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ABSTRACT

This study was designed to assess the atmospheric
emissions from land treatment of petroleum oily sludges.
Sampling, analytical techniques and instrumentation de-
veloped during the first year of the project were per-
fected and evaluated for monitoring, collection and anal-
ysis of volatile hydrocarbons being emitted to the atmo-
sphere. The areas of investigations included 1) de~
termining the rate of emission and concentration of total
volatiles; 2) the quantification and identification of
some pollutants being emitted to the atmosphere, 3) de~
veloping a statistical model to evaluate the effects of
sludge loading rate, soil temperature, soil moisture con-
tent and relative humidity on the rate of emission.

Experimental soil-disposal tests were conducted in
the laboratory in a controlled environment and on the
field plots. Approximately 4792 kg sludge was spread on
the six experimental plots in the field over a six-month
test period during which 4.7% of this sludge was lost to
the atmosphere by volatilization. This was equivalent to
6.5 percent of the total oil applied. Fourteen different

hydrocarbons were identified and quantified by gas



chromatographic analysis.

Regression analysis was made on the data and statis-
tically valid relationships were found between the rate
of emission and the loading rate, soil temperature, soil
moisture content, relative humidity and time since appli-

cation of sludge.
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DETERMINATION OF VOLATILE HYDROCARBEON
EMISSIONS FROM LAND TREATMENT OF

PETROLEUM OILY SLUDGES
CHAPTER I
INTRODUCTION

TBhis study was designed to assess the atmospheric
emissions from land treatment of petroleum oily sludges.
Since petroleum refineries are targeted as one of the top
ten industrial waste generators, a large percentage of
refineries are converting to economical land treatment
systems with little or no previous experience concerning
resulting adverse environmental impacts. In 1973 9% of
the refinery sludges was disposed of by land treatment;
an increase to 34% was projected for 1983.1

Wihen o0il is applied to soil, losses occur through
volatilizatio=, downward migration and biodegradation. A
high percentage of the volatilization takes place during
and immediately after application and tilling; after a
few days it approaches a baseline level and decreases

at a very slow rate for several months. Losses through

volatilization and migration are undesirable, while

1



losses through biodegradation, the primary mode of
organic decomposition, are desirable. It is preferable,
therefore, to maximize the decomposition process and
.minimize the rate of volatilization and migration to
avoid adverse environmental impacts. It is also impor-
tant to determine if any designated pollutants are re-
leased into the environment, and if so, in what concen-
tration.

An extensive review of literature has been con-
ducted. 1In general, information exists concerning bio-
degradation and downward migration of oily sludges in
soil. Despite recent and intense interest in the release
of organic chemicals to the atmosphere, the literature
available on the measurement of volatile emissions from
land treatment operations is very limited.

The objectives of this study were 1) to determine
the rate and magnitude of fugitive hydrocarbon emissions
from land treatment of refinery sludges, 2) to identify
the relative effects of such parameters as sludge loading
rate, temperature, soil moisture content and relative
humidity on the magnitude of hydrocarbon emissions, 3) to
identify and quantify individual compounds being emitted
to the atmosphere, and 4) to develop a statistical model
to project the total volatile emission rate based on the
above mentioned variables.

Research techniques were developed to achieve the

2



objectives of this study. Laboratory and field measure-
ments were taken. A hydrocarbon analyzer (TLV Sniffer)
was used to monitor total volatile concentration. In
addition, to identify and quantify each individual
compound, air samples were collected on adsorbent tubes
packed with Tenax-GC and silica gel. The samples were
subjected to gas chromatography/mass spectrcmetry (GC/MS)
and gas chromatographic (GC) analysis wusing a flame
ionization detector (FID). A multiple regression model
was used to analyze the collected data.

This study ﬁés part of a land treatment project
funded as a cooperative agreement between the University
of Oklahoma and the Robert S. Kerr Research Laboratory at
Ada, Oklahoma. The project established the identity and
concentration of volatile compounds and examined the
effects of a number of parameters on the mass and rate of
fugitive compound emissions from land treatment of re-

finery oily sludges.

Background Information

This study was a part of land treatment research
project which was directed at optimizing the land treat-
ment for petroleum refinery sludge, establishing appro-
priate monitoring techniques and determining the environ-
mental impact of adding waste constituents to soil. The
scope of this 1land treatment research nproiert is

3



summarized as follows:®

A 10 acre land treatment site for the project was
established at the University of Oklahoma on the north
side of Norman. Extensive testing of the surface soils
indicated that the zone of incorporation was very uniform
across the site and suitable for statistical evaluation.

