but not further downstream. Microbial 
dehalogenation under methanogenic conditions, which was 
shown to occur in laboratory experiments (26, 27), may 
have prevented groundwater contamination by these 
compounds. At the Woolwich site, where conditions ap
peared highly reducing but where methanogenesis has not 
yet been demonstrated, chlorinated aliphatic removal ap
pears to have been less efficient. 1,1,1-C13EA was detected 
in the range 110-179 Mg/L at PDML approximately 30 m 
south of the landfill and in the range 4.3-9.1 Mg/L at M-4, 
approximately 50 m to the southeast of the landfill (68.1 
Mg/L were detected at 25.6-m depth). Although Cl" had 
apparently migrated 600 m beyond the landfill, current 
sampling has indicated only sporadic traces of 1,1,1-C13EA 
beyond M-9, suggesting that the chlorinated solvent plume 
has begun to emerge only recently or that attenuation by 
sorption or biodegradation was effective only further 
downstream. 

Microbial transformations occurring within the site may 
lead to a removal of a compound, but it may also produce 
more soluble and, consequently, more mobile products. 
The occurrence of chlorinated aromatic acids at North Bay 
and of chlorinated phenol and cyanobenzoic acid at 
Woolwich may be examples of such an effect. Partial 
microbial degradation and subsequent mobilization should, 
therefore, be considered when wastes deemed to be water 
insoluble and immobile are deposited in landfills. 

At well G-pz at the North Bay site, high total aromatic 
hydrocarbon concentrations were measured, but concen
trations of individual components were far below their 
maximum solubility limit. The measured concentration 
of benzene was 47 Mg/L, only a small fraction of its max
imum solubility in water (1765 mg/L at 25 °C). This 
depressed benzene dissolution in water may be due to its 
low mole fraction in the hydrocarbon pool, which is pre
sumed to be saturating the groundwater. The equilibrium 
concentration of an individual component of a multicom-
ponent hydrocarbon mixture in aqueous phase can be 
estimated according to 

C'fHjO) = •A''(oil)C ,,(H,0) 

where C ' ( H j 0 ) is the concentration in water, C', ( H 2 0) is the 
solubility limit, and X' ( o i l ) is the mole fraction of compound 
i in the multicomponent mixture (28). Hence, contami
nation by any compound, which preferentially partitions 
into the pool of petroleum, will be reduced to a fraction 
of its maximum solubility limit. 

Vertical Distribution. At both sites, increased con
centrations of chlorinated solvents including Cl^Y, Cl4EY, 
and 1,1,1-C13EA were observed at the bottom of the water 
table aquifer near the landfill, underneath the plume de
fined by Cl". The best documented example is at location 
G at the North Bay site (Figure 3). At least three expla
nations of the vertical profiles can be suggested: (i) two-
phase gravity flow of immiscible solvents with a density 
greater than one, (ii) differences in the spatial distribution 
of sources emanating solvents and Cl" at the landfill, and 
(iii) unfavorable conditions for biotransformation under

neath the plume, but active biotransformation within the 
plume. 

The first explanation is that large amounts of these 
heavier-than-water solvents migrated downward by two-
phase gravity flow, resulting in a pool of water-immiscible 
liquids at the bottom of the water table aquifer. 
Groundwaters flowing past this pool would incorporate 
some of the components and form a separate plume be
neath the leachate plume defined by Cl". 

Further analysis at site G in 1982 indicated high relative 
concentrations of other organics, including benzoic acid 
and phenols, which are less dense than water, at the 
deepest sampling point (Figure 3). I t is conceivable that 
heavier-than-water liquids dissolved and transported 
components lighter than water to the bottom of the aquifer 
from where they leached into the groundwater. So far, 
there appears to be only laboratory investigations of 
two-phase flow (29). Although emulsions of trichloro
ethylene in an aquifer have been observed at the site of 
an accidental spill (30), detailed studies of two-phase flow 
of liquids heavier than water under field conditions have 
not been, to our knowledge, reported in the literature. 
Such flow may be significant, however, because deep 
aquifers, deemed to be unpolluted based on Cl" measure
ments, may, in fact, be impacted. 

The second explanation of this vertical distribution of 
concentrations is essentially hydrogeological. Points ar
ranged vertically represent samples from different flow 
paths, probably emanating from further back in the landfill 
as depth at G increases. Thus, the observed concentration 
profiles may be the result of an uneven distribution of the 
wastes. However, it seems unlikely that such marked 
inhomogeneities would persist at this site. 

The third explanation emphasizes variation in bio
transformations that may occur during transport of con
taminants through the landfill site to location G. On the 
basis of Cl" data, there is much less leachate component 
present in the deepest sample, and biochemical conditions 
underneath the leachate plume may not be favorable for 
halogenated aliphatics degradation. However, methane 
concentrations (25) were similar within and below the 
chloride-defined plume, indicating that reducing conditions 
at G extended to the bottom of the aquifer. Whether the 
occurrence of chloro aliphatics in waters containing 
methane indicates inhibition of biotransformation is sub
ject to further study. 

Clearly, an inorganic contaminant such as Cl" is not an 
adequate indicator of organic contaminant distribution, 
although it does provide qualitative identification of major 
zones of landfill-contaminated groundwater. Specific or
ganic compounds may not be adequate indicators of con
tamination by other organics, because of the complexity 
of organic inputs and because biogeochemical attenuation 
processes tend to be selective for different compound 
classes. For example, chlorinated solvents may not persist 
in strongly reduced groundwaters at landfill sites where 
investigators may be tempted to use them as contamina
tion-indicator parameters because of their perceived per
sistence, mobility, and relative ease of analysis. 

Lateral Distribution. The principal attenuating 
processes for an organic compound, dispersive dilution, 
sorption, and biological degradation, cannot be evaluated 
individually in the absence of mass balance data, indicating 
both dissolved and sorbed concentration as a function of 
time. On the basis of water concentrations alone, data 
interpretation is ambiguous, although inferences with re
spect to pollutant behavior can be made on the basis of 
results from laboratory data and related field studies, and 
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on fhe basis" of Cl data indicating advection and dispersion 
(31-35). 

In a qualitative sense, all compounds that are detected 
in leachate-contaminated groundwaters may be regarded 
as mobile, as indicated by their presence in the mobile 
water phase. In this study, such compound groups in
cluded chlorinated hydrocarbons, aromatic hydrocarbons, 
phenols, alkyl phosphates, aliphatic and aromatic acids, 
various nitrogen-containing aromatics, terpenoid com
pounds, alkylphenol ethoxylates, and many other com
pounds still to be identified. Compounds such as the 
dichlorobenzenes with a log of 3.38 were detected 800 
m away from the source, confirming the poor sorption 
characteristics of the sandy aquifer. It may be speculated 
that compounds with log greater than 3-4 were also 
deposited in the landfill but were effectively retained by 
sorption. If such compounds are present, then the long-
term impact of their belated release to the groundwaters 
must be evaluated by additional studies. 

Susceptibility to biodegradation under methanogenic 
conditions has been determined in the laboratory from a 
number of compounds detected, including 1,1,1-C13EA, 
C13EY, and CI4EY (26,27,36), phenol (24,37), and benzoic 
and other aromatic acids (24, 37-39). In contrast, several 
aromatic compounds, including ethylbenzene, naphthalene, 
chlorobenzene, and 1,4- and 1,3-dichlorobenzene, were 
shown to persist under anaerobic conditions (27). On the 
basis of this laboratory evidence, the inferred biodegra
dation of 1,1,1-C13EA, C13EY, Cl^EY, phenol, benzoic acid, 
and several substituted monoaromatic acids in the anoxic 
plume was expected, whereas chlorobenzene, 1,4- and 
1,3-dichlorobenzenes, ethylbenzene, and naphthalene were 
expected to persist. 

