Note: This is a reference cited in AP 42, Compilation of Air Pollutant Emission Factors, VVolume I Stationary
Point and Area Sources. AP42 is located on the EPA web site at www.epa.gov/ttn/chief/ap42/

The file name refers to the reference number, the AP42 chapter and section. The file name
"ref02_c01s02.pdf" would mean the reference is from AP42 chapter 1 section 2. The reference may be
from a previous version of the section and no longer cited. The primary source should always be checked.

Background Report Reference

AP-42 Section Number: 9.2.2

Background Chapter: 4

Reference Number: 13

Title: "Field Comparison of an Eddy
Accumulation and an Aerodynamic-
Gradient System for MEasuring
Pesticide Volatilization Fluxes" in
Environmental Science and
Technology

M. Majewski et al.

1993



EPA
Text Box
Note: This is a reference cited in AP 42, Compilation of Air Pollutant Emission Factors, Volume I Stationary Point and Area Sources.  AP42 is located on the EPA web site at www.epa.gov/ttn/chief/ap42/

The file name refers to the reference number, the AP42 chapter and section.  The file name "ref02_c01s02.pdf" would mean the reference is from AP42 chapter 1 section 2.  The reference may be from a previous version of the section and no longer cited.  The primary source should always be checked.



Assoc. 1992, 42, B05-809.

(18) Grosjean, D.; Williams, E. L., IT; Grogjean, E. Atmospheric
chemistry of isoprene and of s carbonyl products: car-
bonyls and peroxyacyl nitrate products of the czone and
hydroxyl radical reactions. Environ. Sci. Technol., in presa.

(19) Grosjean, D.; Williams, E. L., II; Seinfeld, J. H. Environ.
8Sei. Technol. 1992, 26, 1526-1533.

(20) Grosjean, D. J. Air Waste Manage. Assoc. 1990, 40,
1522-1531.

(21) Hisham, M. W. M.; Grosjean, D. Environ. Sci. Technol.
1991, 25, 857-862.

(22) Altshuller, A. P. Atmos. Environ. 1983, 12, 2383-2437.

{23) Grosjean, D. Environ. Sci. Technol. 1983, 17, 13-19.

(24) Grosjean, D. Atmos. Environ. 1988, 22, 1637-1648.

(25) Carter, W. P. L. Atmos. Environ. 1990, 24A, 481-518.

(28) Fujita, E.; Croes, B. E.; Bennett, C. L.; Lawson, D. R.;
Lurmann, F. W.; Main, H. H. J. Air Waste Manage. Assoc.
1992, 42, 264-276.

Fleld Comparison of an Eddy Accumulation and an Aerodynamic-Gradient
System for Measuring Pesticide Volatilization Fluxes

Michae! Majewskl,*'"* Raymond Desjardins,’ Phllippe Rochette, Elizabeth Pattey,’ James Selber,!-+ and -

Dwight Glotfetty™*

Environmental Chemistry Laboratory, U.S. Department of Agriculture—ARS, Beltsville, Maryland 20705, Land Resources
Research Center, Agriculture Canada, Ottawa, Canada K1A 0C8, and Department of Environmental Toxlcology, University of

Califomnia, Davis, California 95618

@ The field experiment reported here applied the relaxed
eddy accumulation (REA) technique to the measurement
of triallate (TA) and trifluralin (TF) volatilization from
fallow soil. A critical analysis of the REA system used in
this experiment is done, and the fluxes are compared to
those obtained by the aerodynamic-gradient (AG) tech-
nique. The measured cumulative volatilization loases,
corrected for the effective upwind source area (footprint),
for the AG system were higher than with the REA system.
The differences between the methods over the first 5 days
of the experiment were 27 and 13% for TA and TF, re-
spectively. A mass balance based on the amount of parent
compounds volatilized from soil during the first 5 days of
the experiment showed a 110 and 70% and a 79 and 61%
accountahility for triallate and trifluralin by the AG and
REA methods, respectively. These results also show that
the non-footprint-corrected AG flux values underestimated
the volatilization flux by approximately 16%. The foot-
print correction model used in this experiment does not
presently have the capability of accounting for changes in
atmospheric stability. However, these values still provide
an indication of the most likely upwind area affecting the
evaporative flux estimations. The soil half-lives for triallate
and trifluralin were 9.8 and 7.0 days, respectively.

Introduction
There is a variety of techniques that can be used to
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measure the postapplication volatilization rates of pesti-
cides from agricultural fields, each with its associated
advantages and disadvantages (I). The aerodynamic-
gradient (AG) method is the most frequently used tech-

but the methodology has not been standardized. This
technique has been developed by analogy with the mo-
lecular diffusion processes, and its applicability to at-
mospheric turbulent-transfer processes has been ques-
tioned when larger size eddies are present in the flow (2,
3). Questions have also been raised about the molecular

dispersion in turbulent air (). Several investigators have
reported good accountability when using the AG technique
in pesticide mass balance field experiments (5, 6). How-
ever, others have indicated that this technique may un-
derpredict the evaporation rate (7, 8).