A total of 32 test plots and 8 control plots were
established on the selected research site to carry out
necessary studies for the project. The dimensions of
each plot were 9 ft. by 20 ft. (2.7 m by 6.1 m). Buffer
zones between each plot prevented interference between
plots loaded at different rates.

The residue used in this study was typical API
separator sludge. The sludge was transported from the
refinery and stored in two tanks. An onsite storage
capacity of 12,000 gallons (55,000 L) was provided for
the refinery sluage. A three horsepower, slow speed (70
rpm), turbine mixer was used to blend the waste and
destratify the water and oil layers which developed after
the waste had been stored in the tanks. The sludge was
applied in such a way to produce a uniform application to
the soil surface.

0il is the major organic constituent of the sludge
which undergoes volatilization and biological decomposi-
tion. Therefore, the waste residues applied to the re-
search site were analyzed for oil content. The oil con-

4



tent of the waste varied from a minimum of 19% to a max-
imum of 80% on a weight basis,

A Four different loading rates and four different fre-

+ quencies were examined to accomplish the proposed objec~-

tives of the project. Table 1 shows the loading rates

and application frequencies. Fiqgure 1 shows the random-

ized allocation of plot treatments.

Table 1 Application Frequencies and Loading Rates

Application Frequency Selected Loading Rate
Level No. Application/year (¢ 0il in soil--dry
wt. basis)

1 1 3
2 2 6
3 6 10
4 12 13

The loading rate parameter is defined as mg of oil
per kg of soil spread per acre per year to the zone of
incorporation (plow zone) of each plot in the land treat-
ment site. The plow zone is the vertical extent of dis-
tribution of the oil into the soil as a result of aﬁpli-
cation and subsequent mixing. 1In this study the depth of
tihe plow zone was 12 inches.

The application frequency is defined as the number
of applications of sludge made to achieve the desired

5
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LEGENDs Plot Numbers are located in the upper lett hand corner of plot squares

FR = Loading Frequency

LR = Equivalent Annual Loading Rate for Plot as %

C = Control Plot

Figure 1

Randomized allocation of plot treatment




annual loading rate.

Prior to sludge application each plot was tilled.
The sludge was transferred from storage tanks to a two-
hundred gallon fiberglass tank equipped with positive
displacement pumps. The pumping system had a maximum
capacity of 10 gpm. This pumping system was connected to
a spray manifold by a flexible high pressure hose. The
manifold system consisted of six spray nozzles, piping
and a control valve. Before sludge application, the man-
ifold flow rate was calibrated. Sludge application was
acconplished by making a sufficient number of timed
passes over the plot until the desired volume of sludge
was applied. After application was completed, the plots
were tilled to mix the oily sludge into the zone of in-
corporation (12 inches) and to provide oxygen for micro-
organisms. Tilling was accomplished by a sixty-inch (152
cm) rototiller connected to a twenty-two horse-power
tractor. The application frequency was primarily de-
termined by antecedent soil and climatic conditions.

The continental climate of the county is character-
ized by hot summers and relatively short mild winters.
However, several severe cold spells occur each winter
accompanied by strong northerly winds. Minimum tempera-
tures of 10 to 15 degrees Fahrenheit and maximum temper-
ature of 105 degrees are common.

The mean annual precipitation is 33.31 inches, but
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it has ranged from 19.19 to 56.64 inches. The wettest
months are May, June, April, and October; and the driest
are February, January, and December. Table 2 presents

average temperature and precipitation data.

Table 2 Climatogical Data of Norman1

Month Mean Temperature °F Mean Precipitation (in.)
December 40.7 .61
January 38.0 1.40
February 41.5 1.18
March 51.7 2.49
April 60.8 3.47
May 68.9 5.20
June 77.6 3.90
July 81.5 2.53
August 82.0 2.74
September 74.7 3.21
October 62.7 3.34
November 50.7 2.24
Year 60.9 33.31

Literature Review

Many papers dealing primarily with the 1land
treatment of petroleum sludges were reviewed. There is a
paucity of data on the volatile organic emissions from
land treatment operations. Most papers discussed the
following topics:

1, Construction and operation of a land treatment

facility.