At the Woolwich site, where leachate evolution is at a 
relatively early stage, TOC and most trace organics were 
retarded relative to Cl". This observation could be ex
plained by retarded production and release or adsorptive 
and/or biological attenuation of organics. The concen
trations of fatty acids at M-4-5 were high, indicating that 
methanogenic removal may have been inefficient. The 
apparent persistence of 1,1,1-C13EA and CL̂ EY during the 
approximately 2 years of residence time required for 
groundwaters to move from the landfill to M-9 indicates 
unfavorable biogeochemical conditions for complete bio
transformation. Similarly, the occurrence of nitrogenous 
organics at M-9-8 indicates persistence and mobility for 
these compounds as well. 

At the North Bay site, plume evolution has reached a 
steady state with respect to the major pollutants. Input 
of Cl" and TOC appeared to have been relatively constant, 
and therefore, dispersion can be tentatively accounted for 
by using Cl" as a conservative tracer (25). By sampling 
close to the center line of the plume defined by Cl", pre
sumably samples of the same flow line were compared. 
TOC and several trace organic compounds including 
benzene, ethylbenzene, naphthalene, chlorobenzene, and 
1,2- and 1,4-dichlorobenzene appeared to be attenuated 
by dispersion only. Their concentrations relative to that 
of Cl" varied little, by less than a factor of 5, indicating 
saturation of the adsorptive capacity of the aquifer and 
persistence of these compounds (Table V). Of mjp- and 
o-xylene, however, the relative concentrations decreased 
about 2 orders of magnitude, and biotransformation of 
these compounds was suspected. Laboratory studies are 
needed to verify this supposition. The geochemistry of 
biogenic phenols and acids in leachate plumes should be 
given further attention, not just because these compounds 
may serve as indicators for the geochemical conditions but 

also because of their possible public health significance. 
Leaching of phenolic and other potentially hazardous 
compounds from domestic landfills may well be a threat 
to many drinking water supplies, a potential problem that 
should not be overlooked in view of the tens of thousands 
of domestic landfills in use. 

Summary and Conclusions 

The leachate plumes of two landfills were characterized 
with respect to specific trace organic compounds. The 
main fraction of the DOC appeared to be derived from 
decomposing plant material, as was indicated by the com
position of the extracts. Aliphatic and aromatic acids, 
phenols, resin acids, and terpene compounds were the main 
components detected in the leachate plume. Compounds 
of commercial and industrial origin were detected in the 
leachate plume of both sites. The compounds included 
chlorinated benzenes, aromatic hydrocarbons, alkyl 
phosphates, alkylphenol ethoxylates, and nitrogen-con
taining compounds. The aromatic hydrocarbon compo
sition suggested that the groundwater was in equilibrium 
with a pool of deposited petroleum products, leaching 
water-soluble, one- and two-ring aromatic hydrocarbons. 
The preliminary data indicate that most of these com
pounds were persistent and mobile in the methanogenic 
plume. The selective removal of the xylenes was hypoth
esized to be due to biotransformation. The persistence of 
chlorobenzene and 1,2- and 1,4-dichlorobenzene observed 
at a 800-m distance from the North Bay landfill site was 
in agreement with the reported stability of these com
pounds under methanogenic conditions (27). The apparent 
persistence of 1,1,1-C13EA and CljEY close to the Woolwich 
site but not at North Bay could reflect less methanogenic 
activity or unexplained inhibitory effects at the former site. 

The nitrogenous aromatic compounds at the Woolwich 
site presumed to be leached from industrial rather than 
domestic wastes migrated to well M-9, indicating that these 
compounds were poorly sorbed and refractory under the 
conditions at this site. Their occurrence suggests that 
burying industrial wastes in municipal landfills may have 
been a widespread practice. Consequently, leaching of 
commercial and industrial toxicants from municipal 
landfills should be anticipated when the environmental 
impact of landfills is evaluated. 

The data obtained for C13EY and 1,1,1-C13EA could 
suggest two-phase flow of an organic phase to the bottom 
of the aquifer. Further study of this process is needed 
because it has important implications for evaluation of 
groundwater contamination in the vicinity of landfills. 
Chloride or other conservative inorganics generally used 
for plume mapping may not be indicative of the actual 
distribution of specific organic contaminants. Deeper 
aquifers previously considered isolated from leachate may 
also be subject to contamination if dense organic phases 
exist in the landfill. 

The study showed that results of laboratory studies 
simulating trace organic behavior in groundwater are es
sential to interpret field observations. Conversely, concepts 
and models must be evaluated by application to real sit
uations, if they are to be used with confidence. Clearly, 
improved undestanding of transport and attenuating 
processes is required to design strategies for groundwater 
protection against contamination by landfilled industrial 
as well as domestics wastes. 

Acknowledgments 

Mark Gardner and Gary Hopkins provided organic and 
inorganic analytical data and Paul Johnson, Paul Plotz, 

960 Environ Sci. Technol., Vol 18, No 12, 1984 



and Scott King provided the groundwater samples. 

Registry No. 1,1,1-C13EA, 71-55-6; C13EY, 79-01-6; C1,EY, 
127-18-4; toluene, 108-88-3; ethylbenzene, 100-41-4; p-xylene, 
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Summary of Calculations 
Benzene and Toluene Vaporization 
(Calculations Performed 2/25/85) 

Question: What happens to benzene and toluene emitted to unlined ponds 
from San Juan Division wellhead separators? 

Approach To The Problem: Determine the solubility of benzene and toluene 
in water. Assume any non-soluble organic floats on the water sur
face, and w i l l evaporate. 

Assumptions: 

1. Benzene and toluene solubil i t y do not vary appreciably with 
temperature and w i l l be assumed constant. 

2. The equilibrium surface temperature can be calculated in the 
same manner as for evaporation from a solid (Perry, P. 15-35). 

3. Evaporation can be calculated based upon conduction and radi
ation effects using the average daily ambient temperature in 
the San Juan Basin. 

4. Saturation humidity of benzene and toluene may be calculated 
from vapor pressure data and converted to pounds of hydro
carbon per pound of dry a i r . 

H = P /P* * i s vapor/ to t a l 

References: 

1. Perry's Chemical Engineer's Handbook, Fourth Edition, McGraw-
H i l l Book Company, 1963. PP 15-35 through 15-38 and PP 3-25, 
3-41, 3-47, 3-58, 3-59 and 3-60. 

2. International c r i t i c a l tables, Volume IV, P 177, #992 (Benzene/ 
Toluene mixture freezing point) National Academy of Sciences, 
1928. 

3. Climates of the States, Gale Research Company, Detroit, Michigan, 
Volume 2, P. 684. 

4. Engineering Data Book, Gas Processors Association, Tulsa, Oklahoma, 
Nineth Edition, PP 16-2 through 16-4. 

Calculation Basis and Data 

1. Water Solubilities, Reference #1, PP 3-25 6, 3-41: 

Benzene = .07 Grams/100 Grams 8 22°C = 700 PPM 
Toluene = .05 Grams/100 Grams @ 16°C = 500 PPM 



2. Effluent Discharge Rate: 

5 Bbl/Day = 28.07 Ft 3^Day = 1752 #/Day (100% Water Basis) 

3. Pond Surface Area: 

2 
A square pond with approximately 7 f t . surface. 

4. Benzene and toluene worst case discharge. 

Benzene = 580 PPM 
Toluene = 3950 PPM 

2 
5. Assumed wind velocity = 5 MPH = 2146 #/Hr. Ft. 

