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SUMMARY

Overland tlow is one of the three modes of wastewater lund treatment. In this mode. waste-
water is applied to the top of a gently sloping, grassy terrace, flows downslope ever the surface in
a thin sheet, and is renovated by physical, biologica! and chemical processes. The remaining run-
off is collected at the base of the slope for discharge. While much is now known about the per-
formance of this type of treatment system for removing nitrogen. phosphorus, solids, oxygen de-
mand and bacteria. little information has been reported on its ability to remove trace levels of
tOXIiC Organics.

This study was conducted on an outdoor, prototype overland flow system in Hanover, New
Hampshirc. The overland flow system is 30.5 m long by 8.8 m wide and is divided into three test
sections. During construction the site was graded to . 5% slope. and a rubber liner was emplaced
and covercd with 15 cm of silt loam soil. The soil was compacted and seeded with a mixture of
grasses.

For this study, municipal wastewater was given primary treatment, spiked with a number of
organic substances, and applied to two test sections, four days per week, seven hours per day from
2 June to 11 December 1981, Three application rates were tested, and the detention time of
wastewater on the slope was determined for each rate using the centroid of the C curve obtained
using a sodium chloride tracer.

About once a week, samples of the applied wastewater, runeff and surface water from a num-
ber of downslope locations were analyzed for up to 13 organics. Analysis of the most volatile
components was conducted by purge and trap followed by gas chromatography mass spectrom-
etry using selective ion monitoring. Analysis of the less volatile components was obtained by
sequential extraction from sojution using the microextraction method. First the neutrals were
extracted using hexane after the pH was adjusted to 12. The water was then adjusted to pH 2,
and the phenols were extracted using a second aliquot of hexane. The hexane extracts were an-
alyzed using clectron capture gas chromatography and high-performance liquid chromatography.

The analytical precision was estimated periodically. For the volatiles the relative precision
was about £15%. For most of the less volatile neutrals and phenols, we estimate the precision at
110% and 11 5%, respectively.

Soil and plant samples were callecied several tisnes during the study and extracted with hexane-
acetone. The extracts were analyzed in a similar manner to the water solutions.

The mean concentrations of these 13 organics in the applied wastewater ranged from 11 to
113 pg/L with an average of about 50 pg/L. At a hydraulic loading rate of 0.4 cm/hr (0.12
m3/irm of width) in the summer, greater than 94% removal was found for sll of the substances
tested. At higher application rates, runoff concentrations increased and percent removals declined.
Later, when the 0.4-cmjhr rate was reestablished in the fall, percent removals did not approach
the values obtained in the summer, indicating that temperature affects the removal process.

The rate of removal was found to follow first-order kinetics, and the removal rate coefficients
were obtained from plots of In C/C, vs residence time, where Cg and C are concentrations at zero

w
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time and other times, respectively . Removal rate constants varizd somewhat from day to day, but
the ranked order of the removal rate coefticients for dirferent substances was rather consistent.
Substances with the highest rate coefficients seemed to have a high octanol-water partition coet-
ticient K, or a moderate K. and a high Henry's constant. From this result we conclude that
the two major mechanisms responsible fot removing organics from soluticn were sorption on the
surface sotl organic matter and volatilization.

The removal rate coefficients were determined at average water temperatures ranging from
25.7° to 2.5°C. The magnitude of the rate coefficient declined as wates temperatures decreased.
probably due to decreased molecular diffusivity as the viscosity of the solution increased. Since
the number of individual determinations differed for each substance and the distribution of these
determinations varied with water temperature, values of the rate coeftivient a1 20°C were obtained
by linear least-squares techniques for the rate coefficient vs water emperature.

Assuming that sorption and volasi‘ization were controlling the rate of removal from solution.
we developed a relationship including both processes, using the two-film theory for each interface.
This relationship describes the rate of loss for a specitic substance as a function of its moleculay
werght M. its Henry’s constant H and its octanol-water partition coefficient. the detention time
of water on the slope, the average water temperature and the average depth. The magnitudes
of the four coefficients for this model were obtained by multiple regression of the experimental
rate coefficient at 20°C vs 8, H and K, for each substance. The resulting equation predicts that
sorption is more dominant than volatilization for removing organics from solution by overland
flow, even for the most volatile substances tested.

The effect of temperature on these two removal mechanisms was also assessed. The major
effects of decreased temperature are thought to be a reduction in the molecular diffusivity due to
increased viscosity and a decrease in the Henry's constant. No intormation on the dependence of
K, on temperature is available. An equation is given to predict the removal rates at temperatures
other than 20°C.

The model seems to fit the experimental data for the CRREL system quite well. The model
was [ested by conducting a similar study at the overland flow system in Davis, California. The
ranked order of removal rate coefficients from solution for individual substances was verv similar
to that found at CRREL. The rate constants obtained experimentally at Davis were compared
with those predicted from the model for the water temperature and depth measured on the Davis
system. In peneral the agreement between experimental and predicted values was goed except for
the most volatile substances.

The analysis of the plants and soils collected periodically on the CRREL system indicated that
only PCB and, to a much smaller extent, pentachlorophenol were building up in the soil and were
being taken up into the plants. Thus some additional removal mechanisms. probably microbial
degradation and volatilization, must be oprrating once these organics are sorbed on the soil organic
matter. The fact that substances less volaiile than PCB were not found to build up suggests that
the rate of biodegradation is fast enough 10 that it doesa’t limit treatment efficiency. In other
words, mass transport to the soil surface. not secondary removal, limits the rate,
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ASSESSMENT OF THE TREATABILITY OF
TOXIC ORGANICS BY OVERLAND FLOW

Jenkins, D.C. Leggenr, 1.V, Parker, J.L. Oliphant,

T.F.
C.J. NMarrel, BUFL Foley and CL1. Diener

INTRODUCTION

There are three majo; forms of wastewater treat-
ment by application to the land. These are rapid
infiltration, slow rate and overland flow (EPA 1981 ).
The choice of which form of land treatment is best
suited for a given locations is dictated by the soil
characteristics, mainly its permeability. Overlund
flow is best suited. but pot limited, to areas with
gently sloping terrain having heavy soils of low per-
meability.

Overland flow

In overland flow, wastewater is applied to the top
of vegetated, gently sloping terrain, flows downslope
in a thin sheet, and is renovated by physical, chem-
ical and biological mechanisms. The runoff is col-
lected at the base of the slope and discharged o a
receiving stream in the same fashion as the effluent
from a conventional wastewater ircatment piant.

Overland flow has been used successfully to treat
municipal wastewater in Melbourne, Austrslia, since
1930 (McPherson 1979). Even so, littie was known
about the mechanizsms governing the removal of
specific pollutants until the 1970s. Thomas etal.
(1974) found that suspended matter and oxygen-
demgnding substances could be removed from raw
wastewater to such a degree that secondary treat-
ment standards coukd be met. The mechanisins re-
sponsible for this reduction were postulated to be
sedimentation, filtration and microbiat degradation.
Recently Martel et al. (1980) and Peters et al. (1981)
determined the temperature limits of this process.

Because of the concemn over eutrophication in
surface waters, these studies also investigated the
ability of overland flow systems to remove nitrogen
and phosphorus. Thomaset al. (1974) found that
up to 90% of the applied nitrogen and 50% of the
applied phosphorus could be removed. Hoeppel et
al. (1974) obtained similar results and postulated
that a significant portion of this removal was due to
microbial nitrification and denitrification occurring
in the soil, although they did not consider losses by
volatilization. Jenkins et al. (1978) found that nitro-
gen removail remained high until the soil temperature
was reduced to about 14°C. Below this point am-
monia-nitrogen removal was significantly reduced.
Peters et al. (1981) obtaimed a similar result, but
the magnitude of the reduction was less because
they used a Jower-strength wastewater. Peters et al.
also reported that 9% of the nitrogen removal was
aue to volatilization. Jenkins et al. (1978) also found
that ammonia-pitrogen was much easier to remove
than nitrate. Since many types of pretreatment result
in some oxidation of ammonia to nitrate, preaeat-
ment should be kept to a minimum. The major mech-
anisms for removing nitrogen appear to be plant up-
take, microbizl nitrification and denitrification, im-
mobilization in soil and volatilization of ammonia,
although there is some disagreement about their rela-
tive importance.

Overland flow by itself was not particularly effec-
tive in removing phosphorus. However, removal
could be increased to about 90% by adding alum
prior to application on the land (Thomas et al. 1976,
Peters et al. 1981). There is some doubt, however,

T8 e L. B o A 0 S 4 0 5 b RN et e
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whether overland flow should be considered tor areas
in which the dischurge would antect a phosphorus-
fimited stream,

The ability of overland flow systems to remove
heavy metals has also been studied. Hozppel ot ull
(1974 found removal etticienvics ranging from 75
to 957 for six heavy metals on a smaliscaie . ndoor
prototype, with most of the removal oceurring in
the first meter of the slope. Peters et al, (1981])
obtained similar results on a full-scale test svstem
where four heavy metals were studied: the removal
efficiencics ranged rom 337 10 94, These heavy
metals aecumulated over ume in the soil biomass
and were taken up in plants. particularly upslope
near the point of application. While there is some
concern over translocation of these metals in the
tood chain. Evans et ak. (1979) found that this was

not observable. cven when cattle were allowed to
torage Jdirecth on an overfand ow stope.

These studies have greaidy increused our vnder-
standing of the treatability of many 1y pes ot pol-
tutants by overland tlow . but little wntormation has
heen provided on the abthty of overlund Tow o re-
move toxde vrgmaws, e an eailer study (Jenkins
ctal. 1981) we tound that volatile orginioy were
remonned effectively by overland flow. with treat-
ment efficlencies rangng from 80°¢ to 1004, depend-
g on the apphivation rate. It was suggested that the
miechanism for tus removal was volatilization.

Occurrence of organics in wastewaier

The average American uses about 160 L of water
per day (Huthaway 1980). This water is used for
toilet flushing. bathing. cooking, laundering. washing
dishes and cleaning. The wastewater generated from

Tsble 1. Occurrence of organic chemicals in household products. (After Hathaway

1980.)
Product Classes of organics Praduct Classes of organies
Deodorizers Aromatics Medicines Aromatics
Haloaromatics Halomethanes
Haloaliphatics Halophenols
PAR PAH
Halophenols
Preservatives Aromalics
Disinfectants Haloaromatics PAH
Halophenols Haloaroma'ics
Haloaliphatics Haloethers
Hatophenols
Pesticides Haloaromatics
Haloaliphatics Cleaners Aromatics
Halomethanes Haloaromatics
Phthalates Haloaliphatics
PAH
Laundry products Aromatics Halophenols
and soaps Nitroaromatics
PAH Cosmetics Haloethers
Phthalates Aromatics
Halophenols Phthalates
Nitroaromatics
Medicinal ointrents Aromatics Halomethanes
PAH Haloaliphatics
Haloethers PAH
Halrphenols
Electricat PCBs
Paints Haloethers appliances
Halophenols
Aromatics
Polishes Nitroaromatics
Phthalates
Haloaliphatics

Haloaromatics
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this use contains a number of types of “natural™
organic matter derived from human waste, including
urea, proteins, humic materials, carbohydrates.
tannins, lignins and fatty acids (Rebhun and Manka
1971). These classes of organics are of httle con-
cern from a toxicity standpoint, but as a group

they create a major portion of the oxygen demand
on recetving streams.

Additionally, in nearly all of these uses, various
synthetic organic chemicals are dissolved and become
associated with the waste stream. These include a
wide variety of synthetic organics that are compon-
ents of cleaners, cosmetics, deodorizers. disintect-
ants, pesticides, soaps and detergents, pants, pol-
shes, preservatives and medicines (Hathaway 1980).
Thus. even wastewater with no industrial component
centains low levels of a number of synthetic organ-
ics, many listed on the EPA Priority Pollutant List
(Budde and Eichelberger 1979). Some examples of
the various classes of organics and their presence in
household products are given in Table 1. Wastewaters
also having a significant industrial component ma)
periodically contain nearly any of the chemicals on
the EPA Priority Pollutant List. While these sub-
stances will generally be present at very low concen-
trations, many are difficult to degrade biclogically
and are thought to be rather potent carcinogens. In
addition, the occurrence of these substances in waste-
water can cause problems in some types of conven-
tional treatment because ot their toxicity to micro-
organisms (Anthony and Breimhurst 1981).

Properties of organics

The organic priority pollutants, unlike most in-
organic substances, are all volatile to some degree.
Vapor pressures at 20°C range from as high as 18,600
Pa (139.5 torr) for chloroform to as low as 0.05 Pa
(4x10~* torr) for pentachlorophenol. The solubil-
ities of these organics in water also vary widely but
in general are much lower than the inorganics of
major concern from a tr-atment standpoint. Chloro-
form, for example, has a water solubility of about
9300 mig/L at 25°C, while phenanthrene’s solubility
at this temperature s only 1.29 mg/L. For those
organics with very low solubility, a single spill could
contaminate the waste stream for long pertods as
the substance slowly dissolves,

The proportion of a volatile substance present in
the vapor phase at equilibrium with a water solution
is a function of both its vapor pressure and its water
solubility. Numerically this equilibrium value is
often expressed as the Henry’s law constant, which
can be calculated in a varicty of units. In any of
these forms the higher the value, the higher the pro-
pottion of the substance in the vapor phase. For

2
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example, chloroform has a Henry's law constant of
340 Pa ¥ mole (3.4x10-% aum m?¥/mwle) at 20°C,
while pentachlorophenol has a value ot 0.2} Pam?,
mole (2.1x10-% atm m3/mole), This means that at
equilibrium, in solutions of equal concentration. over
1000 times as much chloroform (on a molar basis) as
pentachlorophenol would be present in the vapor
phase. When water sclutions of these substances are
exposed to the open atmosphere, as occurs in overland
flow, equilibrium will never be achieved, because of
removal by wind and gus diffusion. However, the re-
moval rates of volatile substances from water solutions
can be expressed as tunctions of the Henry's law con-
stant (Liss and Slater 1974). Thus, in this case, chloro-
form should be volatilized from water solutien much
faster than pentachlorophenol. As a rule the higher
the vapor pressure and the lower the water solubility.
the higher the Henry's law constant and the higher the
removal rate by volatilization.

Another important property of organic chemicals
in water solution is their tendency to associate with
osganic surfaces such as are present on suspended
particulates and soil organic matter. At equilibrium
the relative concentration of the specific organic in
water solution compared to that on the organic sur-
face is characterized by a partition coefficient. This
coefficient differs significantly from one organic chem-
ical 1o another. Researchers have found it useful to
simulate this value using octanc! as a model for soil
organic matter (Karickhoft 1981). Thus, knowing the
octanol-water partition coefficient and the amount of
organic carbon present, one can compare the relative
sorptive properties of several organic chemicals on
soils and sediments. Numerically octanol-water par-
tition coefficients vary over a wide range and are con-
veniently expressed on a log basis (log X,,,,). Chloro-
form, for example, has a log K, of 1.96 at about
20°C, while phenanthrene has a log £, of 4.5, Thus.
for equal concentrations of chloroform and phenan-
threne in water solution at equilibrium, nearly 500
times as much phenanthrene as chloroform would
be sorbed on a given amount of organic surface.