2. Microbial degradation of hydrocarbons during



land treatment of refinery sludges.
3. The effect of oily waste on water quality and
soil characteristics.
4. The effect of 1land treatment of petroleum
sludges on vegetation.
5. Land treatment technology, environmental
effects and economics.
Three sources, however, contained information about vola-
tile organié emissions from land treatment facilities.
Minear et al.2 conducted a study to assess the
atmospheric emissions from the land treatment of refinery
sludges. This study was jointly funded by the American
Petroleum Institute and the U.S. Environmental Protection
Agency (EPA). These researchers developed a small
laboratory unit to simulate land treatment operations.
The effects of certain variables on emission rates
such as sludge type, sludge volatility, soil moisture
content, wind speed, relative humidity, air temperature,
soil temperature, sludge loading rate and the method of
sludge application were studied. The authors found that
sludge volatility, sludge loading rate, application meth-
od and soil moisture content were important parameters
affecting emission rates.
API separater and tank bottom sludges were used in
this study. Sludge and soil samples were subjected to
physical and chemical tests. These tests are shown in

9



Tables 3 and 4.

Table 3 Physical Tests Run on the 0Oily Sludges

1. Total solids

2. Total volatile solids

3. Total suspended solids

4, Total volatile suspended solids
5. Weight loss on heating

6. Centrifugation

Table 4 Chemical Tests Run on the Sludge and Soil

Samples
Tests Methods
1. 0il and grease content Extraction with freon and
of sludges infra-red adsorption
2. Volatile organics on Gas chromatography
soils and sludges Mass spectrometry (GC/MS)
3. Volatile organics on High temperature (GC/MS)

soil

Table 5 presents the physical characteristics of
land treatment sludges. The results of centrifugation of
sludge samples are also given in Table 6. Chemical
composition of sludge and soil samples are presented in
Table 7.

The authors used a stripping test to obtain a quan-~
titative measure of relative volatility of three dif-
ferent sludge samples. It was reported that there was a

marked difference in the volatility of sludge samples.
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Table 5 Physical Characteristics of Land Treatment Sludges2

Olts 014 Total
and and Totsl Total volatile

greuse grease Total volatile suspended suspended
Sludge by IR by gravimetric nolids sol ids solids sol{ds
vamplott (m/1) (mg/1) (mg/)) wg/l * (%) (mgf}) mg/l (z)
T-A 159,600 82,200 66,700 at
T-8 . 93,400 32,400 35
T-C 80, 500 110,000 790,000 94,000 12
T-0 38,400 66,000 410,000 100,000 25
§J-A 82,500 74,400 54,200 73
S3-B 12,5C0 4,300 35
$)-c 142,000 150,000 21,000 16,000 76
$3-D 177,000 340,000 : 11,000 6,000 55
Sl-A 126,800 196,200 153,600 78
Sl-p 1,100 1,070 97
si-¢ 598,000 800,000 2,900 2,700 93
si-0 619,000 820,000 2,000 1,900 94
Average Values
T Avg 59, 500 111,900 82,200 66,700 81 431,000 75,500 18
S Avg 159, 500 191,000 74,400 564,200 13 14,800 8,800 59
St Avg 608, 500 ) 182,000 196,200 153,600 76 2,000 1,890 93

Moeference oll contalned J7.52 lsoctanc, J7.5Y hexadecane, and 2%,UX benzene.

a5l = Tauk bottoms
5} = APl separatar sludge
T = APl scpotutor sladpe



Table 6 Results of Centrifugation of Sludge Samples

2

Centrifugation
time Solids Water 01l

Sample* (min) (Vol 2) (Vol 2) (Vol 2)
T-A 15 40 50 10
T-B 15 40 50 10
S$3-A 15 15 79 6
$3-B 15 15 79 6
S1-A 15 0 94
S1-B 15 6 0 94
*S1 = Tank bottoms

s3
T

= AP]I separator sludge
= API separator sludge

12
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ion of Sludge and Soil Samples®