Calculations: 

Page 15-35 of reference 1 (attached) indicates that the rate of 
drying is controlled by the rate of heat transfer to the evaporating 
surface, and is equivalent to liquid evaporation. 

The evaporation of liquid benzene and toluene w i l l be calculated as 
a tray drying problem, with the evaporation taking place into the 
f i r s t one foot of air space above the pond. 

Available 
Saturation 1.01 -< 5 MPH Wind 
Height 

Pond Surface 

On P. 15-36, the following equation is derived: 

dw = a Gn A . ... 
de ? D m l t s J 

C 2 
A = Area for heat transfer and evaporation (Ft ) 

<f = Liquid heat of vaporization at t 1 (BTU/#) 

t = Gas temperature (°F) 

t '= Evaporation surface temperature (°F) 

2 

G = Mass velocity of drying gas (#/Hr. Ft ) 

D£ = Characteristic dimension of the system (Ft) 

a, n, and m = Empirical constants. 



c " g _ = Heat transfer coefficient (BTU/Hr Ft ) for 
c convection. 

D = 4 Times Cross Sectional Area c 
Perimeter of Flow Channel 

r , 4 x Length x 1 , for a square pond = -. ; —̂r = 1 r 4 x Length 

Cross Sectional Flow Area 
= Length x 1 

_ ^ - l " Above Pond for Evaporation 

5 MPH Wind S >£s \ Perimeter of Flow Channel 
= Pond Perimeter 

a = .01 (Equation 15-23, P. 15-36) 
n = 0.8 
M = 0.2 

t i I I 

I I I I 

n c = (0.01) (2146) °-8

 = 

(1.0) 

Rate balance for evaporation heat transfer (equation 15-29a, 
P. 15-37). 

< (Hs - H) = t - t • + hr E 
s h v s ' 

c 

The following values are substituted: 

*f = Heat of vaporization Benzene = 169.10 BTU/# 

(Reference #4) Toluene = 154.83 BTU/# 

Hg = Saturation Humidity (Calculate from Reference #1 Vapor Pressure Data) 

H = Humidity of the drying air (assumed 0 = no benzene or toluene present) 

t = Average atmospheric temperature = 28°F (Reference #3) 

h r = Radiation heat transfer =1.0 (from figure 10-10, Reference #1) 

E = Emissivity = 0.9 (assumed) 
These valves are substituted and the equations rearranged for t r i a l and 
error solutions. 

Benzene Hg = (1 + ^ (28 - ts«) = .0018 (28 - t g ' ) 
T o l u e n e H s = n o ! ( 1 + T&> ( 2 8 " V> = - 0 0 1 9 t28 " V> 



Vapor pressure data for benzene and toluene (PP. 3-47, 3-58, 3-59, and 
3-60, Reference #1) are used to construct plots of H vs t for graphical 
t r i a l and error solution (Figure A). s 

Equilibrium values obtained are: 

Benzene H = .0336 t ' = 9.3°F 
Toluene HS = .0167 t S * = 19.2°F s s 

Data from reference 2 is used to construct Figure B, a freezing point 
diagram for the floating benzene/toluene layer. 

Benzene Solubility = 700 PPM 
Benzene i n Sample = 580 PPM .'. A l l benzene is assumed 

dissolved i n water. 

Toluene Solubility = 500 PPM 
Toluene in Sample = 3960 PPM 

.". 3460 PPM is liquid toluene on pond surface. 

Figure B indicates 100% toluene is a liquid at 19.2°F (calculated t ' ) , 
so toluene is not frozen and is free to evaporate. 

(2146 #/Hr F t 2 Dry Air) (7 F t 2 Pond) = 15022 #/Hr. Dry Air 

Calculated Hg toluene = .0167 #Toluene/# Dry Air 

For a 5 MPH Wind 
(.0167 # Toluene/* Dry Air) (̂ 15022 HR / = 2 5 0 , 8 7 # / H r 

Toluene evaporated 

250.87 #/Hr is*the balanced conduction and radiation evaporation rate 
for toluene. 

Toluene discharged and not soluble = 3460 n-rn ,;n K . -\ ^ #/n 
1,000,000 < 1 7 5 2 # / D W a t e r ) = 6 - 0 6 # / D a 

(6.06 # Toluene) / HR \ n o „ 

(2507F) = -02 H o u r s 

- 1.5 Minutes to Evaporate 

Conclusion: 

Excess (non-soluble) toluene w i l l rapidly evaporate into the air with 
a 5 MPH wind velocity. 

580 PPM Benzene 
3960 PPM Toluene 
4540 PPM Total 

Evaporation = (4540) U0°) = 76.21% of emitted benzene and toluene 
calculated to vaporize. 

Therefore, premise that 50% of the compounds vaporize appears reasonable. 



CONVECTION 10-13 
Table 10-1. Values of (h, + ft,) 

B.t,n./(hr.)(M. rt.) CF. from pipe to room) 
For horUonUl bare tUsdtrd steel pipe of various die* in * room at 80*F. 

KomiM1 Taapentar* diffract, *F. 
30 SO 100 150 200 250 300 350 400 450 500 350 600 650 700 
2 16 
1.97 

I 80 

2 26 
2.05 
1 95 
1 87 

2.50 
2.2S 
2.15 
2 07 

2.73 
2 47 
2 36 
2 29 

3.00 
2.73 
2.61 
2.54 

3.29 
3.00 
2.90 
2.82 

3.60 
3.31 
3.20 
3 12 

3.95 
3.69 
3.54 
3 47 

4.34 
4.03 
3 90 
3 84 

4.73 
4.43 

5.16 
4.85 

5.60 
5.26 

6 05 
5.71 

6.51 
6.19 

6.98 
6 66 

fide! md !•> 

tlie lota of heat from surfaces to the surroundings because 
of the diatbermanous nature of atmospheric gases (air). 
£ it convenient to represent radiant-heat transfer, for 
this case, as a radiation film coefficient which is added 
to the film coefficient for convection giving the combined 
goefficient for convection and radiation (Ac + A,). In 
pig. 10-10 values of the film coefficient for radiation Ar 
ire plotted against the two surface temperatures for 
cnussivity - 1.0. 

SOO IZOO «00 2000 2400 
Surface Ttmperolgre.Dtg.F. 

Radiation BuettBleuls of heat transfer-*,. 

Table 10-1 based on data of Heilman and of McMillan 
shows values of (A* + A,) from tingle horizontal oxidised 
pipe surfaces. 

Forced Convection (Ho Chance In Phase) 
Viscous (Laminar) Flow (Reynolds Number < 

1100). For Heating or Cooling inride or outtide Tubet 
Flow Parallel vith Tube*. In the laminar region fluid 
and heat flow are variable and somewhat unpredictable. 
Authorities agree that the most practical expression for 
prediction of heat transfer in this region is the correlation 
of Sieder and Tate Und. Eng. Chem., 18, 1429-1436 
(1936)]. For reasonable values of tube diameter (less 
than 3 in.) and temperature difference (less than 100*F.) 
the Colburn-type equation is 

* (?)"©"(?)" 1.86 

The corresponding Nusselt-type equation is 

- j (10-29) 

In these equations, for flow outside tubes, substitute D, 
for D. D, • 4 X free cross-sectional area + perimeter. 