In contrast, the eddy correlation (EC) technique has long
been recognized as a more direct approach for measuring
atmospheric fluxes of sensible heat, water vapor, and
carbon dioxide (9-13). Due to the lack of fast-response
sensors for agrochemicals it has not been possible to use
this technique for estimating pesticide fluxes. Desjardins
(14) suggested an aiternative, the eddy accumulation
technique (EA), to overcome this limitation. EA is based
on the conditional sampling of air at a rate proportional
to the vertical wind velocity. One air sampling inlet collects
vapors or particulates associated with updrafis, and the
other, vapors or particulates associated with downdrafts.
Despite the intrinsic appeal, this technique has not yet
been successfully used in the field due to problems related
to biased vertical wind velocity measurements, limited
accuracy of volume and chemical analysis measurements,
and difficulty in controlling the proportional sampling




valves (15-17).

Businger and Oncley (18) proposed a relaxation of the
oddy accumulation technique (REA). This REA technique
samples air conditional to the vertical wind direction but
at a constant rate, which significantly simplifies the valving
. design. The EC, EA, and REA techniques have yet to be
applied to the problem of measuring pesticide volatiliza-
tion. We report here the application of REA to estimate
the volatilization flux of two herbicides from fallow soil,
its comparison with the AG method, and a calculation of
mass balance of the parent compounds based upon the two
techniques.

Measurement Techniques

Aerodynamic-Gradient (AG) Technique. The aero- '

dynamic-gradient technique requires accurate measure-
ments of horizontal wind speed, vertical temperature, and
pesticide concentration gradients taken above an extended
upwind treated area. The treated area requires a uniform,
relatively flat, sufficiently large surface to ensure that the
measurements are made within the equilibrated surface
boundary layer which develops over it. These surface
requirements are common to all evaporative flux mea-
surement systems.

The AG pesticides fluxes (P,g) were estimated using a
modified form of the Thornthwaite-Holzman equation (19)
corrected for atmoapheric stability conditions, eq 1, where

Ppg = K*AZAR / pytp(ln (z5/2))) 1

k is the von Kdrmin constant and A# (ug m™) and AZ (m
57!} are the average pesticide concentration and horizontal
wind speed differences, respectively, between heights z,
and z, (m) above the treated surface. The ¢ expressions
¢y and ¢y are stability correction functions of the vertical
profiles for wind and pesticide concentration in the surface
layer, respectively (20). The flux estimates assumed that
the flux gradient relationships for pesticides were similar
to those for water vapor. A more complete description of
this theoretical approach is given by Majewski et al. (21).

Relaxed Eddy Accumulation (REA) Technique.
The relaxzed eddy accumulation technique (I8, 22) is a
variation of the eddy correlation technique based on a
determination of the pesticide concentration difference
between the upward and downward moving air masses.
The pesticide fluxes {Pgp,) for each compound were cal-
culated using eq 2, where A (dimensionless) is an empirical

Pgga = As,(c* - ¢) @

coefficient, s, (m s7!) is the standard deviation of the
vertical wind speed measured with a sonic anemometer,
and ¢* and ¢~ (ug m™3) are the mean herbicide concentra-
tions associated with the upward and downward moving
air masses, respectively.

Simulations of the REA technique made with a series
of vertical wind speed; water vapor, and air temperature
fluctuation measurements using fast-response sensors
showed that the A coefficient is nearly constant and equal
to 0.69 (18, 22). Technical factors make it difficult to
sample the air with the same precision using a valve system
in place of a fast response sensor. Among them is the lag
between the vertical wind speed (w) signal and the valve
control caused by the valve response time and the data
logger processing time (35-85 ms). These factors cause an
underestimation of (¢* ~ ¢) by diverting a fraction of the
up- and downdrafts to the wrong collectors. Under similar
atmospheric turbulence conditions, the degree of (¢* - ¢7)
underestimation is a characteristic of the sampling system
and can be acccunted for by the adjustment of the coef-
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ficient A. The determination of the appropriate adjusted
A value (A,) was achieved in this study by the simulta-
neous measurement of latent heat flux (E) using the EC
and REA techniques and the assumption that the herbi-
cide and water vapor sources had similar distributions.
Water vapor fluctuations were measured with a‘fast-re-
sponse infrared gas analyzer {23). The mean up- and
downdraft water vapor concentration measurements
(¢* and ¢7} (g m®), were associated with the same filtered
w signal which also controlled the pesticide sampling so-
lenoid valve. A,, which integrates the effects of our system
design, was derived using eq 3 and substituted into eq 2.

A, = E g /8,00 - q) 3)

We assumed that the same coefficient could be used for
the two different scalar properties, water vapor and her-
bicide vapor.

A, was calculated on an hourly basis for the first 3 days
of the experiment. The averaged A, value was 0.79 £ 0.11.
Data logger malfunction during the remaining 2 days of
the field experiment prevented ¢ measurements from being
taken.