2

Tabie 7 Chemical Composit

Concentratlon, PPHR

e —
———

- ——

AP1 scparator Tank buttons APl sepacator S T
RT(min) Compound (M/E) sludge 83 s1 sludge T Sa{l So'l
9.2 Benzene (78) 1,400 1,600 N.D. 0.0085% 0.5%%
15.2 Toluene (92) $,600 9,300 0.02 0.0075 a.5%
18.1 Ethylbeazene (106) 4,300 3,200 0.46 0.0065 1.8
20,5 M,P-Xylene (106) 15,000 23,000 1.2 0.012 5.5
21.2 0,Xylene (106) 32,000 42,000 0.5% 0.016 . 5.0
23.2 Saturated
Hydrocarbon (8%) 24,000 4,000 5.0 N.D. 6.5
26,2 Indane (118) 28,000 34,000 9.2 N.D. 1.6
25.4 Cy-Benzene (120) 160,000 220,000 7.9 N.D. 12.0
24.0 Dimethylpentene (98) 1,900 2,200 5.0 N.D. 5.0
24.8 Satucated
Hydrocarbon (37) 5,200 6,200 6.6 N.D. 13.0
TOTAL 277,400 347,700 35.9

#Compounds with retention times up to 21 minutes were quantitated based on actual cesponse factors and

compounds with retention times above 21 minutes wcre quantitated with a response factor of 1.



Sludge S, was the most volatile and sludge T the least.

1
Table 8 presents the stripping test results.

A land treatment simulation apparatus was designed
in the Minear et al.2 study. This design consisted of a
detachable soil box with a soil surface area of one
square foot and the mixing chamber containing probes, the
plenum and the blower system. The air velocity across
the soil was regulated by the holes in the plenum.
Monitoring equipment for this study was Kurtz (hot wire)
air velocity meter, a soil test MC 300B analyzer to mea-
sure soil moisture and temperature, and a TLV Sniffer to
monitor hydrccarkon ccncentration in the air leaving the
soil chamker. Air temperature and relative humidity were
monitored in the exit duct. A space heater was used to
heat incoming air, while a buried heater (one inch below
the soil surface) was used to vary the,;oil temperature.

The waste was spread by a spreader bar in 1less than
a minute. The spreader bar consisted of a one gallon jug
attached to a piece of teflon tubing leading to a 12 inch
piece of 1/2 inch plexiglass tube. A number of 1/8 inch
holes along one surface of the plexiglass tube allowed
spreading of the sludge. A small, four-tined garden hoe
was used to till the soil.

A parametric matrix of experimental conditions shown
in Table 9 was considered in this study. This matrix was

based primarily on a linear design. Each parameter was

14



Table 8§ Sfripping Test Result52

Stripping Hydrocarbon concentration, ppmw/ul
time, Sludge Sludge Sludge
minutes . T* S3* S1*
0 91 1900 6100
4 15 140 310
8 8.2 72 150
12 5.2 39 170
16 3.7 7 150
20 3.0 21 140
24 2.4 16 -
28 1.9 13 120
32 1.6 10 110
36 1.4 8.9 100
40 1.2 7.6 100
44 1.0 6.5 96
48 91 5.8 92
52 .80 5.0 87
56 .69 4.7 84
60 .63 4.5 80
64 .62 4.0 74
68 .56 3.6 76
72 -54 2.8 71
76 A 2.6 70
Bag sample,
0-36 minutes 17 23 140
Sample size, ul 20 5 1

* S1 = Tank bottoms
S3 = API separator sludge

T

= API separator sludge

15
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**4Loading of 2.5 1b/fe

Table 9 Matrix or Experimental Conditions fcr Land Treatment Simulation Rums2

Waste Soll Soil/Alr  Alr Helative

Run Waste Londing Soll Molsture Temperature Velocity Humldity Spreading
No.  Matecialds (lb/ft3)aasType (wtX) C'F/°F) {=ph) (%) Mechanism Remarks

1 liexane 1.0 Mone NA NA/J100 3 Anb* Pour

2 licxane 1.0 S 10.7 120/100 ) Al Surface

b ) Casoline 1.0 None NA NA/100 ) At Pour

4 Casoline 1.0 - 10.7 120/100 } Amb# Surface

5 s1 2.3 None NA NA/100 3 Amb* Pour

6 S1 2.5 s 10.7 120/100 3 Anb* Surface fase case

7 st 2.5 S 10.7 120/100 b} Amb* Surface Repeat of base case

8 S1 2.5 H] 10.? 120/100 1 Amb® Surface

9 Sl 2.5 s 10.7 100/80 b ] 40 Sutface

10 sl 1.0 s 10,7 1207100 b ] Amb? Surface

11 si 1.0 H 10.7 1207100 i} Anb# Surface Repeat of Run 10

12 s1 2.5 T 4,7 120/100 | Anb# Sutface

13 sl 2.5 S 20.7 1207100 3] Anb # Surface

14 s1 2.5 - 10.7 120/100 b ] 15 Surface

15 T 2.% ] 10.7 1207100 b ] Amb® Surface

16 si 2.3% S 10.7 1207100 b ] Amb# Surface
17 S1 4,0 S 10.7 1207100 3 Amb* Surface