Either of these equations reduces to the dimensional 
form (flow inside tubes only) 

- 24.2eWfc*0i/V-)'-" (10-31) 

Satisfactory results may be obtained from these equations 
if the significance of the variables is judiciously con
sidered. The following suggestions are offered. 

1. Tke Lmgth-to-diameter Ratio L . / D . The length 
term L , is the length of path (in the direction of flow) in 
which the fluid is undisturbed. In both single and 
multipass exchangers it is thus the length of one pass. 
The ratio L \ / D may be substantially reduced (and the 
coefficient significantly increased) by installing turbulence 
promoters inside the tubes, but ft is of questionable 
advisability to use values of L * / V less than unity. The 
coefficient is not infinite at the entrance to the tube, a 
condition which might be deduced from Eq. (10-31) if 
the term £* were not explicitly defined as undisturbed 
length. 

2. The Vitcority Ratio /hc/u. When the bulk viscosity 
varies considerably over the range of heating or cooling, 
it is advisable to determine the coefficient for incre
mental lengths (each pass separately) because it would 
be difficult to select arbitrarily the correct average bulk 
viscosity. 

3. Tht Temperature Difference. The subscripts (a.m.) 
on the symbol for heat-transfer coefficient indicate that 
with these equations the arithmetic-mean temperature 
difference is to be used. However, McAdams states 
("Heat Transmission," 3d ed., p. 232, McGraw-Hill, 
New York, 1954) that there ia only a small error, at 
values of «oc/fc&» above 24, if logarithmic-mean tempera
ture difference is used. Therefore, for most of the range 
of application, one may use the more convenient tem
perature difference. 

4. Limitation* (Flow inside Tubes Only). . The 
theoretical basis for Eq. (10-29) dictates a limit of applica
tion. For values of we/AL. leas than 10, the coefficient 
cannot exeeed the value given by 

equivalent to 

' wDkL. 

DGc 
2L» 

(10-32) 

- ~ (10-3 2a) 
2 we 

' vDL, 

The accuracy of Eq. (10-29) is reportedly low, possibly 
because of simultaneous natural convection effects. 
However, for design purposes, the equation should give 
conservative results. At high values of At. natural con
vection may be significant. The net heat-transfer co
efficient may be approximated by adding tbe coefficients 
of natural convection (10-24) and laminar forced con
vection (10-29). 

Transition legion (Reynold* Kumber 1100 to 
10,000). For Heating or Cooling i**id%or outtide Ty. 







CONSTANT-RATB PERIOD 16-35 
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gradients obtained 

t of liquids by 
librium moisture 
a tu ration, and to 
mutually soluble, 
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moisture first by 
n tba solid, fol-
from a saturated 
id finally whan 
> solid. 
-.ha drying rate 
ire content, this 

graphically or 
plotting dW/dl 

Ts. W, as shown in Fig. 16-336, or as dW/de va 8, as 
ghown in Fig. 15-33& These rate curves show that the 
drying process is not a smooth, continuous one in which 
a single mechanism controls throughout. Figure 15-33c 
has the advantage of showing bow long each drying 
period lasta 

Moisture content (dry basis)-
W 

Flo. 15-33. The periods of drying. 

Section BC on each curve represents the constant-rate 
period. In Fig. 15-33a, it is shown by a straight line of 
constant slope dW/df, which becomes a horizontal line 
on the rate curves in Fig. 15-336 and c 

The curved portion CD of Fig. 15-33o is termed the 
falling-rate period and, as shown in Fig. 16-336 and e, 
is typified by a continuously changing rate throughout 
the remainder of the drying cycle. Point E (Fig. 15-336) 
represents the point at which all the exposed surface 

becomes completely unsaturated and marks the start of 
that portion of the drying cycle during which the rate of 
internal moisture movement controls the drying rate. 
Point C, where the constant rate ends and the drying rate 
begins to fall, is termed the critical moisture content. 
The portion designated by AB represents a warming-up 
period, which may or may not be significant in the total 
profess. 

C O N S T A N T - R A T ! P I R I O D 

l a the constant-rate period, drying proceeds by 
diffusion of vapor from the saturated surfaoe of the 
material across a stagnant-air film into the environment. 
Moisture movement within the solid is rapid enough to 

-maintain a saturated oondition at the surfaoe, and the 
rata of drying is controlled by the rate of heat transfer 
to_the evaporating surface. The rate of mass transfer 
balances the rate of heat transfer, and the temperature of 
the saturated surface remains constant. The mechanism 
o(_moisture removal is equivalent to evaporation from a 
body of water* and is essentially independent of the , 
nature of the solids. 

Although temperature of the saturated surface remains 
constant, its level depends on the mode of heat transfer. 
If beat ia transferred solely by convection, and in the 
absence of other heat effects, the surface temperature 
approaches the wet-bulb temperature. However, when 
heat is transferred by radiation, conduction, or a com
bination of these and convection, the temperature of the 
saturated surface is between the wet-bulb temperature 
and the boiling point of water. Under these conditions, 
the rate of heat transfer is increased and a higher drying 
rate results. 

When heat is transferred to a wet solid by conduction 
through hot surfaces, and heat transfer by convection is 
negligible, the solids approach the boiling-point tem
perature rather than the wet-bulb temperature. In such 
cases, the drying rate will be appreciably higher than by 
convection drying with air at the same temperature as the 
heating surfaces. This method of heat transfer is 
utilized in indirect dryers (see Classification of Dryers, 
p. 15-45) in which the material is made to contact hot 
surfaces, frequently with vigorous agitation. 

Radiation is also effective in increasing the constant 
rate by augmenting the convection heat transfer and 
raising the surfaoe temperature above the wet-bulb tem
perature. In most drying operations, the effect of radia
tion is minor, although in tome cases it is the primary 
mechanism, as in infrared drying. 

When the heat for evaporation in the constant-rate 
period is supplied by a hot gas, a dynamic equilibrium is 
established between the rate of heat transfer to the 
material and the rate of vapor removal from the surface 
(see p. 15-2). This equilibrium between heat- and mass-
transfer rates can be expressed as 

dw 
d$ 

h,A Af 
(16-20) 

t s. 

where dvr/dB — drying rate, lb. water/hr.; A< — total 
heat-transfer coefficient, B.t.u./(hr.)(sq. ft.)(°F.); A -
area for heat transfer and evaporation, sq. ft.; X • latent 
heat of evaporation at </. B.t.u./lb.; k, — mass-transfer 
coefficient. lb./(hr.)(sq. ft.)(atm.); At - t — where 
f — gas (dry-bulb) temperature, °F., and f/ — tempera
ture of surface of evaporation, °F.; Ap — p, — p, where 
Pt — vapor pressure of water at surface temperature t,', 
atm.; p ~ partial pressure of water vapor in the gaa, atm. * 

When hi is the coefficient of heat transfer by eonveo-

* lae term —t»t ie weed fni soaisalsi — «---•» ' 
•Suaily wall to other Uqofcb. 



16-36 DRYING O F SOLIDS 

tion only, than U' under equilibrium conditions is the 
wet-bulb temperature of the air, and p, is the vapor 
pressure at this temperature. If heat is also supplied by 
radiation, then h, is the sum h, + K, where hr is the 
radiation coefficient and A, is the convection coefficient, 
and t,' becomes higher than the wet-bulb temperature. 
A similar result, which is covered below, occurs when 
heat reaches the surface of evaporation by convection 
and conduction. 