The impact of an error in (c* - ¢) (eq 2) is linear and
can be controlled by the A, coefficient and the analytical
method. The impact of an error in w is not as straight-
forward and is beyond the scope of this paper. It is es-
sential that errors in w be kept as small as possible.

Corrections for air density fluctuations caused by heat
and water vapor fluxes (24) were calculated using eq 4,

¥ F = Fow + (p./0)(0.649 X 106AE + 3.358 X 10H)

(4)

where p./p, is the ratio of the pesticide density in air to
the density of dry air, AE (W m™?) is the latent heat flux,
H (W m™) is the senaible heat flux, and F,,, (kg m2s™)
is the calculated field flux. An air temperature of 293 K,
an atmospheric pressure of 10° Pa, and a water vapor
pressure of 10° Pa was assumed. The actual measured
pesticide air concentration was used for p.. The resulting
density ratio governed the outcome of this equation. The
effects of air density fluctuations caused by heat and water
vapor fluxes on the pesticide fluxes was negligible (<1%).
A more detailed description of the impact of density
fluctuations on trace gas flux measurements is given by
Pattey et. al (25). ,

Fluxes calculated using the AG and REA techniques
were corrected to account for the differences in sampling
height between the two systems. Since the reference height
of each system was different (0.756 m for AG vs 1.75 m for
REA), the upwind fetch requirement was also different for
the computed fluxes. Beyond the 150-m-radius distance
of the treated area, a contribution to the total flux from
nontreated area could occur. The herbicide flux contri-
bution associated with the specific (150-m radius) footprint
was computed using the equation given by Schuepp et al.
(26). This correction depends upon the ratio of the hor-
izontal wind speed (&) to the frictional velocity (u*). Mean
hourly wind speed at 1.75 m measured with a sonic ane-
mometer was used for the REA system. A logarithmic
wind speed profile with height was assumed to calculate
the wind speed at 0.75 m for the AG system. Source area
contribution footprints for both systems were calculated
daily, and the measured fluxes were adjusted accordingly.
The footprint correction calculations showed that the AG
and REA flux values needed to be increased by approxi-
mately 15 and 35%, respectively (Table I). The differ-
ences in the footprint corrections between the two methods
ranged from 15 to 20%.




Table I. Contribution of Pesticide-Sprayed Surface to
Total Flux for REA System at 1.75 m and AG System at
0.75 m Using the Footprint Equation of Schuepp et al. (26}

day dfu* (s)  contrib® %  d/u* contrib’ %

263 13.0 (1.45) 68.5 10.8 87.1
264 10.0.(3.01) 74.6 83 90.5
265 15.2 (0.91) 64.6 12.7 85.8
266 14.9 (0.31} 616 12.5 85.5
267 13.5 (1.15) 67.5 11.3 87.1
268 14.4 (1.15) 65.5 12.1 86.1

sFlux plane height, z = 1.75 m. ¢ Flux plane height, z = 0.75 m.

Table II. Physical Properties of the Test Compounds
Trifluralin and Triallate®

water solub,
mg L

vapor

compound MW pressure, mPa

triallate 304.7 16.0 (26 °C}) 4 (25 °C)
trifluralin 335.5 13.7 (25 °C) <1 (27 °C)

sFrom: The Pesticide Manual, A World Compendium, 8th ed.;
Worthing, C. R., Ed.; The British Crop Protection Council: Bin-
field Bracknell, Berka UK, 1987.

Upwind source area footprint corrections are very de-
pendent upon atmospheric stability (27) and can vary
considerably between day and night. The footprint cor-
rection model used in the experiment only takes into ac-
count small thermal instabilities by a semiempirical ad-
justment to the ratio of horizontal wind to frictional ve-
locity computed for the daytime conditions of each day.
Footprint corrections specific for nighttime conditions were
not computed. However, the computed values used still
provide an indication of the most likely upwind area af-
fecting the evaporative flux estimations. Footprint cor-
rections during nighttime conditions are generally larger
than during daylight hours. Using daytime correction
factors on nighttime fluxes avoided potentially large flux
errors due to the difficulty in calculating the & /u* ratio
at night when & is very low. The atandard deviation of
hourly &/u* values are presented in Table I as information
on the Z/u* variability. Large errors in the cumulative
flux data were minimized since the nighttime fluxes were
generally very low. Correcting the measured fluxes for the
fetch reqmremeut of each system led to closer overa]]
agreément in flux values between the methods.

Materials and Methods

The experiment was conducted from 20 September (day
263) to 25 September (day 268), 1989, on a 20-ha field
located at the Animal Research Center of Agriculture
Canada at Ottawa, Canada. The soil type was a Dalhousie
clay. A 150-m-radius circular plot {7.1 ha) was inscribed
in the approximate cente? of the field and was treated with
trifluralin (TF) and triallate (TA) at a known rate of ap-
proximately 2.5 kg ha™ for each active ingredient. These
compounds were chosen because of their high volatilization
potential based on their vapor pressures (Table II). The
compounds were aprayed to the surface as an’emulsified )
aqueous suspension and not mcorporat.ed into the soil as
is the usual practice. Both air sampling systems were
placed within 3 m of the center of the treated area.