In overland flow systems, organic chemicals in
solution are exposed to a large amount of vrganic
surface as suspended particulates, soil organic matter
and vegetation. The water flows past these surfaces
rapidly, however, with linear velocities in the range
of 0.1-1.0 cm/s. Schwarzenbach and Westall (1981)
have used soil columns to show that equilibrium was
not achieved between water and soil at linear veloc-
ities of 10~ em/s and gres.~-. Thus, in overland
flow, water flows aver these surfaces much too fast
for equilibrium to be achieved. Nevertheless the
relative rate of removal from solution due to sorp-
tion for various organics may be a function of their




octanol-water partition coefficient. It thisis true,
phenanthrene should be removed much taster than
chlorotorm by this mechanism.

Microbial degradation of organic chemicals
Organics vary in their rate of microbial degrada-
tion. Some persist in nature and may be stable in-
definitely, while others are degraded to some extent
under most environmental conditions. Among the
most persistent are certain pesticides and PCBs

(Alexander 1973). While degradation o most organ-

igs is aerobic, some arc degraded both aerobicatly
and anerobically (Liu et al. 1981) and others only
under anaerobic conditions (Bouwer et af. 1981b.
McCormick et al. 1981). Where degradation oceurs
aerobically and anerobically, the rate is generally
raster under aerobic conditions {Delaune et al. 1980,
Liu et al. 1981). Microorganisms commonly present
in soils and water are capable of degrading many or-
ganics and using the organic compounds as sole
sources of carbon, However, concentrations of trace
organic chemicals in wastewater at land treatment

sy stems will generally be too low to support micro-
bial growth, In this instance the microbes may nun.
eralize (Rubin et al, 1982, Subba-Rao et al, 1982)
or alter (Herbes and Schwall 1978, Liu ct al. 1981,
McCormick et al. 1981) the chemicals but in such
small amounts that they derive little benefit.

Incorporation of a substituent in a molecule can
often have dramatic effects on its potential for and
its rate of degradation. The type of substituent, the
placement of the substituent in the molecule, and
the number of substituents are important. Other
structural features, such as multiple branching, the
presence of two methyl groups on a single carbon.
or the presence of a quaternary carbon near the end
of an alky! chain, can be a significant deterrent to
degradation (Alexander 1973). Polycyclic aromatic
hydrocarbons with more than three rings appear to
he very resistant to degradation (Herbes and Schwall
1978, Sherrill and Sayler 1980).

While a component may have the potential for
degradation, it is the environmental conditions that
will dictate its rate. The required types of microor-
ganisms must be present, as well as sufficient nutri-
enits to maintain the population. Both the concen-
tration of organisms (Paris et al. 1981) and the con.
centration of the compound to be degraded (Rubin
et al. 1982, Subba-Rao et al. 1982) are critical. The
physical and chemical properties of a compound,
such as sclubility, volatility and hydrophobicity,
determine its availability in solution (Kobayashi and
Rittman 1982). Compounds with low water solu-
bility degrade at slower rates than more soluble
substances (Alexander 1973, Wilson et al. 1981).

Temperature is significant since microbial activity
increases exponentially over the 0-20°C range.

Inan overland flow system the water has a rela-
tively short detention time on the slope, generaliy
from a hait’ te two hours (Martel et 41, 1982). This
is probably too short for signiticant degradation to
occur in solution. We studied degradation rates of
toluene and chioroform in wastewater and found that
it is slow compared to-the detention times for overland
flow (Jenkins et al. 1981). The surface to which the
watel is eaposed. liewever, 15 tai gy Grganic {(Peters
et al. 1981) and sipnificant sorption should ogeur,
Once this takes place and the organics are immaobil-
ized on the soil surface. degradation seems much more
likely. Herbes (1981) found that organic chemicals
degraded faster in soils and sediment than in water.
Since wastewater is applied to many systems only
cight hours per day. even if the soil temporarily be-
comes anaerobic, the site has sixteen hours to re-
aerate between applications. During these periods
the organics are exposed to g nutrient-rich environ-
ment with a high level of microbial activity.

Organics remaoval by land treatment systems

Except for our previous study of volatile organics
(Jenkins et al. 1981) there is almost no informatiop
on the removal of arganic chemicals in overland tlow
systems. We found excellent removal of several chior-
inated aliphatics, toluene, benzene and chlorobenzene,
which we tentatively attributed to volatilization. We
recognize, however, that the data available do not
rule out sorption followed by biodegradation. Some
information is available on organic removal in other
types of land treatment systems as well as for deep
weli injection. At the slow rate sy: tem in Muskegon.
Michigan, most of the 60 or so organics detectable
in the influent were removed 1o below detection
limits in the effluent (Demirjian 1979). Of those
still detectable, over 75% removal was observed. At
a prototype slow rate system in Hanover, New Hamp-
shire. Jenkins and Palazzo (1981) found greater than
98% removal of several volatile organics, some having
been applied for as long as seven years. Some of this
removal was shown to be due to volatilization during
sprinkler application.

In some rapid infiltration tests, on the other hand,
poor removals and small retardation factors were
observed when organics were applied to soil columns
containing a sandy soi! with low organic carbon con-
tent (Wilson et al. 1981). In this study, large per-
centages of very volatile substances volatilized from
the soil columns, but the water was not aliowed to
pond on the surface as it does in operatiny' rapid in-
filtration systems. In another soil columr. experiment
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with soil from the Flushing Mcadows site, Bouwer
etal. (1981a) found attenuation of some organics
during rapid infiltration and attributed this removal
to biodegradation, Other substances, such as chlor-
oform, were not attenuated significantly, In a ficld
experiment at the Phoenix 23rd Ave. site, Tomson
etal. (1981) found 70-100% removals of organics,
depending on the class, using the same wastewater
as Bouwer. The depth of sampling for Tomson’s
tield study was 18.2 m, however, compared to 2.3
m for Bouwer’s column study.
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groundwater recharge was studied by Roberts et al,
{1980). Some compounds, such as naphthalene,
were attenuated, apparently due to biodegradation.
The movement of all substances was retarded to
some extent by sorption.

The transport of organic chemicals in the sub-
soil has been reviewed by McCarty et al, (1951)
and Schwarzenbach and Westall (1981). The move-
ment of specific chemicals was related to their oc-
tanol-water partition coefficients and the percentage
of soil organic matter, conclusions similar to those
reported catlier by Lambert et al. (1965).

In summary these results indicate that in the
absence of biodegradation and 1o seme extent vol-
atilization, little attenuation of organic chemicals
should oceur in rapid infiltration systems. although
the movement will be retarded depending on the
soil organic matter content and the respective
octanol-water partition coefficients. Whether or
not biodegradation is significant in these systems
seems to depend on the depth to groundwater and
the rate of biodegradation relative to the rate of
movement in the soil. The rate of biodegradation
seems very haid to predict: as was stated by Wilson
et al. (1981), “biodegradation studies only indicate
a potential {or degradation, which may or may not
be realized in the field at a particular place and time.’

In slow rate systems, on the other hand, the re-
moval of organics is significantly improved. Because
the rate of application is much lower and significant
water loss occurs by evapotranspiration, the rate
of movement to groundwater is much slower, allow-
ing more time for degradation. Volatilization of
the most volatiie organics is significant during spray
application and probably also from the soil surface
during drying periods. Some volatilization has also
been indicated in rapid infiltration systems (Bouwer
et al. 1981, Wikton et al. 1981), but to a smaller ex-
tent than in slow rate systems.

Objectives
The major objectives of this ressarch project
were:

.

1) To determine the treatability ot a number of
toxic organics by ovesland flow lund treatment as a
function of detention time on the slope.

2) To determine the removal kinetics associated
with each of these substances,

3) To identify the major removal mechanisins for
the varivus substances and compare their relative
importance.

4) To evaluate the effect of temperature on the
treatment efficiency.

5) To determine if these substances sccumulate
in the sgil and are incorporated inte plont muterivle
grown on the slope.

6) To develop a mathematical relationship to pre-
dict the treatability of a wide variety of organic
chemicals as a function of their individual physical
properties.

EXPERIMENTAL METHODS

Site description, Hanover

The major portion of this study was conducted
on an outdoor prototype overland flow system at
CRREL in Hanover, New Hampshire (Fig. 1). The
system was constructed in 1975; wastewater has been
applied since the summer of 1976.

The overland flow prototype is 30 5 m long by
8.8 m widre and is divided into three test sections,
each 1.9 m wide (Fig. 2). During construction the
site was graded to a 5% slope, underlain with a rub-
ber membrane, and covered with about 15 cm of
silt loam soil, The soil was compacted to a bulk
density of 1.4 g/cm? and seeded with a mixture of
K-31 tall fescue, Pennlate orchardgrass, reed canary-
grass and perrenial ryegrass (Martel et al. 1980).
When this study was begun in June 1981, the domin-
ant plants were reed canarygrass, quackgrass and
Kentucky bluegrass, with lesser amounts of tall fescue,
orchardgrass and barnyardgrass (Palazzo 1982).

Municipal wastewater from a small housing area
was given primary treatment and stoved in a concrete,
subsurface storage tank (Jenkins et al. 1981). While
the wastewater composition varied considerably from
day to day, typical values for total organic carbon (TOC),
biochemical oxygen demand (BOD), total suspended
solids, total nitrogen, pH and specific conductance
were 55 ug/L, 85 mg/L, 110 mg/L, 25 mg/L, 7.2, and
£00 umhos/cm, respectively. This primary wastewater
was gpplied to two ovetland flow prototypes (sections
A and B) from 2 June-11 December 1981 on a four
day per week, seven hour per day basis. Section C
was not used for this experiment. Waler not lost by
evapotranspimtion was collected at the base of the
slope in galvanized stecl tanks, its volume was




Figwe 1. CRREL overiand flow prototype.
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Figure 2. Diagram of CRREL overland flow system.

Table 2. Application rates of primary wastewnter and average detention times of

wastewster on the slopes.
Hydrauilic Detention time (min)
loeding rate Using maximum  Using centroid
Dates {emihr) Siope A Slope B Slope A Slope B

2 June-4 August 040 S0 85 60 119
5 August-16 October 0.80 35 50 46 67
19 October-21 October 1.20 - 30 - 36
28 Octobez-11 December 040 - 85 - 108
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measured by pumping through a water meter, and
it was discharged to the municipal Hanover sewer.
The hydraulic loading rate was varied during the
experiment from 040 em/hr to 1,20 cm/hr (Table
2)(0.12-0.50 m3/hr'm of width).

Determining average detention times

The average detention time ol wastewater on the
slope at each applicatic rate was determined at
hydraulic steady state by use of a sodium chloride
tracer. A pulse of tracer was added 1o the waste-
water as a “stug addition” to the distribution cham-
ber in the constant head weirbox, and the tracer
concentration in the runoft leaving the siope was
measured as a function of time (Martel et al, 1982).
The curve of tracer concentration vs time is known
in a reactor engincering as the € curve (Levenspiel
1972). An example of this type of curve is shown
in Figure 3. In a recent report Martel et al, (1982)
introducted the concept of a detention time to
correlate reaction rate data for overland flow sys-
tems. They assumed that the average detention
time of water on the slope was at the maximum of
the C curve, Figure 3 shows that the C curve is some-
what asymmetric. The average detention time s
at the “center of gravity” of the area under the C
curve, and because of the asymmetry, it is somewhat
greater than that of the C curve maximum.

To measure £ accurately, the entire C curve would
be needed and its center of gravity determined. The
C curves obtained for the overland flow stopes had
long tails, so it was impractical to obtain the entire
curve. Also, there was the possibility that tracer
was Jost on the slope. This makes it difficult to

determine the area under the C curve properly. espec-
ially under the long, slowly decreasing tail. There-
fore, the following expedient was used to estimate

I more realistically than by using the C curve maxi-
mum. It was assumed that diffusion and backmixing
on the slope could be modeled as a series of well-
stitred reactors. With this model an equation for the
C curve of the form

C:M C-Nr/; (1)
t T(N-1)

can be obtained (Levenspiel 1972). In this equation.
N is the number of mixed tanks in series and ¢ is
time. The term I(V-1) is the gamma function or
generalized factorial of M-1. A nonlinear least-
squares regression analysis was used to adjust the
parameters N and { in eq | 10 obtain the closest fit
possible to the experimental data, The best fit for
the data in Figure 3 was obtained with £ = 35.5 and
N=177. In this case, as well as in all the others
studied, ¢ is longer than the € curve maximum shown
in Figure 3. The higher the value of A, the less back-
mixing and diffusion is taking place on the slope.
Figure 3 shows that whilc eq 1 does a reasonably
good job of fitting the main part of the experimental
C curve. it does not fit the tail of the curve well. The
tail is caused by dead spaces on the slope, and a much
more complex model that takes this into account
would be required to fit the tail data,

Using this approach we calculated ¢ for each test
section at each application rate (Table 2). The value
of £ calculated from the peak of the C curve is also

CI™ {mg/L}

150 T T o] T r 7
—(
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Time (min)

Figure 3. Example of C curve used to determine detention time.
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given for comparison. The detention times calculated
trom both sets of data were always considerably
shorter for section A than for section B. Winter

frost action had caused channeling on slope A, re-
sulting in a short circuit and a shorter detention time.
For this reason. most of the data in this report were
collected on section B.

Addition of organics to wastewater

A stock solution of trace organics was prepared
by diluting the quantities of each substance given in
Table 3 (0 3 L with 1-butanol. Approximately 20
mL of this solution was added to the wastewater
storage tank each day, and the tank was stirred for
one hour prior to application. The primary waste-
water was spiked with these organics with each ap-
plication, whether samples were collected or not.
Since the storage tank holds approximately 5000 L
of wastewater, the amount of each substance added
brought the concentration in the storage tank to the
values shown in Table 3. From 28 October through
the end of the study, 0.5 mL of nitrobenzene was
also mixed with the spike solution and added on a
daily basis to the storage tank, resulting in an esti-
mated concentration of 120 ug/L. This was done to
determine if the poor removal efficiencies during
this period were due to the accumulation of sub-
stances applied since June or to seasonal effects.

As in an eatlier study (Jenkins et al. 1981), tol-
uene was present at detectable levels on a daily basis
in the primary wastewater used in this study. The
source of toluene in the waste stream is unknown.
Another substance that was not intentionally added
was also observed in the wastewater, but it was found
to originate from our stock solution. This substance

was subsequently found to have originated as an im-
purity in ihe bromoform and was identified as di-
bromachloromethane.