It is evident from Eq. (16-20) that the magnitude of 
the constant rate depends upon three factors: (1) the 
heat- or mass-transfer coefficient, (2) the area exposed 
to the drying medium, and (3) the difference in tempera
ture or humidity between the gas stream and the wet 
surface of the solid. All these factors are the external 
variables, as noted above. The internal mechanism of 
liquid flow does not affect the constant rate. 

Prediction of Heat- and Maas-tranafer Coefficients 

In convection phenomena, the heat-transfer coefficients 
depend on the geometry of the system, the gaa velocity 
past the evaporating surface, and the physical properties 
of the drying gas. In estimating drying rates, the use of 
heat-transfer coefficients is preferred because they are 
usually more reliable than mass-transfer coefficients. In 
calculating mass-transfer coefficients from drying experi
ments, the partial pressure at the surface is usually in
ferred from the measured or calculated temperature of the 
evaporating surface. Small errors in temperature have 
negligible effect on the heat-transfer coefficient but 
introduce relatively large errors in the partial pressure 
and hence in the mass-transfer coefficient [for example, 
see Shepherd, Brewer, and Hadlock, Ind. Eng. Chem., 
30, 388 (1938)]. 

For many cases in drying, the heat-transfer coefficient 
can be expressed as 

K - ^ (15-21) 

where h. — heat-transfer coefficient, B.t.u./(hr.)(sq. ft.) 
(°F.); O — mass velocity of drying gas, lb./(hr.)(sq. ft.); 
D t - characteristic dimension of the system, ft.; at, n, 
and m are empirical constants. When radiation and 
conduction effects are negligible the constant rate of 
drying from a surface is thus given by the following heat-
transfer expression derived from Eqs. (16-20) and (16-21): 

dw aQ*A 
— - ft — LO 
dS XD«- V H' 

(16-22) 

When the liquid is water and the drying gas air, W is 
the wet-bulb temperature. 

In order to estimate drying rate from Eq. (15-22), 
values of the empirical constants are required for the 
particular geometry under consideration. For flow 
parallel to plane plates, exponent n has been reported to 
range from 0.35 to 0.8 [Chu, Lane, and Conklin, Ind. Eng. 
Chem., 45, 1686 (1953). Wensel and White, Ind. Eng. 
Chem., 43, 1829 (1951). Chu «f al., Ind. Eng. Chem., i l , 
275 (1958)]. The differences in exponent have been 
attributed to differences in flow pattern in the space 
above the evaporating surface. In the absence of 
applicable specific data, the heat-transfer coefficient for 
the parallel-flow case can be taken, for estimating pur
poses, as 

0.01O»-» 

-̂̂ gsr <1M3> 
where the experimental data have been weighted in favor 
of an exponent of 0.8 in conformity with the usual Col-

burn j factor, and average values of the properties of air 
at 200°F. have been incorporated. 

Experimental data for drying from flat surfaces have 
been correlated using the equivalent diameter of the 
flow channel or the length of the evaporating surface as 
the characteristic length dimension in the Reynolds 
number. ' However, the validity of one vs. the other has 
not been established. The proper equivalent diameter 
probably depends at least on the geometry of the system, 
the roughness of the surface, and the flow conditions 
upstream of the evaporating surface. For most tray-
drying calculations, the equivalent diameter (four times 
the cross-sectional area divided by the perimeter of the 
flow channel) should be used. 

For air flow impinging normal to the surface from slots, 
nozsles, or perforated plates, the heat-transfer coefficient 
can be obtained from the data of Friedman and Mueller 
("Proceedings of the General Discussion on Heat Trans
fer," pp. 138-142, Institution of Mechanical Engineers, 
London, and American Society of Mechanical Engineers, 
New York, 1951). These investigators give 

. orO» " (15-24) 

where gas mass velocity O is based on the heat-transfer 
area and a is given by Fig. 16-34. In Fig. 15-34, the 
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(15-24). -(Pritdman and MueUer, "Pnetedingt of tkt antral 
Diteuttion on Heat Trant/er," Institution of iieckanicaL Enainteri, 
London, and American Society of Mtckanical Snffinwt, Nev York, 
1951.) 

plate spacing is denned as the distance between the slots, 
nossles, or perforated plate and the evaporating surface, 
and the per cent free area is the percentage of the air-jet 
area to the evaporating surface area. Molstad, Fare-
vaag. and Farrell [Ind. Eng. Chem., 80, 1131 (1938)] 
found that, when air from a duct is blown perpendicular 
to the drying surface, the heat-transfer coefficient u 
given by 

* . - 0.37O* " (16-26) 

Equations (16-24) and (16-25) are strictly applicable 
only to the geometries studied, and care must be exer
cised if the geometry of interest differs greatly from 
those upon which the equations are based. 

For through-circulation drying where the drying a*8** 
flow either upward or downward through a permeable bed 
of wet granular solids, the results obtained by Gamaon, 
Thodos, and Hougen [Trant. Am. Imt. Chem. Engr*-< 
SO, 1 (1943)1 and Wilke and Hougen [ibid., 41, 441 (10*«1 
for the rates of adiabatic evaporation of water from 
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packed beds of poroua solids are applicable. These are 

(16-26) 

(16-27) 

where e, - heat capacity of air, B.t.u./(lb.)( sF.); u -
gas viscosity, lb./(ft.)(hr.); k — gas thermal conductivity, 
B.t.u./(hr.)(sq. ft.)("F./ft.); 2), - diameter of sphere 
having the same surface area aa particle, ft.; other sym
bols have the same meanings as in Eq. (15-21). Substi
tuting average additive properties of the drying gas leads 
to 

and 

K - 0.11 

'0.15 

for ^ > 350 
M 

for ^ < 360 

(16-26a) 

(15-27o) 

Determination of Temperature of 
Evaporating Surface 

When radiation and conduction are negligible the 
temperature of the evaporating surface approaches the 
wet-bulb temperature and is readily obtained from the 
humidity and dry-bulb temperature. Frequently, how
ever, radiation and conduction cause the temperature 
of the evaporating surface to exceed the wet-bulb tem
perature. When this occurs the true surface tempera
ture must be estimated in order to estimate the constant 
drying rate. 

Under steady-state conditions the temperature of the 
evaporating surface increases, until the rate of sensible 
heat transfer to the surface equals the rate of heat re
moved by evaporation from the surface. To calculate 
this temperature, it is convenient to modify Eq. (16-20) 
in terms of humidity rather than partial-pressure differ
ence, as follows: 

*>(p. - p) - f ( f f . - H) (16-28) 

where *' — mass-transfer coefficient, lb./(hr.)(sq. ft.) 
(unit humidity difference), and V — P k , ( l t J M 9 ) is a 
suitable approximation at low humidities; k, — mass-
transfer coefficient, lb./(hr.)(sq. ft.)(atm.); M m — molec
ular weight of air; M w — molecular weight of the 
diffusing vapor; p. ™ vapor pressure of the liquid at the 
temperature of the evaporating surface, atm.; p — partial 
pressure of vapor in air, atm.; B , saturation humidity 
of the air at the temperature of the drying surface, lb./lb. 
dry air; H — humidity of the drying air, lb./lb. dry air; 
P — total pressure, atm. For air-water mixtures If 
is approximately 1.6fc, at atmospheric pressure. 