At the beginning of the experiment, the field was moist
from a light rain received the night before but no standing
water was visible. Air sampling began immediately after
the completion of the spraying (which lasted 50 min) and
continued for 120 h, with the exception of an approximate
8-h break between days 265 and 266 due to heavy rainfall.

W<0

Figure 1. Schematic for the relaxed eddy accurnulation air sampling
system.

Air Sampling and Analysis. Polyurethane foam
(PUF) was used as the pesticide vapor trapping medium
based upon it's trapping efficiency of >98% for both
compounds as reported in the literature (28) and confirmed
by our own trapping efficiency experiments. The PUF
plugs were inserted into Teflon cartridges (Savillex, Min-
nitonka, MN), which were covered with thick aluminum
foil to protect them from sunlight. The actual air sampling
periods were of different duration and dependent upon the
anticipated volatilization fluxes. They ranged between 1
and 6 h (Table IfI}). Each AG air sampler was aspirated
at a rate of approximately 3.0 m® h™! using a high-volume
air vacuum pumping system. Pesticide air concentration
measurements were made at 0.25, 0.40, 0.70, 1.10, 1.60, and
2.26 m above the aoil surface. The PUF plugs were
changed at the beginning of each sampling period, placed
in clean glass jars, sealed with Teflon-lined lids, and re-
frigerated until analyzed. The horizontal wind speed was
measured at the same levels as the air concentration using
rotating cup anemometers (C. W. Thornthwaite Assoc.,
Elmer, NJ). Differential air temperature measurements
were made between 0.50 and 1.00 m using a 10-junction
copper—constantan thermopile (29). Ambient air tem-
perature was measured at 0.75 m using an aspirated,
shielded thermistor (Type 107, Campbell Scientific, Logan,
UT).

" A three-dimensional sonic anemometer-thermometer
{DAT-310, Kaijo Denki, Tokyo, Japan) measured w as well
as the horizontal wind and temperature at 1.75 m. The
signal was monitored at 20 Hz using a data logger (CR-
21X, Campbell Scientific, Logan, UT} which controlled a
solenoid valve that diverted air flow through one of two
abseorbers depending on the direction of w (Figure 1). The
valve inlet was located at a height corresponding to the
midpoint of the vertical wind sensor path (1.75 m) and 0.1
m downwind from the center of the anemometer. The flow
rate at the intake was constant at 2.4 m® h™! and monitored
using a flowmeter with a £0.2% accuracy and a 1-ms re-
sponsge time. The REA sampling unit consisted of two sets
of two Teflon cups connected by switching valves which
allowed for continuous operation while one set of PUF
plugs was being changed. Teflon tubing (2.26 m X 6.4 mm
i.d.) connected the switching valuves to the intake solenoid.
The w signal was high-pass filtered at 0.001 Hz with a
fourth-order analog filter {(Rockland, Model 1022F-02) to
minimize potential signal contamination from the hori-
zontal flow components in order to maintain a mean
vertical wind speed close to zero.

Before beginning the chemical analytical procedure, the
PUF plugs were warmed to room temperature under
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Table 111, Sampling Day, Time, Duration, and Atmospheric Stability As Described by the Richardson Number (Ri), and
Herbicide Air Concentrations Used To Calculate the AG and REA Volatilization Fluxes

AG method REA method
y air concn, pg m™ air concn, ug m"