18 sl 0.5 S 10.? 1207100 b ] Amb*® Surface

19 st 2,8 S 10.? 120/100 3 Ash® Surface ltest sludgo to 140°F

20 s3 1.0 ] 10.7 120/100 3 Amb4 Surface

2 S3 2.5 H 10.7 120/100 ] Amb® Surface
22 s3 4.0 S 10.7 120/100 3 Amb @ Surfsce
2) s} 1.0 T 4.7 1207100 b ] Amb A Surface ..
24 s) 4.0 . T 4,7 120/100 k) Anb4 Surface
25 S) 2.5+ s 10.7 120/100 . b ] Amb® Surface Spike snludge with 0.3 1b of gas
26 s3 2.5¢ s 10.7 1207100 k] Amb# Surface Spike sludge with 1,3 1b of gas
27 s) 2.5¢ s 10.7 120/100 ] Amb# Surface Spike sludpe with 1.5 1b of 1120
28 sl 2.5 H 10.7 . 1207100 k) Amb®  Sub-uyrface Till soll after spreading

2.5 H 10.7 1207100 3 Amb%*  Sub-surface Use decper fniectine

29 Sl

*Amb = ambient humidity was typically 50X at room temperature but measured <<)0X at 100°F.
#4Sludge S1 = Tank Bottoms
Sludge S§) = API Scpurator Sludpe

Sludge T = APl Seplintor Sludpe
1s equivalent to approximately 300 barrels/acre.



varied from base conditions (run number 6 in Table 9) to
a higher or lower value.
The authors reported that the hydrocarbon concentra-
tion in the air had a very sharp rise during or shortly
after sludge applications. The maximum hydrocarbon con-
centration remained for less than five minutes. In most
of the tests, the hydrocarbon concentration decreased to
& comparatively low level in about 30-36 minutes from the
time of spreading. Monitoring continued until the
concentration dropped to the baseline 1level. Figure 2
shows a concentration time plot for the hydrocarbon
concentration leaving the soil chamber,

Table 10 presents the results of the air monitoring
for the 29 test runs. The maximum hydrocarbon concentra-
tion and the integrated area in six minutes and thirty
minutes from spreading are given for each test. The
total integrated area for thirty minutes after spreading
was used as an indicator of relative emission rates and
quantities. The effect of variables on emissions was
also measured and compared at thirty minutes after
spreading.

In order to get quantitative results from the land
treatment simulation experiments, Minear and his co-
workers calibrated the TLV Sniffer disc integrator using
a Mettler P4400 balance. They measured the weight loss
of hexane and sludge due to vaporization as a function of

17
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Table 10 Result: of Simulation Runs2

Run

L - N WV NN

2Y9A
498

Variable!

Pure hexane (false bottow)
Pure hexane

Casoline (false bottom)

Gaial Ine

S1 (false bottom)

Rase case

Buse cnse (cepeat)

At velocity decreased to | mph
Alr/soll temperature decceased
Londing decreased

Loadlng decreased (repeat of 10)
Soil T used

Holuture in soil Increased
Haolsture in alr tncrensed
Waste T used

Rase Case in a deeper box
Loading increased

Loading decceascd drastically
Waste ficated before spreading
Waste S at low loading

Waste S used

Waste S) at hiph loading
W.aoue 81 low load on T, sl
Waste $3 hilgh Joad oo T snil
Waste S) with low gas spike
Waste S) with high gas spike
Waste S cut with water
Sub=surlace injcctfon

TH o of 28

Sub-surfiace deep injecction

Haximum
hydrocarbon Integrated integrated

concentration darcs In area in
{ppm) 6 Min. 30 min.
>10,000 2,460 7,980
>10,000 3,900 5,500
> 5,000 690 1,810
>10,000 1,750 2,470
400 43 342
215 2 18
00 22 62
3 7 231
260 23 53
32% 49 14}
200 i 136
485 86 2N
> 500 85 26)
> St 68 ilé
35 1 1
350 27 n
425 33 81
250 31 6)
3% 45 74
2] L) 10
15 1.5 ]
2% 4 16
1?7 2 b)
34 4 12
7,000 480 60
>10,000 160 1,360
25 b) 8
Juo 17 114
375 29 68
0 0 1]
225 15 15
n 1 1

Remarky
Total arca at dryness was 8580

Total arca at zero hydrocarbon
concentration was 2400

Tillcd B0 min, sfter spreading

Tilted 4 days after spreading
Tilied 6 davs after spreading

Waclable changes from the base care conditfons of Runs 6 and 7. All other varfables temained o8 in Runs 6 and 7.



time. They also monitored the integrated area under the
TLV Sniffer recorder curve as a function of time. From
these results, they estimated a calibration factor to
relate the integrated area to the weight loss for other
experimental runs. Table 11 presents the weight loss of
hydrocarbons for each of the simulation runs.