A rate balance between evaporation and heat transfer 
when radiation occurs may be written as follows: 

W A ( B . - B) - k.A{t - O + K*A(tr - U) (16-29) 

where X — latent heat of evaporation, B.t.u./lb. at <,'; 
A » area for both heat and mass transfer, sq. f t ; A, — 
convection heat-transfer coefficient, B.t.u./(hr.)(sq. ft.) 
CT.); h, — radiation heat-transfer coefficient, B.t.u./ 
(hr.)(sq. ft.)(°F.), as denned in Fig. 10-10; t - tempera
ture of drying gases, °F.; i,' — temperature of the wet 
surface, °F.; t, — temperature of source radiating heat to 
the wet surface, °F.; f — emisaivity of surface receiving 
radiation. 

Equation (16-29) may be modified by means of the 
psychrometric ratio for air-water vapor mixtures, h*/k' — 
Ca, where c. — heat capacity of humid air, B.t.u./(lb. dry 
air)(°F.). aa defined on p. 16-2. Thus. Eq. (15-29) 

becomes 

j {H. - B) - (I - U') + (U - V) (I6-29o) 

Equation (16-29c0 may be solved by trial and error or 
graphically as indicated in Example 23 to estimate the 
true values of B , and t,' and, hence, the actual drying 
rate. The values of X and A, depend on the value of t,' 
but can generally be considered constant over the range 
of temperatures usually encountered in air drying. 

Xzampit 33. A wet material is drying in a tray, exposed to 
air at 300°F. and a humidity of 0.02 lb. vater/lb. dry air. Air 
velocity is 450 ft./min., aad the equivalent diameter of the flow 
channel is 1 ft. Determine the true surface temperature fl) 
when the effect of radiation it neglected and (2) when radiation 
is included. 

Solution. If radiation is neglected, the wet-surface tempera
ture is obtained from Fig. 15-4 as 114°F. with a corresponding 
value of H, — 0.0673 lb. water/lb. air. If a metal tray directly 
above the wet material attains the air temperature of 300°F., 
U will be abore 114°F. For thia example, let f -0.9 and from 
Eq. (16-23) a. - 3.3. From Fig. 10-10, k, is estimated to be 1.5. 
The heat of vaporisation X will be about 1020 and c, - 0.25. 
Substituting in Eq. (15-290), 

1020 r (0.0)0.5)-I 

OM i B- - 0 02> - L 1 +—ir - J ( 3 0 0 -
B. - 0.02 - 0.000345(300 - (.') 

The values of U and B , may be obtained by solving the above 
by trial and error to give B, - 0.082 and (•' - 120.4°F. Alter
natively, they may be obtained by drawing a line on a humidity 
chart through the point U - 0.02, t - 300 with slope - 0.000345 
and reading at the intersection with the saturated-humidity 
eurve (cf. Fig. 15-35) the values B. - 0.08 and - 120°F.. 
which eheck the trial-and-error solution. The effect of radiation 
is to increase the driving force for mass transfer by (0.0&2 — 0.02) 
/{0.0673 - 0.02), or U l , an increase of 31 per cent. 

r 
5 i 

1 
8 
< 

Intersection ot (H,,t t). 

i v S l o p e * ^ , Eq. (15-31) 

Hot-ojr condition 

Temperature —s» 

Fta. 16-35. Graphical estimation of surfaoe temperature during 
constant-rate period. 

Frequently, particularly in tray drying, heat arrives 
at the evaporating surface from the tray walls by conduc
tion through the wet material. For this case where both 
radiation and conduction are significant, the total heat-
transfer coefficient is given by Shepherd, Brewer, and 
Hadlock [Ind. Eng. Chem., SO, 388 (1938)] as 

(*.+ w [ 1 + 
A. 

1 +<!(*. + hr)/kj 
(16-30) 

where *« — total heat-transfer coefficient, B.t.u./(hr.) 
(sq. ft.)(°F.); A* - ratio of outside un wetted surface 
to evapo rating-surf ace area; d — depth of material in 
tray, ft.; * - thermal conductivity of the wet material, 
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B.t.u./(hr.)(sq. f t .)(°F./f t .) . Note that K must be cor
rected for emissivity of the surface. For insulated trays, 
the arithmetic average of inside and outside unwetted 
area should be used. 

Equation (15-30) assumes that all heat sources are at 
the same temperature and the convection coefficients to 
tbe evaporating surface and to the unwetted portions of 
tbe tray are equal. When radiation occurs from a 
source at a different temperature, the radiation coeffi
cient can be corrected to the same basis by multiplying 
by the ratio (( - «, ') /«, - V ) , where f, (.', *V are the 
drying gas, evaporating surface, and radiator tempera
tures, respectively. 

A relationship for estimating the surface temperature 
(,', based on the use of Eq. (15-30) to determine At, is as 
follows: 

(H. - B) - ^ (f - V ) (15-31) 

Equation (15-31) can be solved numerically or graphi
cally. Figure 15-35 indicates how H, and (/ may be 
determined graphically on a humidity chart by the point 
of intersection on the saturation-humidity curve of a 
straight line of slope k,e,/\k, passing through point (H, t). 

Estimation of Constant Rate 

For drying calculations i t is convenient to express Eq. 
(15-20) in terms of the decrease in moisture content 
rather than quantity of water evaporated. For evapora
tion from a tray of wet material, assuming no change in 
volume during drying, Eq. (15-20) becomes 

de p.dXK H ' 
(16-32) 

where dW/dB - drying rate, lb. water/(hr.)(lb. dry 
solids); hi — total heat-transfer coefficient, B.t.u./, 
(hr.)(sq. ft.)(°F.); p, - bulk density dry material, 
lb./cu. f t . ; d — thickness of bed, f t . ; X — latent heat of 
vaporisation, B.t.u./lb.; f — air temperature, "F.; ™ 
evaporating-surface temperature, °F. Note that dW/dB 
ia inherently negative. 

A similar equation can be written for the through-
circulation case: 

<<-<•-> <«"»> 

where a — sq. f t . of heat-transfer area/cu. f t . of bed, 
1/ft.; other symbols are the same as for Eq. (16-32). 

Values of p. and/or os must be known in order to use 
Eqa (16-32) and (15-33). The value of a is difficult to 
estimate without experimental data. When the void 
fraction is known, a can sometimes be estimated from 
the following relationships: 
For spherical partioles, 

6(1 - F ) 

For uniform cylindrical particles, 4(0.5P. + Z)(l - F) 
(16-35) 

where F — void fraction; (£>,)«, — harmonic mean diam
eter of spherical particles, f t . ; D , — diameter of cylinder, 
f t . ; » — height of cylinder, f t . For cylindrical particles 
that are long relative to their diameter the term 0.5Z>. in 
Eq. (15-35) can be neglected. 

Application of the previous equations is illustrated 
below. 

Exam-pit 24. An inorganic pigment having a bulk density of 
40 lb./ou. ft. is beins dried in a tray dryer which eonfista of two 
tiers of 44 stainless-steel trays, 1.25 in. deep and spaced 1.6 in. 
•part. Tbe trays are 28 in. square and the equivalent diameter 

of the flow channel is 0.2S7 ft . Inlet air velocity is SOO ft./mm. 
corresponding to a mass velocity of 1000 lb./(br.)(sq. ft.). Inlet 
air temperature is 250°F. and ita humidity is 0.072 Ib./lb. cor
responding to a wet-bulb temperature of 128°F. Calculate the 
initial and average drying rates in the constant-rate period. 

Solution. The convection coefficient is calculated from Eq. 
(15-23) as 

(O.OIKIOOO)" 
* " (0.237)0» " 8 - 3 

Thia value must be eorreeted for radiation and conduction accord
ing to Eq. (15-30). For the trays of the dimensions specified, 
A. - 1.2 and d - 0.104 ft . ; Ar will be taken as 1.5 (once U is 
calculated this value ean be checked and the calculation repreated 
if necessary). The value of * is usually difficult to determine. 
For this example, let * — 0.8. Then 

Ai - (3.3 + 1.5) [ l + — 1.2 
(0.1P4K3.S + 1.6)/0. 