Field experiment at Davis

To confirm the results from the CRREL experi-
ments, a ficld study was conducted at the Davis,
California, overland flow system on 10 December
1981. The experiment was run in the test area used
by researchers of the University of Califoreia at Davis
to study the performance of the system using primary
wastewater. The air temperature at the time of the
study was 16°C (61°F).

The experiment at Davis was conducted on one
overland flow section measuring 25.6 m wide by 41.5
m long (Fig. 4). The soil at Davis is Clear Lake clay,
and the site was graded to a 2% slope. The dominant
plant species is tall fescue. The application rate used
for the study was 64.4 L/min, or 0.16 m3 /hrm of
width.

For the Davis experiment the organic stock solu-
tion described earlier was amended with nitrobenzene,
benzene and toluene. Approximately 120 mL of this
stock was dissolved in one gallon of methanol. and
the resulting solution was pumped into the wastewater
distribution line with a peristaltic pump at a rate of
10 mL/min. Wastewater spiked with these organics
was applied to the system for over two hours before
samples were collected. Westewater, runoff and sur-
face water samples were then carefully collected ina
manner similar to that used at the Hanover site, ex-
cept that the stainless steel tubing was not used.

The samples were immediately cooled in an ice
chest and shipped cold to CRREL. The volatiles were
analyzed and the other substances extracted within

Table 3. Quantities of organics used to prepare stock solution.

Estimated concentru-

Mass added  tion in storage tank

Substance Class {g) ug/L}
Chloroform Haloform 30.0 40
Bromoform Haloform 78.0 104
Chiorobenzene Haloaromatic 75.0 100
m-Nitrotoluene Nitroaromatic 75.5 10}
Naphthalene PAH 75.0 100
Phenanthrene PAH 75.0 100
PCB 1242 PCB 75.0 100
2-Chloroethylvinylether Haloether 75.0 100
Diethylphthaiate Phthslate ester 75.0 100
o-Chlorophenol Halophenol| 86.0 115
Pentachlorophenol - Halophenol 85.5 114
2,4 Dinitrophenol Nitropheno} 78.5 105




Figure 4. Davis, California, overland flow system.

26 hours after the samples were collected ; the meth-
ods for doing this will be described later.

The samples were analyzed for BOD, TOC, total
N and total suspended solids by Dr. Robert Smith
of the University of California at Davis using stan-
dard procedures.

Water sampling at Hanover

Samples of the applied wastewater, of the runoff
from the base of the slope, and from the surface at
various distances downslope were collected once
hydraulic steady state was achieved. Hydraulic
steady state was defined as the point when the run-
off rate had stabilized, usually within 90 minutes,

Three types of water samples were collected for
analysis. The first was used for analyzing for volatile
organics and was collected from the soil sutface by
placing a screw-cap test tube on the slope and allow-
ing it to fill directly (Jenkins et al. 1981). The tube
was filled to capacity, with care not to leave a head-
space, and was sealed with a teflon-lined cap. The
second sample was used for extraction and analysis
of the remaining less-voiatile organics. This sample
was collected in a 300-mL all-glass BOD bottle by
using the screw-cap, glass test tubes. The test tubes
and BOD bottles were carefully cleaned with Baker
Resi-Analyzed acetone before each sample was col-
lected. A third sample was collected occasionally in
a manner similar to the second, but the sample was
stored in a 1-L Naigene bottle. This sample was used
to anglyze for BOD, suspended solids, TOC and
nitrogen, and was collected by placing a 0.75-m

length of 0.5-in. o.d. stainless steel tubing on the

soil surface, elevating the downslope end slighdy.
and allowing the wacer to completely fill the Nalgene
bottle.

Water tempetature, air temperature and prevailing
weather conditions were recorded each time samgples
were collected. The average water depths at each
sampling location were estimated by measuring and
averaging the depths at three random points on the
Cross section. :

Water analysis

The toxic organics were divided inio four groups
for analytical purposes (Fig. 5). These are the vola-
tiles, the neutral electron-capturing substances, the
neutral noncaptusing substances and the electron-
capturing phenols. The volatiles were analyzed using
a Hewlett-Packard 5992 gas chromatograph-mass
spectrometer (GS/MS) equipped with an HP 7675A
purge-and-trap sampler (Jenkins ¢t al. 1981), A 60-
mL sample was purged with helium at 20 mL./min
for 20 minutes at room temperature. The eluted
volatiles were collected on a Tenax tube trap. This
tube was subsequently heated to 200°C for five min-
utes and the desorbed compounds directed onto a
Porapak Q column maintained at 90°C. The column
was then programmed from 90° to 210°C at 6°/min
with a helivm carrier flow of 10 mL/min. Substances
eluting from the GC column were analyzed using
selective ion monitoring (SIM) mast spectroscopy.
The substances analyzed in this manner, their reten-
tion times, and the ions wzed for each substance are
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Figure 5. Division of organics studied into classes by type of

analysis.

Table 4. Volatile o.ganics studied uging purge and trap

GC/MS/SIM.

lon monitored GC retention time

Valatile arganic (mfe)* {min)
Cnloroform 85 13.7
Benzene 78 15.3
Toluene 91 19.3
Tetrachloroethylene 166 19.0
Chlorobenzene 112 21.6
Bromoform 173 24,0
*Mass to charge ratio.

given in Table 4. An internal standard of either
benzene or tetrachloroethylene was added to each
sample prior to analysis to allow normalization based
on stripping efficiency and spectrometer perform-
ance. Quantitative data were obtained for each sam-
ple by comparing the results for each substance nor-
mulized to the internal standard with the similar re-
sult obtained when 1.0 L of the stock solution was
added to the 60 mL of well water and analyzed in an
identical manner.

The remaining classes of toxic organics were an-
alyzed by either gas chromatography (GC) or high-
performance liquid chromatography (HPLC) after
solvent extraction by the microextraction technique
(Rhoades and Nuiton 1980). The exiraction pro-
cedure was as follows, Each 300-mL BOD botile
was eraptied into an acetonesinsed, 530-ml glass
separatory funnel containing 93 g of NaCl (Fisher
Reagent Grade). The funnel was shaken to dissolve
the sait, and the pH was adjusted to 12 with SN

10

N2OH. A 10-ml portion of hexane (Baker Resi-An-
alyzed Grade) was then added to each BOD bottle,
the bottles were switled to rinse the glass walls, and
the contents were emptied into the separatory funnel.
A sample of 300 mL of weil water was treated in a
similar manner to serve as an snalytical blank.
Another 300-mL sample of well water, to which

1.0 uL of the organic stock solytion was added, was
also treated in this manner to serve as the quantita-
tive analytical standard.

The separatory funnels were then shaken on &
wrist-action shaker for 30 minutes, the phases allowed
to separate, and the water phases drained into ace-
tone-washed, 400-mL breakers. The hexane solution
and any emubsion present were drained into a 20-mL
scintiiiation vial, and the vial was placed in 2 freezer
overnight.

The separatory funnels were then rinsed with tap
water and acetone and drained before returning the
water solution. The pH was adjusted to 2 with a
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SN H, 80, solution, and 5 mL of hexane was added
to each. The separatory funnels were then shaken
again for 30 minutes and the phases separated. The
water was discarded and the hexane solutions saved
in 20-mL scintillation vials for phenols analysis and
placed in a freezer overnight.

Emulsions in the hexane phases the tollowing
mormning were broken by forcing the solution through
acetone-washed glagy wool packed in a dispnsable
Pasteur pipette. The resulting hexane solution was
dried by adding a small amour of anhydrous sodium
sulfate and was saved for analysis.

The tirst hexane extract corresponds to the neu-
tral fraction and was analyzed in two separate runs,
The first analysis was conducted by GC-ECD on a
Perkin Elmer Sigma 2 or Sigma 3 gas chromatograph.
A 2-uL subsample of the dried hexane extract was
injected onto an 8% OV17 column, the column tem-
perature progranuned from S0° to 250°C at 10°/min,
and the eluted components analyzed on an electron
capture detector (ECD). The injector and detector
temperatures were maintained at 200° and 300°C,
respectively, and the column flow rate was 25 mL/
min of 5% methane in argon. The substances ana-
lyzed in this manner and their GC retention times
under these conditions are given in Table 5.

Quantitative results were abtained by measuring
the peak height associated with each substance.

Peak heights obtained from the analysis of the blank
sample were subtracted on an individual basis. A
measurable blank was found often for diethyiphtha-
Iate and periodically for PCB. The peak height for
each substance in the standard was used to obtain a
response factor in units of mm per unit of concen-
tration to enable the peak heights to be converted

to concentrations in the water.

Table 5. Neutraks analyzed by GC-ECD on OV-17

and their retention times.

Substance GC retention time {min)
Dibromochioromethane 6.6
Bromoform 8.7
Nitrobenzene 13.1
m-Nitrotoluene 14,7
Diethylphthalate 19.9
PCB #1i* 22.6
PCB #2¢* 24.1
PCB #3* 251
PCB #4¢ 27.2
PCB #5¢+ 29.3

*Five psaks were summed for PCB 1242 analysis.

The first hexane extract was also analyzed on a
Perkin Elmer Series 3/LC-65T HPLC for naphthalene
and phenanthrene by injecting a 50-uL sample into
an LC-8 reverse-phase HPLC column (Supelco) eluted
with 5% methanol and 15% water. The flow rate
was 2.3 mL/min, and the eluted compounds were
determined on a UV detector operated at 270 nm.
The retention times for naphthalene and phenanthrene
under these conditions were 3.5 and 4.0 minutes. re-
spectively. The corresponding peak heights for these
substanices were measured for the spiked sample for
each day’s samples. and a response factor was ob-
tained in wnits of mm/unit of concentration. The
peak heights for these two substances in each sample,
minus any contribution from the blank, were con-
verted to concentration using these response factors,
The response for 2-chloroethylvinyl ether was oo
small to be determined accurately by either GC-ECD
or HPLL, so the results for this substance are not
available.

Phenols proved to be the most difficult of the
various organic fractions to analyze. Initially the
second hexane extract, corresponding to water ex-
traction at pH 2, was analyzed by GC-ECD using an
SP 1240 DA column (Rhoades and Nulton 1980).
The conditions used for analyses were as follows:
injector temperature, 235°C; detector temperature.
350°C; column temperature, 175°C; and flow rate,
20 mL/min of 5% methane in argon. Retention times
of 2.4-§ﬁnitrophcnol and pentachlorophenol obtained
in this way were 4.6 and 7.6 minutes, respectively.
O-chlorophenol could not be analyzed using these
conditions because of its poor response oa the ECD.
This technigque grve an excellent analysis for penta-
chiorophenol, but the results for 2, 4-dinitrophenol
were marginal because of an interfering peak that
could not be separated sufficiently. For this reason
and 10 measure o-chiorophenol we also tried an HPLC
method for the phenols, but we were unable to sep-
arate o-chlorophenol and dinitrophenol; hence all
data reported were obtained by GC-ECD.

The analyses of BOD, suspended solids, total ni-
trogen and pH were conducted according to standard
methods and are described in more detail by Jenkins
and Palazzo (1981). The total organic carbon anal-
ysis was performed on an Oceanography International
Corporation 0524 B Total Carbon System according
to the manufacturer’s directions. This method is
based on the persulfate oxidation method of Menzel
and Vaccaro (1964).

Amlytical precision
Tests were run approximately once a month to
estimate the analytical precision for each substance
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using the three analytical methods, These 1ests
were conducted on sepanute dayvs than the analysis
of authentic samples because of the time required
to conduct both the purge-and-trap analysis for
volatiles and the sequantial extraction procedure
for the other types of substances.

Determinations for both “'split samples™ and
“rep.icate sampies” were obained ot esiinaiing
the precision of the analysis alone vs the precision
also reflecting sample collection and sample vari-
ability over time. The results obtuned are presented
in Tables 6-8. In general the estimates ot precision
obtained from split samples were about the same
as from replicates. Thus most of the imprecision
seems to be associated with the analvtical methods
rather than with sampling.

For the neutral. less volatile organics (Table 6).
the analytical precision is estimated to be +10%
for all substances except PCB at all concentrations
and phenanthrene at low levels. The consistent,
relatively large imprecision associated with PCB was
because the response was divided among five sep-
arate, rather small peaks and because of the diffi-
culty in establishing the true baseline on a tempera-
ture-programmied ECD analysis. For low levels of
PCB and phenanthrene we estimate the analytical
precision to be £20% and £15% respectively.

For the volatiles analysis we estimate the chloro-
form and benzene data to be precise t» *10%. tol-
uene and chlorobenzene to #15% and bromoform to
+20% (Table 7). The precision for these substances
seems to be related to the retention time on the
Porapak column and may be a result of peak-broad-
ening effects for the later-¢luting substances such
as bromoform.

Although we had one large value for pentachlor-
ophenal, we estimate the overall analytical precision
for the two phenols to be about *15% (Table 8).

It is surprising that the precision is nearly as good
as for the less volatile neutrals, because two sequen-
tial extracts are required while only one is required
for the neutrals.

Soil and plant sampling and analysis

Grass samples from the overland flow prototypes
were collected for organics analysis at the three
normal harvests on 19 June, 4 August and 5 October
1981. Additional grass samples were taken for
analysis on 23 July and 2 September. The grass
samples were frozen in hexane- and acetone-rinsed,
glass canning jars and stored for lster analysis.

For analysis the grass samples were thawed, air-
dried for several days at room temperature, and
ground to pass through a 20-mesh siewe. After care-
ful mixing, a 5-g subsample was removed, placed in

13

a4 screw-cap test tube. und extracted by shaking with
25 mL of 5307 hexane, 3097 acctone solution (Tom-
son et al. 1781) for 30 minutes vn a wrist-action
shaker. The test tubes wera then centrituged ur 1000
rpm for 30 minutes, and 10 mL of solution wus re-
moved with a t0-mL pipette. The extructs were
placed in 20-mL scintillation vials and dried with
ailiydiuiis sodiin sulaic.

This extract was unalyzed directly for electron-
capturing neutrals by the same GC method described
in the water analysis section. Then the 1emaining
extract wus placed ina 500-mL separatory tunnel.
extracted with 300 mL of distilled water containing
93 g of NaCl, and adjusted 1o pH 12 with agueous
SN NaOH. A 10-mL portion of hexane was added.
and the separatory funnel was shaken for 30 min-
utes on a wrist-action shaker. The funnels were then
allowed to stand while the two phases separated.

The green color due to chlorophyll remained lurgely
in the organic phase. The water solution was removed
and the organic phase retained.