From the results it was concluded that from .45 to
3.2 percent of the total S1 (tank bottom) sludge (the
most volatile sludge) applied was lost in 30 minutes.
Approximately .07 to .22 percent of total weight of S3
sludge was emitted in 30 minutes. Sludge T, the least
volatile sludge, emitted the least hydrocarbons.

In further tests of volatility effect, the authors
reported that addition of gasoline to the sludge in-
creased the emission rate; however, the addition of water
had no effect on the emission rate.

The effects of variable loading were examined. The
results are presented in Figure 3., Sludge S1 at loading
rate of 1 lb/ft2 had a higher emission rate than sludge
83. According to the authors, this may have been because
of varying amounts of water in the two sludges: The first
sludge contained insignificant amounts of water, while
the second sludge was composed almost entirely of water.

From the results of the two subsurface injection
experiments, the authors concluded that emission can be
minimized by subsurface injection and a reasonable wait-

20



Table 11 Estimated Emigsions from Sludge Applied
to Soil in Land Treatment Simulation Tests

Welght X Total Height Welght
Arca Grams Sludge Sludge ofl X ot x
Run/Sludge k1] volatiligzed*® applied, g volatilized appliedt? volatilized applind, gf volatilized
*
6/s1 18 1.9 1135 0.70 1067 06 999 .79
1/s1 62 6.3 1135 0.56 1067 .59 999 .63
9/s1 53 5.4 1138 0.48 1067 0,51 999 0,54
10/s1 143 14.3 454 3.2 427 3.4 400 3.6
/st 136 11.8 454 3.0 427 3.2 400 3.5
12/s51 230 2).3 1135 2.1 1067 2.2 999 2.)
13/51 26) 26.17 1135 2.4 1067 2.5 999 2.7
14/81 116 11.8 1135 1.0 1067 1.1 999 1.2
15/7 1 0.10 1135 0.009 114 0.88 110 0.90
16/51 n 1.2 1135 0.6) 1067 .67 999 .12
17/51 a1 8.2 1816 0.4% 1707 .48 1590 .52
18/sl 61 6.2 227 2.1 213 2.9 200 3.1
19751 74 1.5 1135 0.66 1067 .10 999 15
20/83 10 1.0 454 0,22 27.2 3.7 91 1.1
21/s3 | S 0.51 1135 0.048 68.1 0.75 227 0.22
22/5) 16 1.6 1816 0.088 109 1.5 36 44
23/83 b .51 454 .11 27.2 1.9 91 .56
24/8) . 12 11,2 1816 0.066 109 1.1 363 .3
27/83 8 .81 1135 0.071 68.1 1.2 227 .36

A Baged on Figure D response factor.
44 Bused on X ofl dats of Table 4,
# Bised on gravimetric oll and gresse dats of Tsble S,
A4 51 e Tank bottoms
$) = APl separator sludge
T = AP acparntor studge
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ing period before tilling. Figure 4 shows the effect of
resting time before tilling on emissions after subsurface
injection.

The effect of many variables on the relative magni-
tude of emissions from land treatment simulation is shown
in Figure 5. 1In all runs, the researchers used sludge Sl
(storage tank bottom) and a consistent loading of 2.5 1lbs
per square foot. The moisture content of the soil was
10.7 percent by weight in all runs except one which was
20.7 percent. There was a larger increase in the amount
of volatile hydrocarbon emission with higher moisture
content. It was reported that the wetter soil might have
been less permeable to the liquids in the sludge.

According to the authors, heating of sludge before
application had no effect on emission rate. Air velocity
also had no effect on the quantity of hydrocarbon
emitted.