Temperature of the evaporating surface is now calculated from 
Eq. (15-81): 

(B. - 0.072) . S ^ m ( 2 f i 0 _ ^ y a . V M i i ) ( i o i 5 ) ( 3 j ) t M O 

By trial and error U - 138*F. snd B . — 0.147 lb./lb. Tbe 
initial drying rate is obtained from Eq. (16-82) as 

i W 8.4(250 - 138) 
dt " (40)(0.104)(1015) 

- 0.223 
Ib. 

(bx.)(lb. dry solids) 
In flowing across the trays the air temperature drops. If heat 

losses are negligible the air temperature leaving the tray is 
obtained by integrating the differential beat balance over the 
tray length to give 

-kuU 
1 . - U + Wi - tt) exp. - g j ^ - (16-36) 

where d, ft, tt are inlet air, leaving air, and evaporating-surface 
temperatures, respectively, °F.; In — length of tray, ft.; 6 — tray 
spacing, f t . Then 

U - 138 + (250 - 138) gap. ^ ^ " g ^ " * » ° F -

The logarithmic mean temperature difference is 86.8°F. and tbe 
average drying rate aa calculated from Eq. (16-32) is 0.173 Ib. 
water/On.) 0b. dry solids). 

F A L L IN O-RATX PERIOD 

The drying process consists of a period in which the 
rate of evaporation is constant and one or more periods 
during which the rate is continuously decreasing (ase 
p. 16-34). The latter periods are designated the fa l l ing-
rate periods and begin when the constant-rate period 
ends, at the critical moisture content. I f the final 
moisture content is above the oritieal moisture content 
(for the specified drying conditions), the whole drying 
process will occur under constant-rate conditions. If . 
on the other hand, the initial moisture content is below 
the critical moisture content, the entire drying process 
will occur in the falling-rate period. This period is 
usually divided into two sones: (1) the tone of unsatu
rated t u r f ace drying and (2) the sone where internal 
moisture movement controls. 

I n the first sone, the entire evaporating surface can no 
longer be maintained saturated by moisture movement 
within the solid. The drying rate decreases for the 
unsaturated portion, and hence the rate for the total 
surface decreases. In some cases the drying rate is • 
linear function of the water content of the solid as shown 
by line CE in Fig. 16-33b. Generally, however, the 
drying rate depends on factors affecting the diffusion of 
moisture away from the evaporating surfaoe and those 
affecting tbe rate of internal moisture movement. 

As drying proceeds, the point is reached where the 
evaporating surface is unsaturated. The plane of 
evaporation moves into the solid, and the drying process 
enters the second falling-rate period. The drying rate 
ia now governed by the rate of internal moisture move-
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SUMMARY OF SAMPLING ACTIVITIES 
SAN JUAN DIVISION 

EL PASO NATURAL GAS COMPANY 
February 26-28, 1985 

The sampling procedure for s o i l samples i s as follows: the top 
two to three inches of s o i l were scraped o f f . Using a shovel, 
a 14-inch-diameter c i r c l e was softened for the top sample to be 
taken. Where the water table was very shallow, the sample was 
taken between the top of the ground and the apparent surface of 
the water table. In areas high above the r i v e r s , a f t e r the 
sample was taken, the hole was deepened approximately two to 
three feet to check for change of s o i l conditions. One-gallon 
freezer p l a s t i c zip-lock bags were used for sample containers. 
Early morning temperatures ranged between 30°-40°F. In some 
areas the ground was frozen. Afternoon temperatures ranged 
between 45°-50°F and i t was breezy. 



SAN JUAN VALLEY 

Armenta Gas Com. A No. 1 - San Juan County, NM, Sec. D of Sec. 27, 
T-29-N, R-10-W. 

Photo No. 1. Shown i s the general area facing south towards the San Juan 
River which i s approximately 150 yards from the drip p i t . 

Photo No. 2. The area w i t h i n the drip p i t i s shown. The water table i s 
almost at the ground surface. The water i n the p i t i s seepage from 
groundwater. 



Photo No. 3. The area where the s o i l sample was taken i s shown which i s 
15 feet south of the dehydration/separator p i t . 

Photo No. 4. The area where the so i l sample was taken at the edge of San 
Juan River downslope from the dehydration/separator p i t i s shown. 



• SAN JUAN VALLEY 

Jaquez Com. A No. 1 - San Juan County, NM, Sec. M of Sec. 25, T-30-N, 
R-9-W. 

Photo No. 1. - The general area facing southeast i s shown. The San Juan 
River i s located approximately 400 yards to the south of the meter drip 
p i t . 
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Photo No. 2. - Shown i s the area wi t h i n the meter drip p i t . 



SAN JUAN VALLEY 

Lobato Gas Com. A1A & ElA - San Juan County, NM, Sec. D of Sec. 3, 
T-39-N, R-9-W. 

Photo No. 1. Shown i s the general area facing south towards the San Juan 
River which i s 100 feet from the dehydration/separator p i t . 

Photo No. 2. The area w i t h i n the dehydration/separator p i t , facing 
south, i s shown. 



Photo No. 3. Shown i s the area where the s o i l sample was taken which is 
3 feet south of the drip p i t at a depth of 12 inches of a 14 inch-
diameter-hole. Note the water table i s very shallow. The picture was 
taken facing north. 



LA PLATA VALLEY 

Alberding No. 1 - San Juan County, NM, Sec. A, Sec. 3, T-31-N, R-13-W. 

Photo No. 1 - The general area facing west towards La Plata River which 
i s located 120 feet from the separator p i t i s shown. 
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Photo No. 2. - The area shown i s w i t h i n the separator p i t , facing west, 





ANIMAS VALLEY 

NYE No. 1 - San Juan County, NM, Sec. A of Sec. 23, T-31-N, R-ll-W. 

Photo No. 1. Shown i s the general area, facing west. The Animas River 
i s located to the east approximately one-half mile away. 
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Photo No. 2. Shown i s the area withi n the drip tank p i t , facing west 









o. 3. The area shown, facing towards the west, i s where the s o i l 
was taken 30 feet east of the meter drip p i t using a 14-inch-
r hole with a depth of 18 inches. The water table i s 30 inches. 



ANIMAS VALLEY 

Sutton No. 1 - San Juan County, NM, Sec. D. of Sec. 18, T-30-N, R-ll-W. 

Photo No. 1. Shown i s the general area, facing south towards the Animas 
River. 
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The area shown i s within the well blowdown p i t , facing Photo No 

west. The area has a shallow groundwater table. Note seepage i n the 
p i t . 



SUTTON 
\fl 

0-16-30-11 

taken, 40 feet east of the well blowdown p i t . Used was 
diameter hole at a depth of 12 inches, 
groundwater table. 

mple was 
14 inch 

The area has a shallow 



Photo No. 2. The area shown i s w i t h i n the dehydration/separator p i t , 
facing south. 



Photo No. 3. The area shown, facing north, i s where the s o i l sample was 
taken, 80 feet south of the dehydration/separator p i t . Used was a 14 
inch-diameter-hole which was 18 inches deep. The water table was approxi
mately 30 inches. 



ANIMAS VALLEY 

Animas River - San Juan County, NM at Randlemon No. 2 location, located 
in Sec. 26, T-31-N, R-ll-W. 