The separatory funnels were washed with tip
water and acetone and drained. and the water phase
was returned. The pH was adjusted to 2 with 5N
H,50,. 10 mL of hexane was added. and the funnels
were shaken for 30 minutes as before. The funnels
were then allowed to stand while the phases sepa-
rated, and the organic phase was 1etained fur phenols
analysis. The phenol fraction was concentrated using
a Kuderna-Danish evaporator and analyzed as de-
scribed in the water analysis section. The plant ex-
tracts were analyzed using standards carefully pre-
pared by dissolving the pure substances in hexane.

Soil samples from sections A and B of the over-
land flow protatypes were collected on 23 July. 2
September and 18 October. Soil samples from sec-
tion C, the untreated section, were also collected to
be used as an analytical blank. Soil samples were
kept frozen in glass canning jars until analyzed.

For analysis the samples were thawed and air-
dried for several days at room temperature. The
soil was ground with a mortar and pestle and mixed
carefully. A 5-¢ subsample of each soil was placed
in a screw-cap test tube and shaken on a wristaction
shaker tor 30 minutes with 25 mL of a 50% hexane.
50% acetone solution {Tomson et al. 1981). The
test tubes were then placed in a centrifuge at 1000
rpm for 30 minutes. A 15.mL portion of the clear
supernatant was carefully removed with a glass pi-
pette, placed in a 20-mL scintiliation vial, and dried
with anhydrous sodium sulfate. A 10-m}. portion
of the dried extract was then placed in a Kuderna-
Danish evaporator and the volume reduced 10 about
1.5 mL. This concentrated sample was then analyzed
in 2 manner similar to that describe. ‘or the less
volatile orpanics in the water analysis section.
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RESULTS

Organics removal at Hanover

Results of the analysis of individual water samples
ar¢ presented in Appendix A, The maximum. min-
imum and mean values for each organic substance
in the applied wastewater are presented in Table 9.
These data show that the applied concentrations
vaticd considerably from day to dav. probably be-
cause of varying degrees of volatilization and be-
cause of sorption on suspended matter and on the
walls of the storage tank. The extent of these proc-
esses depends on the amount of suspended matter
and the length of time between when the wastewater
was spiked and when it was applied. In addidon,
no attempt was made to ensure that the same volume
of wastewater was present in the tank from day to
day, and hence the volume in which these organics
were diluted probably varied significantly, In gen-
eral, though, the concentrations of these substances
ranged from about 20 to 70 pg/L. The sum of these
trace organics generally amounted to less than |
mg/L.

Three hydraulic loading rates were tested during
this study, 0.4, 0.8 and 1.2 cm/hr. Table 10 presents
the average runoff concentrations for each loading
rate. Two values are presented for the 0.4-cm/hr
rate, one for June-August and the second for Octo-
ber-December. In nearly every case, renoff concen-
trations increased with increasing loading rate. The
most striking example is diethylphthalate, where
the average runoff concentrations were 4.2, 21.5
and 683 pg/L at 0.4, 0.8 and 1.2 em/hr, respectively.

In overland flow, comparing the chunges in coa-
centration alone is not sufficient for calculating the

pereent removal because significant water loss occurs
by evapotranspiration. Table 11 presents the toual
amount of water applied to section B st cach appli-
vation rate. the total volume of water measured in
the runoff, and the percent lost by evapotranspira-
tion. At the 0.4cn/hr rate. about 54.6% of the
water was removed by evapotranspiration during the
summer. For the 0.8-cmn/hr rate, onlv abour 28 6%
was lost. The 1.2.cmfhi rate was onlv studied over

a period of three days. and a slight increase in vol-
ume was noted ., mainly a result of nearlv 2 cm of
rain over the period. When the 0. 4-cin-hr rate was
recstablished in the late fall, the water loss was only
2% 4% . because there was less plant transpiration

and evaporation than during the Julv-August period.

The average applied and runoff concentrations
and volumes were combined, and the mass removals
were calculated (Tanie 12}. At the G.4-cm/hr loading
rate in the siimmer, more than 94% of the mass was
removed {or cach of the organics tested. Even at this
loading rate, though. consistent differences from sub-
stance to substance were observed on a daily basis.
When the hydraulic lcading rate was increased. re-
moval decreased significantly for many of the sub-
stances, with the worst removal for 2 4-dinitrophenol
at 1.2 em/hr. On the other hand, the removal of
naphthalene was stili greater than 90% even at the
highest loading rate tested.

To determine the rate of removal for each sub-
stance on a daily basis, samples collected downslope
were analyzed and the concentrations plotted as In
C/C, vs residence time (Jenkins et al. 1981). The
residence time of each sample collected downslope
was ¢stimated from downslope distance. For exam-
ple, at the 0.4-cm/hr zate the total residence ume of

Table 9. Summary of water anslyses for applied wastewater.

Applied concentration (pgfl)

Substence Maxi Minimum Mean N
Chiloroform 58 17 a3 9
Toluene 64 2 19 8
Chiorobenzene ilQ 23 58 9
Bromoform 128 20 68 20
Dibromochloromethane 17 7 i1 B
m-Nitrotcluene 115 20 50 20
Diethyliphthaiate 109 29 63 19
PCB 1242 69 i9 37 2
Naphthailene 1R 32 63 14
Phenanthrone 89 20 45 13
Pentachlotopheno] 8z i3 39 15
2. 4-Dinjtrophenol 255 i8 7% ‘13
Nitrobenzene -] 48 113 5

-




Table 10. Summary of average runoff concenteations (pg/L) for each substance follow-
ing overiand flow treatment.

Average runoft concentralinn

0.4 cmfhr a4 cmfhr 0.8 cm/hr 1.2 ecm/fhr

Substance 1 June-4 Aug 28 Qct-11 Dec 5 Aug-16 Oct 19-21 Oct
Chloroform 23 2.4 20 -
Toluene 0.4 <d* - i
Chiorobenzene o5 1.4 032 - :
Bromoform 22 7.4 10.3 20.7 ‘ £
Dibromochioromethane - 0.5 1.0 1.6 5
m-Nitrotoluene 0.5 12.2 &9 228 i
Diethylphthalate 4.2 247 5 68.3 § {
PCB | 242 1.4 2.9 31 7.3 :
Naphthalenc <d 0.8 23 3.8 i
Phenanthrene 0.1 0.7 0.4 - ‘:
Pentachlorophenal 0.9 24 22 13.4 iH
2,4-Dinitrophenol 11.0 15.6 14.5 39.0 15
Nitrobenzene - 29.5 - - it

*Less than detectable level.

Table 11. Water volumes (L) applied to overland flow and volume of runoff.

Volume
0.4 cmfhr 0.4 cmjhr 0.8 em/hr 1.2 emfhr
Substance 1 June~d Aug 28 Oct~11 Dec 3 Aug-16 Oct  19-21 Oc:
Wastewaler applied 82586 36,325 124,700 15.664
Runoff (section B) 37495 26,013 89 008 16,728
Evapotranspiration (%) 546 284 28.6 6.8

Table 12. Summary of average removals {7 by mass) for each substance by overland flow.

Average removal

0.4 crnjhr 0.4 emfir 0.8 cm fhr 1.2 emfhr
Substance 1 June-4 Aug 28 Oct-11 Dec 5 Aug-16 Qer  19-21 Qct
Chioroform 97 95 9% -
Toluene >99 - >99 -
Chlorobenzene >99 97 > 99 -
Bromoform 98 9% 89 73
Dibromochloromethane >98 97 o4 84
nr-Nitrotoluene >99 86 87 57
Diethyiphthalate 9% ” 76 15
PCB 1242 98 92 95 o4
Naphthalcae >9 9 97 92
Phenanthrene >9% 98 99 -
Pentachiorophenot 9 94 97 44
2,4-Dinitrophenol 94 9 92 9
Nimobenzene - g1 - -

5




water applied to section B was found 1o be about
119 min trom chlonde wracer experuments. Fora
sample collected at half sfope. the residence time is
therefore estimated to be 59.5 mun. at quarter slope
it is 29.8 min, and so on, This procedure for esti-
mating residence times for samples collccted at var-
ious points on the slope was tested by conducung a
chioride tracer experiment. measuring the chloride
concentralion with ime n both the runofl gnd water
eollected at half slope. and ubtaining the residence
times from the centroid of the € curves as deseribed
earlier. The values deternrned for tull siope and
half stope were 33,5 and 16.5 min. respectively. in-
dicating that dic method used for estimating resi-
dence times isvalid.

When the concentrations tor each substance were
plotted in this way (In C/Cy vs residence time ), a
relationship. which generally appeared 1o be linear.

was obtained for .1l the substances tested in this
study. Examples are shown in Appendis B. When
the best-1it st.aight hines were obtained by feast-squares
techniques. an iptercept verv neur zero was fosnd m
all cases. with correlation coetticients generally ranging
from 2.4 10 0.99. Thus these empir:cal relationshaps
can he described by

c

in o~ =-At (=)
o

whete & is the slope of the best-iit straigh: ne and
Cp is the value of the concentration Cat r=0:in ow
case Cj ts the applied concentration. Equatior 2 iy
the integrated form ur the first<order rate luw

dC

dt

where K is the first-order rate coetficient (min-!).

- = —kC {33
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Figure 6. Rate coefficients vs average waler temperature.
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b aperimental values of & were deternuned in this

way 1o each substanee each day simples weie an-
alv zed ;s the vaues are presented i Appendin Table

A2 along vath the average water temperatures for
that dav. Depending on the substanee. hetween 3
and 21 individual determinations ot A were obtamed

at average water remperatures ranging from 257°C
e .
on 9 Julv to 2.57C on 2 December. When the ex-

penmiental rate coefticien s were plotted vs ot
temperature, the i pe of wehitionship shown i Fig-

ure 6 way ubtained.

In abl cases the vadue of & de-

creased as runoft temperatuies declined in the tall

and carly winter. Since the number of determma-
tions for each substance dirfered as weli as the dis-

tribution of these dererminations with respect o
runot? emperature, i1 would not be meanmetul

to compare the & values tor eacl substanye by sun-
ply averaging all the values obtained. Instead. for

moest of the substunces. we obtained the bestf

straight line from the plot of the individuat & val-
aes vs avelage water temperature and selved these
eyuations for the k value at 20°C. These values are
stunmarized in Table 1.3 along with the maximum
and minimum values and the number ot determin-
ations. For a tew of the volatile substances. such
as chloroform. toluene and chivrobenzene., insul-

ficient data were available to obtain the & value
for 20°C in this wav. For these substances the
k (20°C) values were estimated by averaging the

experimental values obtained for the summer

months (June-September). Values of k (20°C)

obtained in this way for other substances such as

menitrotoivene and dietn phthalate compared ta-
vorzhiy with values obtained trom the bestit fines
of A va average temiperatire.

The substance with the bighest & (20°Cyvalue
wis phienanthrene. followed by toluene. chiloroben-
sene and naphthalune s with removal rate coetticrents
ranging trom 0.077 10 0.056 min='. The substances
that were removed the slowest were nitrobenzene.
dinutrophenoland dietin iphthalate, with A (207C)
va' e ianging from OIN 0 0,022

Organics remosal at Davis

To deternune 1 the same hehavior would be found
on a full-scule svstem. a tield test was conducted at
the Davis, California, overlund tlow svsteny as de-
seribed in the experimental section. The results of
the water analbvses tor this test are presented in Tuble
14, Except fui diethvlphithalate the removals were
greater than 9077 by mass.

The relationships of In C/Cy vs residence time
for the various samples at Davis were linear for most
of the substances (Appendix Figs. BY and B10).
This indicates that the removal processes at Davis are
alsv governied by first-order kinetics, and the removal
rate coefTicients can be obtained {rom the slope of the
best-fit line, (Only data obtained from samples col-
lacted as tar downslope as 75 1t were used 1o calcu-
late rute coetficients. Samples collected farther down.
slope were obtained before the full detention time
on the slope was achieved.) The order of the rate
woefficients at Davis (ranked from fastest to slowest)
is very similar to that at CRREL (Fig. 7).

Table 13. Summary of experimental rate coefficients.

First-order rate coefficients (min=!)

Substanve Maximum  Minimum  K20°C)* N7
Chioroform** 0.047 0.017 0.030 9
Toluene** 0,127 0.024 0.070 8
Chlorobenzene** ¢.105 0.030 0.064 9
Bromoform 0,045 0.017 0.032 17
Dibromochloromethane 0,062 0.021 0.053 11
m-Nitrotoluene 0.062 0.007 0.030 20
Dicthylphthalete 0.031 0.006 0.022 19
PCB 1242 0.061 0.013 0,035 2]
Naphthaleae 0.084 0.029 0.056 15
Phenanthrene 0,131 0.027 0,077 14
Peutachlorophenol 0.052 0.009 0,036 15
2,+-Dinitrophenol 0.029 0.003 0.019 12
Nitrobenzehe 0.019 0.003 0018 5

¢ The value of k st 20°C from tinear best fit of experimental k values vs
aveiage water temperatuse, except when indiceted otherwise,

$ The number of individual determinations.

#&4The value of k (20°C) wag nbiained by averaging experimental k vaiues
obtained from Juns-September 1981.
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Ramoval Order (Davis)

Table 14. Results of water analyses for Davis field experiment.*

Concentrgtion Muss Remaval
. (g'l} __(mg) . Removal rare voejticient
Subsrance Applicd ‘Iv\“u_nnl]‘ ,-lpﬁlu'd Rl;’;ﬂ_f (. by omassi (min=!]
Chivrotorm 511 1.8 392 Ix.8 g6 8 0.012
loluene 70.7 0.7 820 T4 4991 (AVRF]
Benzene 78,6 1.3 911 18,5 98.3 0.015
Chlorobenzene 88.9 0.4 103] 8.7 942 0.018
Bromoform 187 4.8 2168 49, i 97,7 0.017
Dibromochloromethane 24.7 0.3 286 2.6 99 1 0.018
m-Nitrotoluene 144 3.6 1669 87.9 94,7 0.011
Dicthyiphthalate 107 54.2 1240 354.0 553 0.003
PCB 1242 98.9 33 1146 3.8 969 0.620
Naphthalene 179 27 2075 .2 Y87 0.020
Phenanthrene 149 1.2 1727 12.5 993 0.031
Pentachlorephenol 315 6.1 3654 61.0 98.3 0.013
2.4-Dinjtropheno] 238 156 2761 1560 94.6 0.009
Nitrobenzene 118 13.3 1368 13.6 90.1 0.008

assess the statistical significance of the rate coefficient data.

BT T T T T
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Remaval Order (CRREL)

Figure 7. Comparison of ranked order of removal
rate coefficients at CRREL and Davis,

At Davis we added benzene in addition to the
substances tested at CRREL. The results indicated
its rate of removal was lower than toluene, dibro-
mochloromethane and naphthalene und very similar
to that of pentachlorophenol.