Francke ané Clark (1978)3 conducted land farming ex-
periments at Oak Ridge National Laboratory to evaluate a
biological assimilatory process for disposal of waste oil
and machine coolant. They applied o0il and fertilizer to
a 0.088 acre plot, tilled to a depth of 6 inches and
cultivated regularly for 4 months. Average oil applica-
tion rate was 1.15 gallons per cubic foot of soil. De-
composition rate of oily waste was reported 1.5 1lb per
cubic foot of so0il per month; decomposition rate of

23
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coolant was reported 4.45 1b/ft3/month.

They also conducted laboratory tests to determine
the hydrocarbon evaporation rate from the test plots.
Total evaporative losses from actual test plots over the
53 day test period were calculated to be about 8.4 gal-
lons, equivalent to less than .1 percent of the total oil
applied.

Laboratory tests were also conducted to determine
the evaporation rate from the machine coolant. Estimated
losses during the 78 day test period were 29-37 gallons,
less than .6 perceht of the total oil applied. The auth-
or reported that the primary evaporative constituents
were those identified with oils and coolants.

Volatile Organic Compound (VOC) emissions from a
land treatment operation of petroleum sludge were studied
by the Suntech group (undated)4. API separator sludge
containing about 5 weight percent oil, and centrifuge
sludge containing about § weight percent oil were land-
treated.

Centrifuge sludge was spread and tilled and volatile
organics were measured during a 13 day period. Volatile
organic compound emissions averaged about 530 pounds of
hexane equivalent per acre, or approximately 41 pounds
per acre per day. Total emissions were reported to be
about two weight percent of the oil applied.

Spreading of API separator sludge resulted in VOC
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emissions of 1960 pounds of hexane equivalent per acre,
or 76 pounds per acre per day which represented about 11
weight percent of the oil spread. Tilling after spread-
ing increased VOC emissions to 2103 pounds per acre, or
about 14 weight percent of the o0il spread.

It was reported that tilling and high temperature
increased the emission rates from both types of sludges.
Tilling, however, was not a factor over an extended per-
iod, although it initially increased emissions.

Stearn and his co-worker5 conducted a literature
review relating to oily waste decomposition, volatiliza-
tion, migration through soils and interaction with en-
vironment when oily waste was disposed on land.. Four
case studies were performed to determine if the method
was practical and environmentally acceptable.

Stearn et al.5 indicated that the degree of o0il loss
b& volatilization is related to the vapor pressure of
hydrocarbons, soil porosity, tortuosity and surface
absorption characteristics of the soil. Hydrocarbons
with high vapor pressures, such as propane, evaporate
before outward migration or biological oxidation occurs
in soils. However, lower vapor pressure hydrocarbons
such as heavy oils, residual fuel oils, grease, solid
paraffins and high molecular weight asphaltenes migrate
or biologically oxidize before evaporation. Using
information from the literature, the authors estimated
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that for highly volatile hydrocarbon deposited in a soil
to a concentration of 0.1 g/cm3, it would require approx-
imately one month for all oil in the top 1.8 inch layer
. to evaporate. Further, for a heavier fuel o0il, it was
estimated that for a contamination 2zone depth of 9.8
inches, approximately 6% of the o0il would evaporate in
two years. The range of time constants relevant to bio-
logical oxidation of o0il is estimated between two and
twenty months. Therefore, the o0il evaporation rate is
insignificant as compared to the biological oxidation
rate.

The authors reported that the relative amounts of
evaporated versus biologically oxidized oil can be af-
fected by the disposal methods employed. For any hydro-
carbon having a vapor pressure less than 100 mm of Hg,
the ratio of evaporation to biological oxidation can be
minimized by maximizing the depth of plowed zone as long
as the soil is not completely saturated with water.
Although this procedure will decrease the biological de-~
gradation rate, it will decrease the evaporation rate
even more,

Chamber techniques to measure the gas transfer
across the soil-atmosphere interface have received
considerable emphasis the past few yearss. Matthi«;:ls et
al.7 described a chamber technique for field measurement
of emissions of nitrous oxide from soil. The researchers
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placed an insulated cylindrical metal chamber (diameter
88 cm; height 17 cm) over the soil surface for 20 minutes
and collected air samples in 1 1liter evacuated glass
bottles fitted with glass stopcock in 5 minute intervals.
A rotary valve pump was used to evacuate each sample
bottle to a gage pressure of <0.1 mm Hg. A windbreak was
used to minimize wind-induced movement.

The air samples then were analyzed for nitrous oxide
(Nzo) within 24 hours by a gas chromatographic procedure.
The rate of nitrous oxide emission was calculated from
the increase in the concentration of NZO in the air
within the chamber.