;’:;",’1"8 samplg trifluralin triallate samplg trifluralin triallate
day time - duratn® 0.5m 1.0m 0.5m 10m Ri duratn® up down up down
263 9.63 0.75 4 28.4 52.0 35.9 -0.1484
263 10.00 2.00 275 23.6 26.9 17.7
263 10.50 1.00 16.4 11.6 24.0 16.3 ~0.19i1
263 11.50 1.00 8.40 5.80 10.50 7.50 -1.0862 1.00 20.69 1.35 12.97 3.97
263 12.50 1.00 11,17 5.23 8.92 4.3
263 13.00 2.00 4.03 2.80 5.00 3.60 -0.1205
263 13.50 1.00 4.47 5.38 5.16 5.06
263 15.00 2.00 2.45 1.60 3.15 2.15 =0.1246 2.00 0.89 0.70 1.95 1.03
263 17.00 2.00 2.50 1.70 3.45 2.36 -0.0641 2.00 0.69 1.24 1.59 0.99
263 19.00 2.00 11.00 7.04 20.00 12.40 0.1028 2.00 5.13 3.36 17 5.29
263 21.00 2.00 15.80 10.60 27.40 18.00 0.0425 - 2.00 6.69 5.23 9.99 9.03
263 24.00 4.00 16.50 8.30 22.00 11.50 0.1911 4.00 5.45 3.70 6.46 5.10
264 3.50 3.00 14.00 6.37 17.73 8.03 0.4374 3.00 2.58 2.16 2.67 271
264 7.00 2.00 13.07 8.72 17.75 11.75 -0.0402 3.00 4,06 3.59 4.85 4.50
264 9.00 2.00 3.51 2.56 3.69 293 -0.9996 2.00 1.74 1.55 292 1.67
264 11.00 2.00 1.52 1.05 1.63 111 -0.1452 2.00 0.61 1.02 1.40 0.87
264 13.50 3.00 0.58 0.39 0.73 0.48 —0.3101 3.00 1.45 0.76 1.7 .83
264 16.50 3.00 0.93 0.61 0.90 0.60 -0.0291 3.00 0.17 0.51 0.43 0.13
264 21.00 6.00 4.20 2.36 4.82 2.17 0.0636
265 1.17 2,10 9.29 4.49 .35 510 [ 700 2.88 248 3.02 2.66
2656 6.50 3.00 6.84 4.86 6.77 4,73 -0.0363 3.00 3.23 2.22 3.02 2.22
265 9.50 3.00 5.21 3.55 4.71 3.21 -0.0140 3.00 3.19 2.49 1.85 1.45
265 13.00 4.00 1.29 (.86 0.99 0.67 ~0.0043 4.00 1.46 0.87 0.63 0.29
265 15.50 1.00 14.81 9.87 22.44 15.39 0.0029 1.00 4,94 4.00 4.63 .00
265 16.50 1.00 b b b b 0.0029 1.00 6.22 4.12 8.90 7.43
265 17.50 1.00 19.42 13.27 29.46 20.45 0.0074 1.00 3.28 5.87 10.03 6.12
265 19.00 200 12.99 912 20.08 13.77 0.0058 2.00 5.24 3.92 7.82 6.06
265 21.17 2.20 B8.46 5.57 13.67 .13 0.0067 2.00 3.36 321 5.22 5.17
266 8.00 4,00 0.21 0.22 0.56 0.44
266 8.75 2.60 1.02 0.68 1.86 1.22 -0.0010
266 11.50 3.00 0.98 0.65 .77 1.16 -0.0030 3.00 0.26 0.31 0.65 0.49
266 14.50 3.00 0.96 0.62 1.60 1.03 - —0.0022 3.00 0.26 Zlod? 0.69 0.45
266 17.50 3.00 0.84 0.53 1.18 0.75 0.0022 3.00 0.17 0.09 0.29 0.26
266 20.50 3.00 0.55 <lod 0.46 0.33
266 21.50 5.00 0.75 0.51 1.01 0.66 0.0023
267 3.00 6.00 0.56 0.37 0.79 0.51 0.0044 8.00 0.09 0.00 0.18 0.15
267 7.50 3.00 0.56 0.37 0.86 0.56 0.0000 3.00 0.39 0.25 0.25 0.19
267 10.50 3.00 0.78 0.51 | 1.07 0.71 -0.0121 3.00 0.16 1.52 0.38 0.26
267 13.50 3.00 0.51 0.33 0.58 0.36 -0,0218 3.00 0.13 0.09 0.29 0.19
267 16.50 3.00 0.42 0.26 045 0.28 -0.0403 4.00 0.09 1.40 0.14 0.10
267 21.00 6.00 0.87 0.55 1.06 0.66 0.2231 .00 <lod <lod <lod <lod
268 3.00 6.00 (.64 0.36 0.76 0.43 0.2079 6.00 <lod <lod <lod <lod
268 7.00 2.00 1.01 0.66 1.29 0.85 0.0161 2.00 <lod <lod <lod <lod
268 9.00 2.00 0.97 0.63 1.21 0.78 —0.0380 2.00 <lod <lod <lod <lod
268 11.00 2.00 0.43 0.27 0.49 0.30 -0.0262 2.00 <lod <lod <lod <lod

° Blank spaces represent overlapping time periods. *Sample lost during analysis. ¢ No wind speed data. ?<lod, below analytical limit of

detection.

subdued light and then Soxhlet-extracted with 250 mL of
hexane (Burdick and Jackson) for 4 h (approximately 20
cycles). The Soxhlet extract was then concentrated or
diluted as needed for gas chromatography analysis. The
instrument was a Hewlett-Packard 5890 equipped with a
8Ni electron capture detector using argon—methane (95:5)
as the carrier gas. A 30 m X 0.53 mm id. DB-1 fused-silica
wide-bore column was used (J&W Scientific, Folsom, CA).
The column temperature was programmed from 175 to 220
°C at 20 °C min! with a 1 min hold at 220 °C. The
injector and detector temperatures were 220 and 300 °C,
respectively.

Soil Sampling and Analysis. A structured sampling
of the treated field was done by quadrant and location
from the center of the plot (Figure 2). The soil sampling
was done at approximately 12-h intervals for the first 3
days, followed by a single morning sampling for each of
the remaining 2 days. Triplicate samples consisting of 10
soil cores (2.5 cm diameter X 2.5 cm deep) were taken at
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each site with adjacent sites composited by quadrant. The
depth was adjusted to 7.5 ¢cm after the rainfall on days 265
and 266. As an example, quadrant I contained three
composite samples of sites 7 and 13, 8 and 14, and 9 and
15. The soil samples were collected in clean, glass jars with
Teflon-lined lids and stored at —20 °C until extracted and
analyzed.