Accumuiation of organics in soils and phants
As described earlier, soi] samples collected from

18

* The data from the Davis system were obtained only once (10 Dacember 1981), 50 it is not pussible to

the Hanover site were analyzed for organics as well.
Of those added. only PCB 1242 cunsistently accumu-
lated in the soil at levels above the background. In

a few instances pentachlorophenaol (PCP) wis also
detected above background levels. All of the other
substances were present at concentrations below a
detection imit of about 0.2 ug/g. The results for
PCB and PCP are presented in Table 15.

The soil frem sections A and B had detectabie
levels of PCB in all cases, with values ranging from
0.37 to 4.87 ug/g. While there is little consistency
from location to location, there is a clez. tendency
toward larger accumulations with time. Of the sam-
ples cellected on or before 2 Septembar, no values
over 1.21 ug/g were found. For the samples collected
on 12 October, a number of samples had values greater
than 3 ug/y. Soil samples from section C (the control
area), on the other hand, showed no detectable PCB,
No application of wastewater containing these organ-
ics was made to section C, so these analyses serve as
an analytical blank,

Sampies of plant tissue from the two treatment
sections (A and B) and the control section (C) were
analyzed to determine to what extent these sub-
stances had accumulated. Only PCB was found at
measurable concentrations, although analytical dif-
ficulties prevented nieasurement for dinitrophenol
and pentachlorophenol. For the treatment areas,
concentrations of PCB ranged from <0.04 to 0.85
ug/g on an sir-dried plant material basis (Table 16).
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Table 15. Concentration of PCB 1242 and pentachloro-
phenol (PCP) in soil samples.

Sample

Concentration (ug/g)

Slope B (upper)
Slope B (lower)
Slope A (lower)
Slope € (upper)
Slope C (lower)
Slope B {lower)
Slope A (upper)
Slope B (1/8 slope)
Slope B (1/4 slope)
Slope B (1/2 slope)
Slope B (3/4 slope)
Slope A (1/8 slope)
Stope A (1/4 stope)
Slope A (1,2 slope)
Slope A (3/4 slope)
Slope €

Date collected PCB PCP
23 July 81 0.37 <d*
23 July 81 1.19 <d
23 July 81 0.54 -
23 July 81 <d -
23 July 81 <d -

2 Sept 81 1.21 -

2 Sept 81 1.09 -
12 Oct 81 0.58 <d
12 Oct 81 4,24 073
12 Oct 81 1.89  0.07
12 Oct 81 3.06 <d
12 O¢1 81 1.87  <d
12 Oct 81 4,58 <d
12 Oct 81 4,87 <d
12 Oct 81 0.61 <d
12 Oct 81 <d <d

* Less than detection limits estimated at about 0.2 ug/g for
PCB and 0.0% ug/g for PCP,

Table 16. Concentration of PCB in plant samples.

PCB concentration (ug/g)
4 Aug  2Sept 35 Oct

Sample

Section A (upper) 0.14 0.04 0.20
Section A (lower) - <d 0.85
Section B (upper) 0.13 0.13 0,22
Section.B (lower) 0.07 0.06 0.08
Section C (upper) <d* <d -
Section C (lower) < - -

* Less than a detection limit estimated at 0.03 ug/g of
air-dried plant material.

DISCUSSION

Removal from solution

The results from the water analyses at both the
CRREL and the Davis overland flow systems show
excellent removal of most of the organics applied.
In addition, when we order the substances accord-
ing to the magnitude of their experimental rate co-
efficients for removal from solution, the orders are
nearly identical for the two sites (Fig. 7). In both
cases the four substances removed at the greatest
rate were phenanthrene, toluene, chlorobenzene
and naphthalene, while nitrobenzene and diethyl-
phthalate were removed the slowest, This consis-
tent behavior at both sites seems to indicate that

the same mechanism or mechanisins are operating
and that the relative removal rate depends on some
property or properties of the specific substance.
Since the same removal order was observed at the
CRREL site, where these organics were applied
every day, and at the Davis site, where they were
applied only once, removal from solution does not
seem to be associated with an adaptive process, as
one might expect if the development of an acclima-
tized microbial population was a predominant mech-
anism.

There are ¢ number of mechanisins that could be
operating to remove these organics from solution,
including volatilization; sorption on surface soils and
vegetation; and sorption on suspended material fol-
lowed by sedimentation, biodegradation, chemical
hydrolysis or photodegradation. Earlier work (Jen-
kins et al. 1981) shows that volatilization seems to
account for some portion of the removal, at least
for the most volatile substances such as toluene,
chloroform and chlorobenzene. On the other hand,
sorption on surface soils was not eliminated as a sig-
nificant removal process, even for these very volatile
substances. While the other mechanisms probably
do occur to some extent, the solution is present on
the siope for only a relatively short period, 36-119
minutes on the average (depending on the application
rate) for the CRREL system, and the rates associated
with most of the other mechanisms are expected 10
be too low to account for the observed removal rates.




Bulk Gas Phase
{complately mixed)

Ges Film M/

2~

Liquid Film

Bulk Liquid Phase
{completely mized)

Figure 8. Hlustration of the rwo-film theory.

Two theoretical approaches have been taken in
dealing with the transfer of volatile substances
across the air/water interface (volatilization). These
are the two-film theory developed by Whitman
(1923) and the penetration theory. Of these the
two-film theory has received the greatest attention
and has been the most successful in matching exper-
imental results on transfer of gases across the air/
water interface (Dilling 1977, Smith et al. 198i.
Rathbun and Tai 1981). In this theory, two ficti-
tious films are assumed to exist at the gas/liquid in-
terface, one gas and the other liquid (I'ig. 8). These
films are assumed t0 be stagnant and to exert all the
resistance to transfer across the interface. The bulk
phases above and below these films are assumed to
be well mixed. Equilibrium is assumed (o exist at
the interface, and diffusion across the liquid and
gas films controls the rate of mass transport.

Since all the resistance to transfer is assumed 10
occur in the films, the total resistance R is the sum
of the resistances of the liquid and gas phases:

Ry =R, +Rg )

where R, is the resistance across the liquid film and
R is the resistance across the gas film. Caleulating
the total mass transfer thus requires summing the two
individual resistances, which can be considered to be
reciprocals of thetr conductivities (Mackay et al.
1979).

1 1
Rp= &+ RG=[‘€3 (5)

where K| and K are the conductivity lenms and
are the liquid-phase and gas-phase transfer coeffic-
fents, respectively. Thus the total resistance Ky to
mass transfer can be expressed as

1 1
i\':: + ITG . {6)
Using Liss and Slarer’s (1974) values for air/sca ex-
change of CO, and H,0 vapor and assuming that in-
dividual phase transport coefficients are proportional
to the reciprocal of the square root of the molecular
weight (M~1/2), Dilling (1977) developed a relation-
ship for the total mass transter coefficient for vol-
atilization (K ;) in units of cm/min:

221.1

K
+ lO()‘O) M2

{7)

voi = (1.042
H

where H is the Henry's law constunt (in dimensionless
units). The half-lives for a series of volatile chloro-
carbons in solution calculated with this equation
matched experimental values obtained in a laboratory
1est quite well (Dilling 1977). But, as pointed vut

by Dilling. the match was rather fortuitous since the
transport coefficients are a function of turbulence in
both air and water pliases, which were simulated only
by mechanical stirring in the lab but are produced

by wind and wave action in the ocean.

Experimentally determined haif-lives were coin-
pared with those obtained using eq 7 for a number
of volatile substances on the CRREL overland flow
slope {(Jenkins et al. 1981). The results did not match
the calculated values but were longer by a factor of
about 2-3 for most substances tested. This was ex-
plained by incomplete mixing, «ince the Revnolds
numbers for this system ranged from 100 to 400,
indicating relatively nonturbulent conditions,

Since all of the substances tested in the previous
study were quite volatile (as measured by their Henry’s
constants), the removal rates of mugch less volatile
substances were unknown. Experimental results




from the current study for much less volatile sub-
stances such as phenanthrene. PCB and pentachloro-
phenal indicate removal rate coctficients very sim-
ilar 10 those tor some of the most volatile substances
such as toluene, chlorotorm and chlorobenzene.

Since the Henry's constant for these less volatile
substances are one to three orders of magnitude
lower. their removal is not predictable using the
volatilization model aione.

Studies conducted on other types of tand treul-
ment systems. particularly rapid intiliration, show
that the movement of organics through soils is re-
tarded by sorption on soil organi¢ matter (Wilson
et al. 1981). In rapid infiltration the transport of
these substances through the soil has been found to
be predictable, assuming that equilibrium is achieved
with the soil organic matter. In rapid infiltration
the downward velocity of witer wiil generally be
less than 10-3 ¢m/s, a value at which Schwarzen-
bach and Westall (1981) found excellent agreement
between partition coefficients obtained from col-
uinn studies and batch experiments. At velocities
above 10-2 emyfs, however, Schwarzenbach found
that transport became affected by slow sorption
kinetics. For averland flow the average velocity of
water actoss the surface and in contact with soil
organic matter is on the order of 0.1-1.0 ¢m/s,
which is {0-100 times greater than the cutoff point
for equilibrium given by Schwarzenbach. Thus the
movement is much too fast for equilibrium to be
established.

The amount of organic matter at the surface of
an overland flow system, however, is probably much
greater than for the other types of land treatment.
Peters et al. (1981) found the surface layer of suil
at their site had a Kjeldahi-N concentration as high
as 20,000 ug/g after three ycars of operation, If
this is mainly organic-N and there is a ratio of about
20 between organic-C and organic-N, the organic
carbon content is about 20%. This large accumula-
tion of organic matter on the surface is consistent
with visual evidence from the CRREL system and
other systerns that have been in operation for at
least several months and may be similar in character
to the organic slime that develops on an operational
trickling filter. Thus, while the time for sorption is
rather short compared to other systems, the surface
encountered by the solution in an overland flow
system is largely organic in nature.

The substances studied on the CRREL system
were ordered according to the magnitude of their
experimental first-order rate coefficients k (20°C),, ,
and tabulated along with literature values for the
molecular weight M, the octanol-water partition

coefficient K, and the Heary’s constant 4 (Table

e e ame o Yo Yo

17). Table 17 shows that. in general. substances
having Jow removal rate coeftivients had relatively
low values of both K and //_ while substances
with larger rate coetficients had either a high K| .
or a moderate K, and a high #. When the removal
rate voefticients are plotted as a tunciion of log K
(Fig. 9). a goud linear relationship is obtained for
many of the substauces tested. Compared to this re-
lationship. the experimental rate coetficients for
toluene and chlorobenzene. and to a lesser extent
chloroform. are too high, This result is consistent
with additional removal by volaiilization tfor these
substances. The eapcrimental rate coefticients fon
PCB and PCP. un the other hand, are too low, a re-
sult expected because these two substances were
found to accumulate on the soil, and resolubilization
should be possible. This implies thai the rate of re-
moval mnay be predictable using these two mechan-
isSms: sorption on organic surfaces and volatilization,
The overall removal rate coetficient k4 could there-
fore be expressed as the sum . two components:

R i S

g

(8)

kT = ksnrh tk

vol

where &, and k_, are the rate coefTicients for
volatilization and sorption, respectively. The rate co-
efficient k s refated to the transfer coefficient K by
ko = 5'_1' = .A_V.?I_ + é_so_rh_ )]
T d d d

where d is the solution depth in cm and K, and
K o rp are the transfer coefficients for volatilization
and sorption, respectively. In the CRREL experi-
ment the average solution depth on the slope was
about 1.2 em.

We attemnpted to model the Joss rate observed ex-
perimentally versus that predicted using volatilization
and sorption. To do this we assumed that the total
removal rate coefficient was the sum of the volatili-
zation and sorption terms, as described in eq 8.
Solving for the volatilization portion by combining
eq 7and 9, we have

"vu:=}{' — 211 (10)
(T + loo.o)Mlﬂ
Rearranging this equation we have
1 2ONH ) an r

k - .
vl d (001042 + H) M2

Since the values of the constants 2.211 and 0.01042
are only appropriate for the well-stirred condition
at the air/sea interface and the experimental sysiem
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Figure 9. Removal rate coefficients (20°C) vs K.

used by Dilling (1977), the equation was generalized
as:
H

NS : S 12
TRy (2

&| 5

vol ™~

where B, and B, are coefficients specific to an over-
land flow system.

From a kinetic point of view, sorption is analo-
gous to volatilization in that interphase transport
OCCUrs across a water/soil interface. The same types
of assumptions can be made about transport across
this interface as were made for the two-film theory
for transfer across the air/water interface. That is,
two stagnant films can be assumed to be present on
cither side of the interface, with the resistance to
sorption being the sum of the individual resistances
of the separate films. Again equilibrinm is assumed
to be present only right at the interface, and trans-
port across the interface is controlled by diffusive
properties. The equilibriwm at the interface can be
assumed to be proportional to the octanol-water
partition coefficient K, . since this constant has
been shown to be proportional to the actual parti-
tion coefficient for water and soil organic matter
(KarickhofY et al. 1979). For all these substances
except PCB and PCP, soil analysis indicated that the
substances were not accumulating with time. Thus,
for these substances the back reaction, desorption,
shouid not be important and the kinetic approach
should be valid.

If we assume that the sorption term has a form
similar to the volatilization term, then

By Koy

k _—
d (BA +KOW)M”2

(13)

sorb

By combining eqs 8, 12 and 13 we can express the
1o1al rate coefficient as

k = EI_ N .—;_I-I___._
Tld @, +m mn
. [5’3 . Kow
4 (B, +K, )MnR
Using a value of 1.2 ¢m for d and the values for M,
H.K,, and k(20°C),, , from Table 17 for each sub-
stance, we subjected ¢q 14 10 a multiple regression
analysis to determine the best values for the coeffi-
cients B,, B,, B, and B,. When this was done. using

nine of the substances in Table 17, the following
equation was obtained:

Ky (20%)= {0.2563 . H ]

@19

d (5.86x 10-$41) pin2

Koo
+ r0.7309 . aw . (S)
[ 4 ansk, a0n

The residual root mean square for lack of fit was
3.3x10°3.

The total predicted values for k(20°C) and the
volatilization and sorption components, as well as
the experimental values for (20°C), are given in




Table I8, Experimental and predicted values for the removal rate coefficient

k on CRREL system using eq 16.

k(20°c)e
Predicreds
Suhstance Experimenial Total Volatilization  Serprion

Phenanthrene 0.077 0.046 0.00) 0.045
Toluene** 0.070 0.067 0.020 0.047
Chlorobenzene** 0.064 0.062 0.016 0.046
Naphthalene 0.056 0.057 0.007 0.05n
Dibromochloromethane 0.053 + tt T+

Pentachloropheno! 0.036 0.037 <0.001 0.037
PCB 1242 0.035 0,042 0.004 0.038
m-Nitrotoluene 0.03¢ 0.034 0.002 0.032
Bromoforin 0.032 0.027 0.007 0.020
Chloroform** 0.030 0.036 0.016 0.620
2.4-Dinitrophenol 0,019 0.008 < 0,001 0.008
Diethylphthalate 0.022 0.020 <0.001 0.020
Nitrobenzene 0.015 0.017 <0.001 0.016

*Values obtained from best fit line or plot of individual experimental k vatues for various

averape walter (emperatures.