Photo No. 1. The general area shown i s from the top of the h i l l , looking 
downslope, facing west. 

I 

Photo No. 2. The area shown i s downslope and at the edge of the ri v e r 
bed where the s o i l sample was taken. 





ANIMAS VALLEY 

McCoy No. C-l - San Juan County, NM, Sec. 28, T-30-N, R-12-W. 

Photo No. 1. The general area facing south towards the Animas River, 
which i s approximately 300 yards from the dehydration p i t , i s shown. 
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Photo No. 2. The area shown i s wi t h i n the dehydration p i t , facing south. 
Note the ground surface i s covered with a l k a l i and the water table i s 
approximately at 24". 
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Photo No. 3. The area shown i s where two s o i l samples taken, 80 feet 
south of the dehydration p i t . The f i r s t sample was taken 3 inches below 
top s o i l . The second s o i l sample, from the same 14-inch diameter hole at 
18 inches deep to saturated s o i l . The picture was taken facing north. 



ANIMAS VALLEY 

Larcher No. 3 - San Juan County, NM, Sec. 7, T-31-N, R-10-W, Unit N. 

Photo No. 1. The general area, facing west towards Ruins Road, i s shown. 

Photo No. 2. The area w i t h i n the dehydration p i t , facing northwest, i s 
shown. 
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ANIMAS VALLEY 

Mary wheeler No. 1-E - San Juan County, NM, SW4, SW4, Sec. 23, T-30-N, 
R-12-W. 

Photo No. 1. The general area i s shown, facing south towards the Animas 
River and 100 feet from the dehydration p i t . 
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shown i s within the dehydration p i t , facing south 
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Photo No. 3. Shown i s the area, facing east, where the s o i l sample was 
taken, 30 feet west of the dehydration p i t . Used was a 14-inch-diameter 
hole, 18 inches deep. The water table i s approximately 24 inches deep. 



Summary of Sampling A c t i v i t i e s 
San Juan Division 

El Paso Natural Gas Company 
February 26-28, 1985 

SAN JUAN VALLEY 

o Armenta Gas Com. A No. 1 - located i n San Juan County, New Mexico, 
Section "D" of Section 27, Township 29 North, Range 10 West. 

A s o i l sample was taken 3 feet from the drip p i t i n a southerly 
di r e c t i o n at a depth of 12 inches of a 14-inch-diameter hole. The 
water table i s almost at ground surface. The entire surrounding 
area was covered with a l k a l i . The San Juan River i s located to the 
south approximately 200 yards from the drip p i t , which i s on private 
land. A house, located to the east of the drip p i t at a distance of 
approximately 60 feet, has a shallow drainage ditch which runs next 
to the p i t and empties on ground surface. 

o Lobato Gas Com. A1A & ElA - located i n San Juan County, New Mexico, 
Section "D" of Section 3, Township 39 North, Range 9 West. 

Two s o i l samples were taken. The f i r s t sample was taken downslope 
15 feet south of the dehydration/separator p i t at a depth of 9 
inches to the saturated s o i l of a 14-inch-diameter hole and an 
9 inches deeper i s the groundwater table. The San Juan River i s 
located approximately 100 feet to the north of the p i t . The second 
s o i l sample was taken at the edge of the r i v e r downslope from the 
p i t . 

o Jaquez Com. A No. 1 - located i n San Juan County, New Mexico, i n 
Section "M" of Section 25, Township 30 North, Range 9 West. 

A s o i l sample was taken 35 feet downslope to the south of the meter 
drip p i t at a depth of 18 inches of a 14-inch-diameter hole. The 
San Juan River i s located approximately 400 yards to the south of 
the p i t . 

LA PLATA VALLEY 

o Alberding No. 1 - located i n San Juan County, New Mexico, i n Section 
"A" of Section 3, Township 31 North, Range 13 West. 

Two s o i l samples were taken. The f i r s t sample was taken downslope 
to the La Plata River, located approximately 80 feet to the west of 
the separator p i t , at a depth of 16 inches of a 14-inch-diameter 
hole. The s o i l condition was very sandy. The second sample was 
taken approximately 118 feet west of the p i t at the ri v e r ' s edge, at 
a depth of 6-8 inches of a 14-inch-diameter hole. 



Summary of Sampling Activities 
San Juan Division 
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ANIMAS VALLEY 

o NYE NO. 1 - located i n San Juan County, New Mexico, i n Section "A" 
of Section 23, Township 31 North, Range 11 West. 

A s o i l sample was taken 60 feet downslope, a 6 foot decline, i n an 
easterly d i r e c t i o n from the drip tank p i t , at a depth of 16 inches 
of a 14 inch-diameter-hole. The s o i l condition was very sandy. 

o McCOY NO. C-l - located i n San Juan County, New Mexico, i n Section 
"A" of Section 28, Township 30 North, Range 12 West. 

Two s o i l samples were collected from the same hole downslope to the 
Animas River and 80 feet from the dehydration p i t i n a southerly 
di r e c t i o n . The top 2-3 inches were scraped o f f a 14-inch-diameter 
hole with the sample taken below the scraped area. An additional 
sample was taken 10 inches below the 14-inch-diameter hole. The 
water table i s two feet deep, temperature 30-40°F. and the ground 
condition at the time of sampling was frozen. 

o UTTON NO. 1 - located i n San Juan County, New Mexico, i n Section "L" 
of Section 7, Township 30 North, Range 11 West. 

A s o i l sample was taken 30 feet downslope from the drip p i t i n an 
easterly d i r e c t i o n from a 14-inch-diameter hole at a depth of 18 
inches. The water table i n t h i s area i s approximately 30 inches. 

o SUTTON NO. 1 - located i n San Juan County, New Mexico, i n Section 
"D" of Section 18, Township 30 North, Range 11 West. 

A s o i l sample was taken 40 feet from the blowdown p i t i n a westerly 
di r e c t i o n from a 14-inch-diameter hole at a depth of 12 inches deep. 
The area has a shallow water table. 

o McWRIGHT NO. 1 - located i n San Juan County, New Mexico, i n Section 
13 (northeast corner), Township 30 North, Range 12 West. 

A s o i l sample was taken 80 feet downslope from the dehydration p i t 
i n a southerly dir e c t i o n from a 14-inch-diameter hole at a depth of 
18 inches. The water table i n t h i s area i s approximately 30 inches. 

o ANIMAS RIVER (at Randleman No. 1 Location) - located i n San Juan 
County, New Mexico, i n Section 26, Township 31 North, Range 11 West. 

A s o i l sample was taken 15 feet from the riverbed and approximately 
50 yards from the Randleman No. 1 dehydration p i t i n a westerly 
location. 



Summary of Sampling Activities 
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o LARCHER NO. 3 - located i n San Juan County, New Mexico, i n Section 
7, Township 31 North, Range 10 West, Unit N. 

A s o i l sample was taken 29 feet from the dehydration p i t downslope 
to the Animas River, located approximately 1/4 mile i n a southeast 
d i r e c t i o n , from a hole 14-inch-diameter at a depth of 14 inches. 

o MARY WHEELER NO. 1-E - located i n San Juan County, New Mexico, i n 
the SW/4, SW/4 of Section 23, Township 30 North, Range 12 West. 

A s o i l sample was taken 30 feet west of the dehydration p i t 
downslope towards the Animas River, which i s approximately 100 feet 
away i n a southwest d i r e c t i o n , from a hole 14-inch-diameter at a 
depth of 18 inches with the water table at 24 inches deep. 