The samples were thawed under subdued light to room
temperature for at least 2 h before beginning the chemical
analytical procedure. The total sample weight was de-
termined, and the soil was passed through & 4.75-mm
screen and mixed well. Moisture was determined using
20~30-g subsamples of each weli-mixed soil sample. The
analytical sample was split into three 20-25-g subsamples
for analysis. The moisture content of the analytical sample
was brought to ~10% as needed by adding distilled water
and thoroughly mixing, A 100-mL aliquot of a hexane-
2-propanol (3:1, v/v) mixture was the extraction solvent.
The sample and extraction solvent were blended using a




4;“‘ wind

direction

tissue mincer (Tekmar Co., Cincinnati, OH) for 30-45 s.
The mixture was allowed to settle and a 10-mi. aliquot was
pipeted into a 50-mL volumetric flask containng ~30 mL
of distilled water. The flask was vigorously shaken for 1-2
min. A 5-mL sample of the cleared hexane layer was
removed using a volumetric pipet and diluted or concen-
trated as needed for analysis.

The samples were analyzed using the gas chromato-
graphic conditions described above. The amount of each
compound lost from the soil over the 5-day experiment was
then compared to the amount measured in the air.

Results and Discussion

A wide range of meteorological conditions occurred
during the course of the experiment, ranging from mild,
dry, summer-like weather, to windy and rainy, to cold and
frosty (Figure 3), This gave us the opportunity to compare
the measurement systems over a wide range of weather
conditions. The highest pesticide fluxes were observed by

% both measurement systems during the first 4 h after
spraying and during the first hours of the rain event on
day 265 (Figure 4a and b). The TA and TF fluxes mea-
sured by the AG method showed a very similar pattern
throughout the experiment. In general, the evaporative

{. fluxes displayed a pattern of high rates during the early
morning hours just aftersunrise, diminishing throughout
the day, and increased again slightly in the evenings just
after sunset. This diurnal pattern tended to follow the

& moisture content of the top layer of the soil. As the soil
surface dried, the evaporative flux decreased. The early
morning “blooms” were most likely due to the rewetting
of the soil surface by dew formation, while the evening

4 “blooms” were most likely due to the increased movement
of soil moisture to the surface driven by the heat energy
stored in the soil throughout the day. The large flux value
on day 265 coincided with a rainfall of ~50 mm. These
diurnal flux increases also coincided with a change in at-
mospheric stability conditions, from stable to unstable, or
from unstable to stable, as indicated by the temperature
gradient and Richardson number (Table III).

&x) Instrument Sheiter

Figure 2. Soil sampling design, indicating quadrants (I-1V) and sites (1-24) selected for sampling.
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during the experiment.

The pattern of volatilization rate dependence on soil
moisture has been observed by others (5-8, 21, 30, 3I) and

#: can be partially explained by the effect of water molecules
displacing the herbicide molecules from the soil’s active

adsorptive sites (32). The large AG flux value on day 265
may, at first, appear to be an anomaly, but there is nothing
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measurad by the aerodynamic-gradiant and the relaxed addy accu-
mulation systems.

in the data to suggest this. The wind speed throughout
the sampling period was high (5.9-7.5 m s at 1.1 m) but
reasonably steady. The ambient temperature dropped =5
°C.(25.4-21.1 °C), but the temperature gradient was fairly
constant (0.119 + 0.037). These meteorological values are
not unusual. After the storm on day 265, a cold front
moved in with freezing temperatures at night and very cold
days. On day 266, the AG evaporative flux declined
steadily throughout the day regardless of the change in
atmospheric stability conditions. The soil surface was
moist throughout the day. The cold ambient temperatures
acted to reduce the effective vapor pressure of the two
compounds which, in turn, reduced their volatilization
rates.

The temporal pattern of TA fluxes measured by the
. REA system was similar to that obtained by the AG

technique. On day 266 the REA TA fluxes were about half
those of AG (Figure 4a). These lower flux estimates were
attributed to the high wind velocities observed on that day
(Figure 3) which increased the high-frequency component
of the w fluctuations. These faster w fluctuations, most
likely, increased the impact of the lag between the w signal
and the valve control, which resulted in an underestimation
of (¢* - ¢7). Sinee A, was determined under the conditions
that occurred in the first 3 days of the experiment when
the horizontal wind wes less, it could not totally account
for the system behavior at higher wind speeds.