1Predicrions from ey 15 and values in Table 17.

**Lxperimental values for these substances were obtained by averaging k values obiained

from june-September.
++Data not available for prediction.

Table 18. The four substances not used to obtain
the coefficients for this model were PCB, dibromo-
chioromethane, phenanthrene and dinitrophenol.
Dibromochloromethane could not be used since we
did not find values of / and K, in the literature.
The experimental value for PCB was not used since
it was found to accumulaie in fairly large amounts
on the soil with time, so the back reaction (desorp-
tion) may be reducing the rate coefficient measured.
The values of phenanthrene and dinitrophenol were
used initially, but most of the residual sums of squares
due to lack of fit in the original tests were for these
substances. For phenanthrene the predicted vulue
was much lower than measured, possibly because an

additional mechanism was operating for this substance.

For example, Mill et al. (1981) found that some poly-
nuclear aromatics undergo rapid photolysis in water.
This additional mechanism could account for the
larger-than-predicted experimental rate coefficient
for this substance. Dinitrophenol was alsc found to
be removed much faster than predicted. This sub-
stance, however, is a fairly strong acid with a pK, of
4.09. Thus, in neutral solution, it will exist predom-
inantly in the dissociated form. Removal of this type
of substance is not considered in this simple model,
and hence it was not used to obtain the coefficients
foreq 15,

In general the fit is excellent for most of the sub-
stances (Table 18). The low experimenital values ob-
tained for PCB may be a result of accumulation on
the soil organic matier. The low experimental value
for chloroform may be due to some additional pro-
duction of chloroform on the slope, from reaction of
residual chiorine or hypochlorite with organic matter,
or from degradation of larger chlorinated organics on
the slope. When the total predicted value from eq 15
is divided into its two components, sorption and vol-
atilization, sorption predominates, even for the most
volatile substances (Table 18). For toluene, the sub-
stance with the highest Henry’s constant tested, 707%
of the total predicted removal from solution is due
to sorption and only 30% due to volatilization.
Equation 15 predicts that chloroform has the high-
est percentage of its total removal rate due to vol-
atilization (44%) of all of the substances tested.
These results are contrary 1o the conclusion postu-
lated in an carlier experiment where only very vola-
tile substances were studied {Jenkins et al. 1981).
However, the values in Table 18 refer only to direct
loss from the moving solution. Subsequent volatiliza-
tion of substances originally sorbed probably removes
a significant amount of very volatile substances such
as toluent and chloroform.

haw




From eq 15 volatilization also accounts for greater
than 9% of the predicted removal rate tor chloroben-
zene, bromotorm, naphthalene and PCB. Direct
volatijization from sojunon is predicied to be insig-
nificant for the remaining substances. which all have
H values less than 10-% atinos m?/mole.

Equation 15 also predicts a lgher rate of sorp-
tion for naphthalenc than for pentachlorophenol
(PCP). even though the K, . for PCP is uver 50 times
greater. This is due 1o naphthalene’s much lower
molecular weight, which increases its molecular dif-
fusivity relative 1o PCP. In fact. raphthalene had a
significartly higher experinental k(20°C) value than
PCP (Tuable 18).

Effect of temperature on removal rates

The model developed in the previous section (e
15) described the rate of removal of an organic sub-
stance from solution as a function of the Henry's
law constant, the octanol-water partition coetficient
and the molecular weight. Changes in water temper-
ature can be expected to affect this removal rate in
several ways, The value of # strongly depends on
temperature, as illustrated by toluene, which has an
H of 5,15x 10~2 atmos-m?/mole at 20°C but only
2.02x 10-3 atmos-m?/mole at 0°C (Leighton and
Calo 1981). Thus the magnitude of volatilization is
expected to decrease as temperature declines.

Information on the magnitude of K, as a func-
tion of temperature is generally not available for
these substances. Some preliminary information
gathered in this laboratory indicates that K, may
increase by as much as 50% in going from 20° to 0°C.
This is a further indication that mass transport and/

Both the volatilization and sorption ternms were
developed using the two-tiim theory of inierphase
wansport. From Fiek's Law  diffusion is proportion-
al o molecutar diffusivity D The etfect of temper-
ature on values of diffusivity can be esuniated trom
ey 16 (Thibodeaux 1979

v

T,u
DuT,=De T,(Tl‘“") (o)

where T, and T, are the various temperatures ('K}
and u, und g, are the values of viscosity of water
as these temperatures. If we assume some value toy
diffusivity at 20°C. we can caleulate the dittusivin
at 2.5°C using ¢q 16 and thereby determine the
relative change in the magnitude of diffusion one
would expect. From this effect alone. (he removal
rate constant at 2.5°C should be only about $7%
of that at 20°C.

Experimental removal rate coetficients were ob-
tained 2t an average water temperature of 2.5°C on
2 December: these values and the k£(20°C) values
are presented in Table 19. Values of k(2.5%) were
lower than k(20°C) values for all substances tested.
with the ratio of £(2.5°)/k(20°) for chlorotorm.
toluen¢ and chlorobenzene were 0.70. 0.31 and
0.47, respectively. The mean value of these three
substances is 0.49. a value comparable to that for
the less volatile substances. Based on these results.
eq 15 can be moditied to predict removal rates at
temperatures other than 20°C:

XGT 2" l.0019) B, 1,
3 - = -
ST | PRV YN

or biodegradation, rather than equilibrium, centrols B K
the removal rates, since rates decreased with temper- + { 3. ow RER
ature. d-M2 Ko +84)
Table 19. Comparison of experimental removal rate coefficients
at 20° and 2.5°C.
Rate coefficients (min~!)
Substance k(20°C)  k(2.5°C}  k{2.5%)/k(20"}
Phenanthrene 0.077 0.027 0.35
Toluene 0.070 0.022 0.31
Chlorobenzene 0.064 0.030 047
Naphthalene 0.056 0.029 0,52
Dibromochloromethane 0.053 0.021 0.40
Pentachlorophenol 0.036 0.027 0.75
m-Nitrotoluene 0.030 0.012 0,39
PCB 1242 0.035 0013 0.37
Bromoform 0.032 0.016 0.50
Chloroform 0.030 0.021 0.70
2,4-Dinitrophenol 0.019 0,010 0.53
Diethylphthalate 0.022 0.006 0.27
Nitrobenzene 0.018 0.007 0.39
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where Tz.l.l2 and H, are the runotf temperature
(°K). viscusity at T, and Henry’s law constant at
T,, respectively, and 293 and 1.0019 are the temper-
ature and viscosity of water at 20°C.

Model validation using data from the Davis site

To test the relationships developed on the CRREL
system. an experiment *vas conducted at the Davis,
California, overtand flow site on 10 December 1981.
The average water depth on: the Davis site was esti-
mated at 2.3 cm by making a number of measure-
ments at various locations. The average water tem-
perature was 16.5°C on the day of the study. and the
average detention time was estithated to be 240 min-
utes. The detention time was harder to determine
than at the CRREL site because of a much longer
detention time and higher background chloride con-
centrations.

The predicted removal rate coefficients for the
13 substances studied at CRREL plus benzene are
given in Table 20, along with experimental values.
The valucs were predicied using eq 17 for a total
slope detention thine of 240 minutes and an estimated
water depth of 2.3 cm. The viscosity of water at
16.5°C was estimated to be 1.095 N-s/m, and the
Henry’s law constants for toluene, benzene, chloro-
benzene and chloroform were estimated at 442x10-3,
3.71x10-3,2.32%10-3 and 2.66x10-3 atmos'-m/
mole, respectively, using the best-fit relationships
developed by Leighton and Calo (1981). Values of
H for the other substances were estimated to be 75%
of their values at 20°C. Values of K, were assumed
to be the same at 16.5°C as for 20°C.

The experimental rate coefficients ire quite sim-
ilar to those predicted using eq 17 and the coeffic-
ients for 8,. B, . B, and B, ubtained on the CRREL
system. As found at CRREL, the experimental
values for phenanthrene. broinoform and 2.4-dini-
trophenol are somewhat higher than predicted. All
the other values are either the same or siightly lower
than predicted, with the largest deviations found
for the maost volatile substances.

The low results for those substances that are pre-
dicted to volatilize may be because the water is much
deeper at Davis than at CRREL. The increased water
depth probably decreases the surface area of the
air/water interface available for gas trunsfer, since
much of this surface area in the shallower CRREL
system seems to be associated with plant debris and
surface irregularities, which are mostly submerged
at the Davis system. Lower rates of volatilization
may also be attributed to decreased turbulence
associated with the longer detention time on the
Davis system. The increased depth, on the other
hand, should nou significantly affect the surface
area of the water/soil-organic-matter interface, and
the actual rate coefficients for those substances pre-
dicted to be removed predominantly by sorption
are close to the predicted rate coefficients

Final removal processes

The kinetic relationships described above only
represent removal from the moving solution. Vola-
tilization is a terminal removal process, at leasi with
respect to the overland flow system. The propor-
tion of removal due to direct volatilization from

4
1
Table 20. Experimental versus predicted remaval rate coeffic-
ients for the Davis site.
Rate coefficient {min~! ) at 16.5°C
Substance Experimental Predicted
Phonanthrene 0.031 0.022
Toluene 0.018 0.032
Chlorobenzene 0.018 0.029 %
Naphthalene 0.020 0.026
Dibromochloromethanc 0.018 . R
Benzene 0.015 0.024
Pentachlorophenol 0.013 0.018
m-Nitrotoluene 0.011 0.015
PCB 1242 0.020 0.020
Bromoform 0017 0.012
Chiocroform 0.012 0.017
2, 4-Dinitropheno} 0,009 0,004
Diethyiphthalate 0.003 0.009 ?
Nitrobenzene 0.008 0,008
*Data not svailsble.
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solution, however, appears to be small, even for the
most volatile substances (Table 18). Thus, the bulk
of the initial removal from solution seems to be due
to sorption.

Sorption, however, is not an infinite sink for these
organics. In overland flow the solution comes in
contact with only a relatively small surface area, be-
cause ynovement occurs rapidly with little penetra-
tion ipto the soil. Thus, if these substances accumu-
late on the surface with time, desorption may reduce
the net removal rate. This may have been what hap-
pened with PCB. If these substances are applied long
enough. removal shouid cease when the rate of de-
sorption equals the raie of sorption.

To deterimine if these substances would accumu-
fate with time, soil samples were collected periodi-
cally at the CRREL site. Except for PCB,and to a
lesser degree PCP, the substances did not accumu-
late. For most of these substances, then, some addi-
tional removal mechanism or mechanisms must be
operating once the substances are sorbed: the mosi
likely mechanisms are biodegradation and volatiliza-
tion from the soil surface. Because pentachlorophenol,
which has a lower H than PCB, accumulated to a
much lesser degree than PCB, processes other than
volatilization niust be removing some of the pre-
viously sorbed organics from the soil. In fact, of
the twelve substances tested, eight had H values sim-
ilar to or less than that of PCB, and none were found
to accumulate significantly.

Biodegradation is difficult 1o model at these levels
of trace organics. Biofilm models have been devel-
oped for treating primary substrates of bacterial
metabolism (Williamson and McCarty 1976). Rubin
et al. (1982) and Subba-Rao et al. (1982) found
that the kinetics of mineralization, the extent of
assimilation, and the sensitivity of mineralizing pop-
ulations to severai organic compounds (phenol, ben-
zene, benzylamine, aniline and 2 4-dichlorophenoxy-
late) are different at trace levels than at higher con-
centrations, both in freshwater and sewage. They
found, for example, that the rate of phenol miner-
alization was a linear function of concentration at
Jevels below 1 ppm, fell off between 1 and 100 ppm,
and was again high at levels above 100 ppm. They
attributed this to the activity of two kinds of organ-
isms: oligotrophs, which are active at lower concen-
trations, and eutrophs, which are active at higher
concentrations. Oligotrophic organisms are able 1o
live under conditions of very low carbon flux (less
than 1 ppm/day) and require a lower minimum sub-
strate concentration than eutrophs, although their
maximum growth rate is also lower (Kobayashi and
Rittmann 1982). Rubin and his coworkers found
from '#C labeling that thess oligotrophs asimilated
little or nane of the carbon. This co-metabolic type

of metabolistn may occur because oligotrophs fre-
quently possess several inducible enzyine systems
and are able 1o shift metabolic pathways and use

mixed substrates (Kobayashi and Rittman 1982).

Because of the low concentrations of organics
added to the wastewater in this study, degradation
by oligotrophs scems plausible. Rubin et al. (1982)
also found that mineralization was enhanced in
waters with higher nutrient status. Specifically they

found greater activity in sewage than in lake water.
Finally oligotrophs apparently prefer an attached
rather than a free-living existence and are usually
found living in biofilms (Kobayashi and Rittmann
1982). Al of these factors lend credence to the
idea of biodegradation by organisms associated with
the nutrient-nch organic layer covering the overland
flow slope following initial sorption from the moving
water.

A biofilm model, similar to that of Williamson
and McCarty (1976), is analogous to the two-film
approach adopted here. with the rate of metabolism
high enough to assure essentially no background at
some distance into the film. This assumption was
possibly violated only for PCB in the present case.
If biodegradation accounts for al} the secondary re-
moval observed following sorption, the maximum
biodegradation rate coefficient would only have 0
be 0 0167 min-1, or one-third of the maximum
observed removal rate, because wastewater was only
applied 8 hours per day.

Another possible secondary removal mechanism
is plant uptake. Analysis of plant tops for PCB
following wastewater application yielded the results
shown in Table 16. None of the other trace organics
added was found, with the possible exception of
pentachlorophenol, which could not be determined
because of analytical interferences. This was not
surprising, since no detectable residues remained in
the soil either.

Uptake and translocation of PCBs have also been
observed in other plant-soil systems (Mrozek et al.
1982). However, the relative amounts translocated
are apparently species-specific {Strek 1980), and
negative results have also been reported (Davis et al.
1981). The preferential uptake of the PCB isomers
with lower molecular weights (Mrozek et al. 1982)
is expected because of their higher water solubility.
In this study we observed enhancement of the heav-
ier isomers, suggesting some metabolic alteration of
the lighter isomers by the plants or soil (Strek 1980).
However, the low rate of accumulation in the edible
plant parts suggests that there is no problem with
food chain transfer. since biomagnification factors
(concenirations in plant tissue compared to concen-
tration in water) were close to |,
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SUMMARY AND CONCLUSIONS

1. Overiand flow was found to be an effective
process for the remaoval of trace levels of a variety
of organic privrity pollutants from municipal waste-
water, The extent of removal was found to be a
function of the application rate or the average deten-
tion time of a wastewater on the overland flow slope.

2. The rate of removal of these substances from
the moving solution followed first-order kinetics for
all the substances tested, while the firsi-order rate
coetficients obtained varied significantly from one
substunce to another.

3. The magnitudes of the rate coefficients ob-
tained for 13 substances were consistent with two
transport-limited, competing, first-order processes:
sorption on soil organic matter and volatilization.
Equations were dew. 'oped for each process at 20°C
using the two-film resistance theory and the coeffic-
ients obtained by multiple regression analysis using
the experimental values from the CRREL system.
The resulting model allows the prediction of removal
rate coefficients for a specific organic substance
using its molecular weight, its octanol-water partition
coefficient and its Henry’s law constant.

4. Of the 13 substances tested, PCB, and to a
lesser extent pentachlorophenol, accumulated on
the slope. Thus, if sorption accounts for most of
the removal from solution, some additional mech-
anisms must be operating once these substances are
sorbed on the soil surface. These mechanisms are
thought to be biodegradation and vohtilization.

S. Except for PCB, none of these organics was
detectable in the grass collected from the site.

6, The removal rate coefficients depended on
temperature. The model was extended to aliow pre-
dictions at water temperatures other than 20°C.

7. The model developed with data from the
CRREL system was tested at the Davis, California,
municipal overland flow site. The experimental rate
coefficicnts obtained for 13 substances were very
similar to those predicted.
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APPENDIX A. EXPERIMENTAL OVERLAND FLOW DATA, HANOVER.

Table Al. Results for 23 June 1981 through 10 December 1981.

The types of znalysis are: a) purge and trap GC/MS/SIM, b) solvent extraction (pH 12) GC/ECD, ¢) solvent
extraction (pH 12) HPLC, UV, d) solvent extraction (pH 2) GC/ECD. The concentration data are for the

indicated fractions of the distance down the sope.
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thierstorr (na/ld [} 32.7 15.8 13,8 7.8 2.0

Totuene tng/k? s 36.% 12.¢ 1C.6 L] <o '1
Crlarobenrene (Ag/id 1] 2B+ 10s8 BsB 38 (L] 4
Jenzene tnusl} a i
tranotora (n3/L) a .
irosctore  (13/7L) B 5046 21ed 14,0 9.53

Yidrosoenigrosethane tne/id L3 2
1itrotenzene (ngsld n ;
a=Nitrotoluene (nu/l) b 50.3 2h4b 14,4 <d

Jiethylonthalate tngii} b L3 Y Y 29 26.1 1Y

3CH 1242 taj/d 3 3.3 1%.% 18,7 <4

Japhthalene tnufl) e

2nenantnrene (nydid (3 3
Jinttrephenol tnasL)d o :
“entachlorophenstl (nazid ¢ £l 24.1 23.2 [P D48 :
Total=n tr2/70) “%al 2148 216 104Y LY X
120 teasly A
T9C tha/l}

158 tagll} iot s? 113 L3 2

$us tagzly [ 13 58 82 & 2

o tad uMita) Tad a8 Tad Tt T3

tiae tatnutex) Gad 18,3 2%.8 58,5 1

temperature i) L) 18 A » i

Yepth tAve-gar 2.1 o2 (%) :
‘volume tL2 CBAL 1M

Steady State hate tlLfeing & 4.8

34 Copy available to DTIC does not
pemit fully legible reproduction




CXPERINENT: DVERLAND FLOW - 5L0PE 8
DATE: 16 July 1981
APLICATION RATE! b tiszmin) dea trminr) 0,124 tmaes/hr-m ot wid'h)
AIR TEMPERATUREZ 26 C
WJEATHER: Sunnys breerys dry

SUBSTANCE TYPE OF AWAL APP 178

Cchloraters (na/ld a Aleb
Taluene {ng/lL} L] 63e3
55,9

chtorobenzene tag/l}
Jengene ing/id
Bromaform tng7L} oT.5
sromotorm  {ng/i)
pibromochloromethane (tna/id
Nitrobenzene (ng/ld
a=-Nitrotoluene (ng/lL)
Dtethylphthatate tng?l)d
pPCB 1242 (ngsL)
Naphthalene Lna/l)

o 0 O U D C B W

-

onenanthrene (ng/L)
3nitrophencl (ng/sl)
Pentachlorgphensl (ne/L)
Tegal=n fmg/L}

800 (mg/t}

TOC (wo/L)

TSS tag/\d

vss (el

pH  (oH units)

Tise (ainutes)
Temperature (0D

depth tAve-cw?

Volume (L)

steady State &ate (i/ain)

EX®EHKIWENTZ OVERLANO FLOW = SLOPE B
OATE: 21 July 1981
APLICATION RATE: 6 {l/%ind Ded tearlnrd Ge126 tmee3/hr-a of width)
AIR TEWPEMATURE: 2% C

JEATHERE Humidy breways partly sunnye rain yesterdasy
ONCENTRATION
?ll 172

SUNSTANCE TYPL OF ANAL AP 1/8 3is RUNDEF

chlorators tag/ih
Tolusne tnp/l)
chlorobenzene tng/i}
Benzene tng/L}

S8l 2.8 ide] 3.0 1.9
10%.3 23.0 164 2.2 0a5
”".? 3.7 2%.1

ehlorosethune tnp/i)d
Mitrotenzéne tng/l)
m=Nitreteluene tng/l}
Distnyiphthatlate (agsld
PCR 1282 (naZ\}
Naphthalene (ngsk)
Phenanthrens thp/ld
pinttreghensl Cau/t}
Pantachiorephanst tng/t)
Tetat=i teagsl)
800 tea/d)d
to¢ tag/ld
188 tagll)
vaE tepfL)
aH (oM uRtiad
Tise toinuiés)d LT 9.0 9.8
Tepperature (CD 1 1] " n
Septh tAwk-tad 1.7 1.8 12
tolute tL
Eteady State Ratz (i78im

AR NN FPETT O TITE RS

R AT L e SR A TS B T
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EEPERIMEME: O¥CRLAND FlLUW — SLOFE &
DATE: 25 July 1981
APLICATION RATE: & (L/n4n) ODe4 (cu/nr) Jel2% tmer3/nr-u ot wiathy
AIR TEMPERATURE: 23 C
JEATHER: Orys partly sunny, very wingy
CONCENTRATION
1/s e

. SuSsTANCE TYPE OF ANAL APPF  1/B 374 TINIFF
Chierofore tng/t) . 171 9.5 &.8 af 1.2
Toluene (np/t) [l 9.8 3.3 2.4 <d <d
Chiorobenzene (ng/L) L] 227 12.2 G0 D2 <d
Banzene {ng/L) -
frgsofors (ng/i} a
Brosotfors (ng/l) ] 3.8 27.5 27.3 1122
Dibromoehlorosethane (ng/l) b
Nitrobenzene (ng/l) ]
a=Nitrotolyene t(ng/l) b 9.2 271.2 27.0 11.2 <d
Otlethylphthalate ¢(ng/ ) b 46.1 1.2 3kel 17.4
PCB 1242 (ng/sL} b J6ed 2543 28.3 14.8
Naphthalens tng/t) [3
Phenanthrene (ng/il) £
oinitrephenol (ng/L) L] 128 102 7.9 3949
Fentachiorophencl (ng/t) 4 1344 11.8 1.6 05
Total=n tngsL)y 2603 17.3 20.0 11.7 [ XL Sob
80D (ag/L}
T0C (mg/t) 81.7 S56al $0.7 30.1 2202 2049
¥S$ (mg/ly 263 83 12 X
VSS tmo/Ly 13¢ 62 11 3
pH  (pM unfts)
Fime tatnutes) Cel 18,5 29,8 5%.5 89.3 119
Teuperature (L) 18 ia 18 1R a2r
Jepth C(Avee-cm) 2.0 0.7 [ ]
Valuae {1} 2520 ore
Steady State fote (i/ain)
TMPERIRENT: OVERLAND FLON - SLOPE A
DATE: 278 July 1981
APLICATION RATE: & (L7maind Gt {em/hr) Ba126 (mreishr-s of width)
EIR YERPERATURE :
VEATHER:
CONCENTRATION
SUBSTANCE TYPE OF ANAL APP 148 |94 172 378 RUNDFF
Chleretora tng/iy a 20.3 L) Sell 3.9 1e%
Tolusne (ngsl) » 15.9 4.1 206 C.4 ca
Chiorobenzene (ngrid a 50,2 114 6e3 3.4 la12
fenzene tng/L} 2
Bremofors (ng/L) a 62,8 20.9 11,7 19.1 4,5
Browaform (ng/fl) b
Dibronochlorosethane tnpst) b
Nitrobenzene tno/iy [
seNitrotoluene ¢ngsid b
‘bichrlphthlll(e ingfLy ] 68,0 bla2 49,3 38.3 15.2
#CO 1242 dng/d b a0.0 24,3 21.% 224 8.8
Naphthalene (ng/l) ¢ 271 14,4 6.7 <t
Phenanthrene tng/l) 3 10.7 S5 2ok <a
DAnitrophenol tng/l) ]
Pentashlorophenst tnert) d
Totai=h tassl) 19,3 16t 112 124 1lan
200 taglt)
T0C (ag/lh 3.7 44,8 43.9 LT ] 4.8 25.0
135 tagfl) 70 1] 3 L]
¥ tag/l)
B PR units) be? Yol 6.9 748 723 (%)
Tine tainutes) [} 1.8 18,8 3.8 3.0 1]
Yesperaturse (0) 1 18 ie 19 1 20 R
Oebth tAwe-za) %
Yeluoe L} 2528 1848 H
Stesdy BRate Rate tifeind s [ 1Y :

36
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CEPEATNENT: OVERLAND FLOW - SLOPFE 8
QATE: 13 August 1951
APLICATION RATE: 12 (llliq} C.s tcm/hr) 0,248 tased/sar-m ot wialhy
ALR TEMPERATURE: 20 €
VEATHERZ Cloudys slight breszs from south

CONCEMTRATION

1/4 172

SUBSTANCE TYPE OF ANAL APP 178 3/ RUNOFF

Chisrotara tng/l)

Taoluene (ng/tl) ?

Chiorobenzene (ngi\) a

Benzens tng/L) ?

Bromofora {ng/il} a

Brematore (ng/lL) [ al.3 2648 24.5 12.8 S5¢7
Oibrowechloroscthane (ng/l} b

Mitrobenzene (ng/sl) b

w=NitrotoLluene (ng/Ld b LY ) 2.0 24.3 126 [TL]
Diethyipnthalate (ng/l} b aD.7 33.7 29.5 195 1546
#CB 1242 (ng/L) b 6B.8 47.0 Ja,s 1542 ?al
Napnthalene (ngsi) c 23%.9 20.2 9.8 <a <d
Phenanthrene tng/l) 3 29.% 17.0 T.7 Ceo <a
Dinftrophenol thg/L)d d

Penteshlorophenal tng/i d

Total-N cmg/L) 21.3 21.0 1R.5 8.t 10.5
800 tmp/ld 113 L2} 10 4z 29 17
TOC tmp/id L} (1) L1} 39 37 28
T55 (mg/l) 79 3s 26 12 bl [
V35 (ag/l) (1] 32 23 11 L 5
pH  (pH units)

Time (sinutes) G.0 Bat 16.8 335 50.3 67
Temaeca’ure (CY 15 13 19 20 13 20
Owptn tave-cm) 1.9 1.4 10 [Fe

VYolume (L3 5213 2353

Steady Stats Rate (i/sin)

EXPERINENTZ OVERLAND FLOU ~ SLOPE B
DATES 18 August 1981
APLICATION RATES: 12 th/ein} De# tcu/hr} Qo208 (nssdfhr-m ot width)
AlR TEMPERATUREZ ’
HEATHER: Sunnyy uindys dry

R

SUBETANCE TYPE OF ANAL APP 148 37 RUNDFF

thlorofora tna/t}
Toluene tna/l)
Chiorobenzene lng/l}
denjune tnpZL )
arospfors tnq/ld
Broseters {(ng/i}
sibrosechiorosethane ing/l)
Nitrobenzene (ng/ld
a=Nitretoluens &ng/l}
Siethriphthatlote tne/l)
PES L282 tnpllP
n.-hthalgnc,(uhilb
Phenanthrane lngsid
Dinitrephenal tne/id
Pantachiorephensl tng/t)
total~k top/L)
800 tmg/l)
T0C tag/ty
188 (ag/i} (13 L1} 38 [  §
ves tagiiLt 1] o v $ ]
prt (B4 units)
Tine tninutes? (X 8.8 188 3385 M3 »
- Teupersture 6C) 1t 18 18 19 1¢ "
dasth GAve=in) 22 1e4 LB ] 1.4
Yelune L) 133 Pl )
stuads Atets Rate (L/atn) 1] [ 1]

2044 12.3 15.1 2 T.7 L1 )

2042 12.1 18.% Ped Teb Bt
3o 1%.2 1.6 139 .7 3 )
16.8 13ué 18.9 s 2,8 1.9

& 0 &8 FPF T FO T s
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EAPERIMENT; OVERLAND FLOW - SLGPE P
OATE: 3 Septesber 1981

X APLICATION RATE: 12 (t/ain Ceb fiminry Ge288 (#re3/hr-» 0t width)
ATR TEMEERATURE: 2CG T

h WEATHERS Cloudys stight breere
£
g . sussTANCE TYPE OF duAL  APP  1/k PACYRUI s aoer
§ Chlorofore tna/t) 2 2240 36.1 T.7 1e%
i Yoluene (ngfl) s 4. teb <o <d
Chtorebenzens (ng/i) a 3r.t 2845 1e62 J.1%
Benzena {ng/l) E)
Sromofors C(ng/l}d a
BSrowotorm (ng/it » 171 Aden LIPS 1204 L
Dibromochloromethane ingsLy [} 10.3 43 S.¢C 0,22 o3
Nitrobenzene {ng/l) 13
a=-Ritrataluene tngsL) [ 406 24,7 15.5 .0 LI
Riethylphthalste (ng7l) L 80.5 98.5 55.5 .2 .l
*C8 12842 {ing/L) L] t8.0 63.5 1647 R4 1.2
Naphthalene (ng/l)y 3 6041 353 19.0 g Ca
PhEnanthrens (ng/i) < 4145 33.5 8.8 Cob <d
dinttroohenal (na/t} d 103 .6 T1.0 30.C 13e8
Pentschlorophenol tno/L) d 55.3 2622 7.0 1.3
. Total-N tngrLy
800 tag/l}
, TOC Cmpsi)
TSS mgry»
. 4SS (ag/l)
pH  (pH units)
Tine (minutes) .0 Ba4 16.8 33.5 50.2 &7
Tesparature (C) 18 1A 18 18 18 13
Depth (Aye~em) 1.3 1.5 1.8 0.2
voluse (i) 3600 3rea
Steady State Mate (L/etn) 12 el
EXPERINENT: OVIMLANDG FLON = SLOPE B
: BATEL 24 Sep er 1981
i APLICATION RATE: 12 (Wfmtm2 1«8 tes/hr} 8,298 taer3ihras sl uidih}
‘ ) AIR TEMPERATURE: 18 C
WEATHER: Cloudys s8cle LFegIye Pain wartiter
CONCEWTR AT ;nl
SUBSTARCE TYRE OF ANAL APP 17a 178 17 VLY RUNOFF