The REA TF fluxes showed more variability than the
REA TA values. During days 265 and 266, two periods
showed much lower fluxes than those obtained by the AG
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technique, and negative fluxes were measured during seven
periods in the experiment (Figure 4h). Since the verticat
air concentration gradient of TF was negative throughout
the sampling height during the periods of negative flux
measurementa, we would expect the fluxes to be directed
away from the surface and, by convention, result in a
positive REA TF flux value. It is unclear why TF behaved
differently from T4 since both herbicides were sampled

+_ simultaneously and analyzed with the same procedure and

(4

-t

equipment. An explanation could be linked to the sen-
sitivity of TF to sunlight-induced UV photolysis (33) since
all periods of underestimation occurred during daylight
hours. If photolysis was a major factor, it would also have
affected the corresponding AG flux value. The effect of
a vapor-phase photoproduct gradient on the AG system
would be a reduction of the TF concentration with height,
thereby increasing the apparent concentration gradient of
the parent compound and resulting in a greater TF flux
value. However, the actual photoproduct source may be
difficult to identify since photolysis can occur in the vapor
phase as well as on the soil surface. Also, these photo-
products may be the same a8 those formed by aerobic
decomposition in the soil (34). Since this experiment
compared the parent TF compound only, the photolytic
effects on the overall flux results should be similar in both
methods. There are, however, several factors associated
with the REA sampler design itself that may have con-
tributed to the odd TF behavior. The majority of the
intake system was Teflon, but it was over 2 m long and
herbicide vapor adsorption to the inside walls of the tubing
was likely. In addition, several brass and stainless steel
joints and valves were used and the solenoid valve was not
Teflon. These factors may have contributed to a prefer-
ential T¥ degradation and/or adsorption within the REA
system itself during certain conditions. Also, the as-
sumption that the A, coefficient is similar for different
scalar properties may not have been entirely valid, espe-
cially as the moist soil surface dried unevenly. The EC
energy balance closure calculations indicated that the
fluxes appear to be underestimated by 5-10%.

Figure 5 shows the cumulative volatility losses of TA and
TF for both the REA and the AG flux measurement sys-
tems. The cumulative TF volatility losses had some slight
discrepancies due to the negative fluxes computed with
the REA system. Over the first § days of the experiment,
the difference in cumulative TF volatility between the two
methods was 13%. If the negative fluxes are excluded, the
cumulative difference is less than 1%. A cumulative
difference of 27% was observed in the volatility losses for

o




Table IV. Total Averaged Concentration and Standard
Deviation (8} of Trifluralin (TA) and Triallate (TF)} in the
Soil and Total Averaged Volumetric Moisture Content (M)
and Standard Deviation (s) of the Soil SUrface

TF (s), TA (a),
day time, h kg ha™ kg ha™t M(3), %
263 10.80 2.66 (0.26) _3.37 (0.29) 17.25 (2.98)
263 16.00 1.88 {0.28) = 2.74 (0.38) 14.24 (3.03)
264 07.00 2.00 {0.31} 2.96 {0.29) 14.22 (2.16)
264 17.50 1.55 (0.28) 2.26 (0.38) 12.02 (2.50)
265 06.75 1.76 (0.15) 2.72 (0.48) 12.61 (2.37)
265 17.50 1.65 {0.25) 2.53 (0.39) 24.04 (3.65)
266 10.00 1.55 (0.29)  2.32 (0.42)  32.24 (3.45)
267 08.50 1.46 (0.70) 2.35 (0.88) 28.42 (1.91)
268 09.00 1.38 (0.24) 2.12 (0.33) 24.53 (2.02)
1345
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Figure 8. Soll concentration deciine with time for triallate and trifiuraiin.

TA. This difference was due mainly to the lower measured
REA fluxes during the rainfall on day 265 and on day 266.

Mass Balance. Table IV and Figure 6 show the overall
soil dissipation for TA and TF over the 6-day study period.
Both compounds showed a log-linear relationship between
soil concentration and time. The resulting soil half-lives
(/) were 9.8 and 7.0 days for TA and TF, respectively.
The measured cumulative volatilization of the AG system
{(footprint-corrected) accounted for 110 and 70% of the
quantity lost by soil for TA and TF, respectively, over the
first 5 days of the experiment. The corresponding REA
system values were 79 and 61%. The non-footprint-cor-
rected AG results accounted for 74 and 54% of TA and
TF loss from the soil by volatilization. These results in-
dicate that the non-footprint-corrected AG system may be
underestimating the evaporative losses by approximately
16%.

The low TF accountability by both flux measurement
gystems may be due to vapor-phase photolysis of this
compound. The degradation products were not analyzed
for. Triallate, on the other hand, is very stable to photo-
lysis, and this fact is reflected in the good TA soil loss
accountability by volatilization. Also contributing to the
observed differences in the mass balance of both com-
pounds could be the leaching of the herbicides below the
7.5-cm soil sampling depth and run off. These dissipative
pathways were not monitored.

Conclusion

This experiment showed that measuring pesticide field
volatilization is possible using a relaxed eddy accumulation
system, Fluxes measured by this approach showed a
temporal pattern similar to those obtained by the aero-
dynamic gradient technique. However, it was ohserved

j Denmead, O. T.; Bradley, E. F. Irrig. Sei. 1987, 8, 131,
Finnigan, J. J.; Raupach, M. R. In Stomatal Function; > 43 wathes_

that the reaction time of the valve control to changes in
w caused flux underestimation. In this experiment, the
REA empirical coefficient could be independently deter-
mined through the measurement of latent heat fluxes with
an eddy correlation system and the assumption of similar
vapor behavicr of the herbicides and water. If one wants
to use the REA technique in the ahsence of such mea-
surements, the valve control reaction time will need to be
minimized if the 0.59 value is to be used (18, 22).