Chiarstore tnefl)

toluene tng/lé

Ccrlargbenzene ing/L}

venzeny thglkd

nrosotors tng/l)

dreaptore tng/l)
2-Chigrortayivinyl sther (ng/i}
unkhoun (ngsl
Otbrempcalarosethany (ansi}
Nitrabenzene tngsld
a«Nitretoluent tRg/L)
Stethylohtbatate Eng/iLy

PCH 1242 (ho/y)

vaphthalens (ngsfly
Shenanthrene (ng/7t)
atnitersphenat tna/ld
dentachiorsohensl tng/ild
Tatal=N tagfi}

HOD iegli)

10€C tagft)

155 (sgsl)

ViS tagsl)

oM IpW unticd

ttee latnutes) L1813 [ L] 13.7 2748 1.2 L1
irsperature 1) L 1445 1é 1 18 1.
Iepth tiggre*d .0 Le8 [ %) [ 143

doluse (1) %10 rase
Steady State aete ti7atin}

3.3 4.5 SR.3 172 .2 T.2

(% ) “s Lt} %eb? Det2

0.8 LI ] 3T 28.8 0.8 1,8
Th.9 TS0 Thed %3.3 L1 19 3%.7
A%.3 L1 Te ) 8.5 19.8 Ta? T.3
el 15.% 12.9 &a? 6.7
elel 3%.1 9.3 €3 2.0 1.8

O A" AN CUTTFTOET TS
-
b
o

Copy available to DTIC does not
38 permait tully legible o production
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CAPERINENT: OVERLAND FLOW = SLOPE &
O&TET 29 Septesber 19n1
APLICATION RATLZ 6 (L/min) z tcal/hrd 0.283 v@redsnrew nt widih}
A1R TEMPERATYRL: 10 C
WEATHEN: Arrezys windys ratn Last ninht
CONCENTRS
SUBSTANCE TYPE OF AnAL APR /8 1/
ELYRY 18,2 0.1
ta7 0.6 [ FL}
AT 32.¢ 19.9

thlorofors (na/tl}

Toiuene (ng/L}
thiorobenzene (ng/ly
Aentene {ng/\)
arosafore (ng/t) '
arosnfore (ng/l)
Dibromachlorosethane (ng/l)

101.7 alel

13,1 3.3
mitrobenzane (na/t)
w-Nitrotoluens Cng/ll
Déethylphthatate (ng/L)
PCB 1242 Enpll)
Naphthatene ing/l)
Phenanthrene (ngsid
Dinttrophenot (ng/t)
pentachtorophencl (ng )
Total-X (mg/l)

8D twg/l}

fOC C(mg/L?

755 tma/L)

¥ss teg/l)

pH  tpN units)

Tine (atnuter) S5 135 23.0 34.5
Tewperature (C? 18,5 1s 12.% 12
Depth {Ave=ca? 1.8 a7 1.0 [ 1%
Volume (L2

Steady State fate (i/pim)

g T U O O O W e W

a a »

EXPERINENT: OVERLAND FLOW = SLOPE B
DAYE: 7 October 1981
APLICATION RAYE: 12 (i7etm) 6,8 (cm/hr} B.204 (mesifhr-0 ¢ wiGIRD
AlR TEMPLRATURE: 13 €
WEATHMER]

CONCENTRATION
13|“ v 1ra

SUBSTANCE TYPE OF ANAL APS 178 e RINOFF

Chlorotars 'na/L)

Toluene (ngft)
Chiorobentense (ng/l)
Senzene tng/7l?
Aromotorm tngsfl)

Brasofore (nosL)
D¥sromachioranethane tno/i)
Netrobanzene (ng/l}
a-Nitretotuene (Rg/lY
Slethylphthelate tag/td
PCR 1282 (opfl)
Yaphthalene C(ngfl)d
#henanthrens tnisid
Jinitronhenol (gAY
Pentachiorophenst tnaZld
Tatal-n lagftt

BOD (wglid

7oL tnall)

55 tagfi}

3% tagfl)

at  tpH unitst

Tims (athutes? 138 30a
tempecature i8) 1% 12
Death tavesged 3l ie?
voluae 1)

stesty State Rate tLreing

Gﬂﬂﬂﬂﬂ’ﬂ"ﬂ'ﬂ'lllﬁhl




e T W S D e

= Pretore e
bx3re lWENT: DVERLAND FLDw - SLO®E B
ATe: I~ Getoter 19@)
FAL 1 ATION RATT: 12 (L/78in) 3¢ Ceca/hrd Da2%3 (merd/hr-a 8t wiath)
PIR TUMPERATURE; 13 €
SEATH{ I Sunnys crobl

SUNLTENIL 1re: NF ANAL  APe 178 ‘3""""”5“ 374 RINTIF
\ “hlarofarr §aaft) a Hlah 621 aa,4 $2.3
- folu=ne 15713 s 1544 Llew uel 2.1
Shtorobenzene dnu/id - 1CZ.> Tead 919 2heY
lenzenc tna/id a
srovotors €1;/70) a
drougfore  (ni/l) o 114 91.T aTe™ 578 Skl 26.8
Yisrgmothlaronathane tna/td b 1%.2 10.¢ 102 63 32 Ze2
Nitrooenzrne (ng/l) o
w=%ttrototuene (nu/l} b 2.0 $Ca? LETH) 36.5 3%.0 19.3
/ dfethylonthalate tna/L) 1] $2.9 80a6 aT.T 43,3 3548 M.
PCH 1242 tn3/ld Y 2046 14.7T 178 14.5 4.5 3.9
k Naphthatene (nq/L) ¢
Phenanthrene (ng/\) €
Dintirophencsl (ng/i) d A2ab 6bel 1443 13.8
Pentochtoraonenol tna/l)d aq 15.% 10.5 2.9 “. 8 1.4 1.6
Total~N tegrft)
100 tmally
' roC teg/ty
¥55 legll)
¥55 1mg/i)
a4 (pH uaits)
Time tatnutes) Qa0 Bed 16.8 33.% 59,3 &1
Tesperature () 1% 12 1543 14.5 14.5 1%
Jeoth (Aveecs) ie% 1.3 I.% 1.2
volume (i) 2880 2307
Jteady State Rate tl/mind 1?2 9.

EXPERINENT: OVERLAND FLOV - SLOPE B
DATE: 21 Octebsr 1981
APLICATEON RATED 18 tL/nInd 12 teornr) Bu3TZ tmeedsbr-u of widthy
AIR TERPERATUREZ %.4 €
VEATMER? Cleudye tosls Brseze fres seutd

CanCENTRATION
SUBSTAMCE TYPE OF amAL Apr 178 ise 142 348 RUNOFF
thleretors tagfl) a
Toluene tng/L} a
Chlorsbenzene tagsi)d »
Senzene tog/l} a
drossfera (ng/l) a
areanfers ing/l) [ 61e3 45,7 2%.1 29.7
2-Chloreethylvingl ether tag/id o 552 266 18.3 Bl
Unkneua (nglLd ® 32 5. (1] 3
Oibrousthia thane (ng/id s 7a9 4.8 2.8 Lleb
nitrobemzene Sng/ty )
a=NHlirptasivens t(ap/ld 1 k.l 9.2 M2 243 22.%
Stethylortbalote tng)) L 3 [ TP} ] 1931 .8 59,3 0.8 B
=B 1302 taplL? b a4 24,7 13.6 [ 7% 3 Te8 .
aphthgleme tansid . s1.1 339 2.3 A2 3.0 '
PREnIRthrany (nafld + bl.® 13 8.9 2.8 24.8
Fnitrgphanal tausi) <
Pantachilorephendt 1AqF12 a
Tetal-N Cap/i) L I (133 1.8 7.8 Y8 ] (Y59
1p6 tagity 18 . ad 13 2% L
¥BC faghl) EL Y 78,1 219 1.6 106 16,2
33 teufl) 1) o 34 114 1 y
¥sh tegdt} 57 a2 [ 13 15 ic 14
st tpN units?
Tise tainutes? (18 et a3 i%.9 E2 I e
Tetptrsture (71 128 12.2 120 1la¥ i0a2 [{ 23
Jeath tAve-gal (95 1 | 2] t.s
¢pluse 113 r261 -
thaasy State Rate CLIRIRD te M7

T i R o B A S T MW TV T T W e . . : §
S 76 o 6 11 S AR AR NS




EATLAIMENTS OvErLAND FLOw = SLOPF
Calf: <4 Octooer 14-1
2P [CATIIN Aatad e (L7

412 TE¥PERATL-

WEATHER! Claulvs ratrnee Last
SUBSTANCE TYPE F 4AtAL A2 17=
chlorotors taa/Ld >
tatuene (ng/i) k]
Cntorobenzene (ny/l) -
Sentene g /L) ¥
3rasotore (3748} a
Iromatorse  (ng/lYy L3 15aas Sa. ¢
Jlorossentarometnane (na/id o 1hes by
witrooenzene tna/ld a 3 Toa
w=Nitrotoluene (na/t) 3 thao 8.2
Ji2thylohthalete tng/L) L) 3341 BF?2.p
PCB 1242 (tng/l} b . 30,0
Yaphthalene Cng/L) « 1344 47,3
Phenanthrene (ng/Zli) < af.7 24,4
ainttrophenol ing/l) a Thab HELE
Pentachloropnencl (ng/t} a a7} 20.n
Total=n (agsl?
400 tag/iy
100 tag/L)
155 (ag/l)
¥SS teg/l)
pH oW units)
Time (wminutes) 9.0 13.%
Tesperature {£) 15 1l.6
Qepth tAwe-c®) 1.3
Volume €13 2950
Steady State Rate (L/min) &
LEPERIMERTE OVERLAND FLOy —~ SLOPE 8
JATEZ 3 vovesber 1351
APLICATION RATES & (Lia
ALK TEWPTRATURE: 11 C
SEATHERD Sunny
SUBSTANCE TYPL GF ANAL APP ire
aisrctora (nsfl) L]
Toluene (ng/L} -
Chigsrotenzene ing/i)y a
Jenzene tagrsLy 2
4roustora tna/l) [ ]
Arouotara (na/td [ 638 3.6
Jtbrosocnlorenethane (hg/t) 13 85 Y
4itrobenizne tno/fl)y L ” [ Y
w=Nitrotoluene tno/ts b ad.n 8.5
Jtethylpbthalate tngsftd b T35 [ 7%
cE 12e2 ingsid 13 187 12.7
Taphthalens EngFid < 321 L6
Fnenanthrens (nafi} € 2%.2 Tk
Matteeohenol (nasld a4 aley
egntachtaroanenol ing/i} L] 16.0 1.1
Tatal=N (wofi}
$08 (egfid
T0C tngsl)
T35 gl
5> Eagsl)
an (ol uaiti?
Fiwe trinutes? L 14.0
Tesperature (0} 13 i3
Jeoth tAwe-tn) i.4
dastuse (1) 2%us
Steady State Nate (LJednd -

41

M

nin)

severat aadys

LINCENLTRATION
174 127

tcm/re)

tre

BE S et
.. h kP )
T2 751

Atal FH.e
LR tar alal
11.9 ‘al 27
£0.C bal
11,5 2D
LLRY S 2.2
fat 1.2
2T.8 R4 .0 Al.0
ile2 “.6 Ra2
1.1 1.0 Ca8
in} Gus (cw/hr}
CONCENTRAYION
1s/e ir2 370
2.4 123 [ 13
2.0 0.47 [ TS 1)
3k.4 4745 6.9
38.% 26.3 17.5
2.9 511 32.8
189 T2 .9
1.9 3.8 } PL)
Re¥ 1.7
31,8 3.9 |+ AL
Tab 2.2
24,8 STa? Bl.8
11.8 11 1
8.3 .3 1.1

BalTn twesifrpe- 4 % Ve
AR
“e
w27
Y
‘b
17
<

1¢4

1617
L%

8,124 fe=*S/br-a of width)

RUNOFF

ise
18.2

139
4.8

Cers R £z
P oavauato (. o Sies ot

Pemmit fully legible reproduction



CXPERINENT? OVERLAND FLow ~ SLOPE B

SUBITANCE

Chlerefery (ngsL2
Tetusne g/l
Chtorebenzene (ngsl)
Sanzene [{.TY(}]
Grenstern (np/i)
Sresefera ing/t}

Dibrenschloromethane (ng/sL)

Nitroventene sng/l}
*-Nitreteluene (ng/L)

Otatnyiphthalate (ngsiL)

PCE 1292 (ng/L)
Naghthatene (ng/L2
Phenanthrene (ngsL)
Oinitrophenst ingsL)

Fentachlarophencl (ng/L)

Total-d fagsi)
B0D tagst)
ToC Swgshd
738 fagsy)
vSS tagstd
o¥  loh units)
Tiwe (sinutes?
Teaperature (C}
Qepth (ave-ca)
Velume (L)

Steady State Rate (L/81n)

DATE: 13 Noveabar 1Psl
APLICATION RATE:

AIR TERPERAIUAE: ¢ C
WEATMER:

TYPE OF ANAL APP

56.2

7.5
LLPE]
39.2
15.6
19.6
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APPENDIX B. DOWNSLOPE REMOVAL CHARACTERISTICS OF SELECTED CHEMICALS AT CRREL AND

AT DAVIS.
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Figure B1. Downslape removal chaacteristics for chioro-
Jorm at CRREL.
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Fgure B3, Downsiope remow characteristics for penta-
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Figure B2. Downslope removal charucteristics for PCR 1242

at CRREL.
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Figure BS. Downslope removal characteristics for phenan-

threne at CRREL.
| T T T
m- Nitrotolusne
18 Aug '8! B
o v+ C.018

1
-2l
in {%%,)

-3t

4=

Figure B7. Downslope removal characteristics for m-nitro-
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Figure B6. Downslope remowal characteristics for chioro-
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