The overall comparison of the two pesticide evaporative
flux determination methodologies was encouraging, with
good accountability of the amount of material lost from
the soil by volatilization. Part of the REA underestimation
can be attributed to the adsorption of the herbicides to
the intake tubing and valves. However, it is recognized
that refinements in the REA system need to be made.
Planned modifications are to shorten and make the intake
system entirely of Teflon to minimize any chemical ad-
sorption and/or reaction within the system and to heat the
intake tubes. Further experiments should aim at testing
the REA system under conditions of smaller vertical
pesticide air concentration gradients and where footprint
corrections are not as large. This REA technique should
also be applied to aircraft-based sampling over long tra-
jectories, where observations at one level preclude the use
of gradient techniques.
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Absorption of NO Promoted by Strong Oxidizing Agents: Organic Tertiary

Hydroperoxides in n-Hexadecane

Howard D. Perimutter,® Hulhong Ao, and Henry Shaw

Department of Chemical Engineering, Chemistry & Environmental Sclence, New Jersey Institute of Technology,

University Helghts, New Jersey 07102

® The selective removal of nitric oxide from gas streams
was investigated using 3,6-dimethyl-3-octyl hydroperoxide,
p-menthanyl hydroperoxide, pinanyl hydroperoxide, and
cumenyl hydroperoxide in solutions of n-hexadecane (ce-
tane). The influence of different variables such as tem-
perature, gas stream flow rate (or residence time), and
concentration of hydroperoxide compounds on rate of NO
removal was evaluated. The NO reacted with the hydro-
peroxides to produce alkyl nitrates. These are easily hy-
drolyzed with ammonium hydroxide to ammonium nitrate
and the alcohol. The hydroperoxides used in this study
were selected to be inexpensive, be commercially available,
have a relatively low vapor pressure to avoid loss of reagent
when in contact with hot flue gas, and be easily regener-
ated. Under the same conditions, cumenyl and pinanyl
hydroperoxide removed NO faster than the other two
organic hydroperoxides tested. The highest rates of NO
removal were obtained at the highest temperatures, con-
centrations, and residence times.

Introduction

Nitrogen oxides (NQ,) are mixtures of compounds of
nitrogen and oxygen generally found in effluents from
combustion sources. The predominant NO, compounds
are NO and NO,. They are formed as a result of the
reactions of atmospheric nitrogen with atmospheric oxygen
at very high temperatures. Alao, large quantities of NO,
are formed from the oxidation of nitrogen compounds
found in fuel or in wastes being incinerated. More than

90% of NO, emitted from stationary combustion sources -

consist of NO, which is relatively insoluble in inorganic
aqueous solutions. Finding a way to control NO is essential
for the prevention of NO, pollution, one of the major
gources of acid rain.

One of the most difficult problems related to pollution
control from boilers and incinerators is reducing the

128 Environ. Sci. Technol., Vol. 27, No. 1, 1993

emissions of the oxides of nitrogen. The NO, emissions
that result from the high-temperature oxidation of the
nitregen in the combustion air can be partly controlled by
combustion modification techniques and by postcombus-
tion methods. Postcombustion methods include selective
catalytic reduction (SCR), thermal NO, removal, and
scrubbing. Research on NQ, -scrubbing processes has
shown that these processes require expensive oxidation
reagents and may present special disposal problems be-
cause of high concentrations of chlorides, nitrates, and
nitrites in the aqueous effluents. However, scribbing
promises to be less expensive than competing posttreat-
ment technologies and has the advantage that the same
scrubber could be used to control other acid gases and
particulates.

No specific techniques have been developed for con-
trolling the extremely high concentration of NO, emissions
that results from the oxidation of nitrogen compounds
found in industrial and agricultural substances being in-
cinerated. SCR systems have not been demonstrated for
high NO, concentrations and are easily poisoned by sub-
stances present in hazardous wastes. In the case of in-
dustrial incineration, NO, emissions resulting from ni-
trogen compounds have been found in excess of 800( ppm
(1). In addition to NO,, scrubbers should be designed to
control other acidic effluents such as oxides of sulfur (SO,),
hydrogen chloride (HCl), phosphorus pentoxide (P,0;),
and inorganic particulate matter containing transition
metals (2, 3).

A number of aqueous inorganic solutions have shown
high capacity for NO, absorption, but NO is absorbed with
difficulty. Consequently, a method to oxidize NO to NO,
or an equivalent oxidized state of nitrogen is required to
substantially reduce NO, emissions. Aqueous solutions
of a number of oxidizing agents have been studied to de-
termine their effectiveness in removing NO, and 80, from
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