The effects of wind break, insulation, air pressure
fluctuation and mi%ing air within the chamber were
studied. The authors reported that the concentration of
nitrous oxide in air within the chamber increased
linearly with time on calm days; however, it did not
increase linearly with time on windy days. The effect of
insulation showed that the temperature perturbation of
air within the insulated metal chamber was very small
compared with the perturbation observed within the metal
and plexiglass chambers. Since temperature has a very
significant effect on the rate of microbial activity and
the resulting nitrous oxide emission from the soil,
extensive tests showed that the above described chamber
would not significantly affect the soil temperature.
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The authors used an electric fan to mix the air
within the chamber. The repeated tests revealed that
there was no significant difference between results ob-
tained with and without using a fan.

Studies by Kimball and Lemon8'9 have shown that air-
pressure fluctuations caused by turbulent movement of air
over the soil surface may affect gaseous mass flow within
the soil. However, Matthias and his co-workers7 reported
that air-pressure fluctuation induced by withdrawing and
reinjecting air over the so0il did not significantly
affect the rates of NZO emission at various sites using
the chamber technique. According to the authors, the
chamber technique has the important advantages of not
significantly disturbing the structure or the environment

of the soil under study.

30



CHAPTER II

EXPERIMENTAL DESIGN AND METHODOLOGY

General Description

The first quarter of this project was devoted to de-

veloping methodology for reliably sampling and accurately

analyzing volatile compounds being emitted to the atmo-

sphere from land treatment of petroleum sludge and to

procuring supplies and equipment for the planned field

and laboratory studies.

Two separate studies were performed to accomplish

the objectives of this research:

1.

Study 1: Effects of four loading rates having
a frequency of application of six/year on
hydrocarbon enmissions from land treatment of
refinery oily sludge.

Study 2: Laboratory experiments to evaluate
hydrocarbon emissions and to identify the
influence of different sludge loading rates and
temperatures on the rate of hydrocarbon

emissions,

Other parameters including soil moisture content,
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relative humidity and sludge volatility were also mea-

sured and their relative effects were identified.

Simulation Equipment

A simple method for the measurement of the rate of
emission of volatile hydrocarbon resulting from the land
treatment operation of petroleum oily sludge was designed
and constructed. Flexibility, simplicity, reliability,
portability and durability were features sought in the
design of the monitoring and collecting system. Figures
6 and 7 depict the simulation apparatus. Figure 8 shows
the physical arrangement of the apparatus in the field.

This design incorporated an insulated, rectangular,
open bottom chamber fabricated from aluminum with a
length of 16.25 inches, a width of 5.75 inches and a
height of 11.5 inches. It was insulated with 1.5 inches
of styrofoam. The bottom of the chamber circumscribed an
area of 0.78 square feet: The following accessories were
provided:

1. A small variable speed AC fan was installed on
the top of the chamber to mix the air within
the chamber.

2. Two dial thermometers were inserted through
ports to record air and soil temperature inside
the chamber.

3. A dew point hygrometer was used to measure va-
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por pressure and relative humidity inside the
chamber.
A port through which breathing quality compres-
sed air was provided to transpert pecllutants
from the sampling chamber to the hydrocarbon
detector and columns packed with appropriate
adsorbents. Air flow rate was controlled with
a regulator equipped with a flow meter.
Ports were provided on the opposite side of the
chamber from the inlet port, to monitor total
volatile hydrocarbon by TLV Sniffer and to con-
centrate volatile compounds on an appropriate
adsorbent material.
A sprayer consisting of a two-gallon, polished
stainless steel tank, with removable syphon
tube, hcse adaptor and discharge units was at-
tached to a fan pattern nozzle inside the cham-
ber, to distribute the sludge evenly over the
soil surface.
The inside of the chamber was coated with epoxy
paint to eliminate contamination from the alu-
minum.
To insure a good seal between the chamber and
the soil surface, an aluminum band 1% inches in
depth was extended from the bottom edge of the
box and embedded in the soil.

36



Table 12 presents the equipment chosen for monitoring.

Table 12 Monitoring Equipment for Land Farming
Simulation Equipment

1. Bacharach TLV Sniffer with To measure total vola-
a total range of 0-10,000 tile compound concen-
PPMV. The instrument was tration

calibrated with hexane.

2. Potentiometric Recorder To record hydrocarbon
concentration with time
3. Dew Point Hydrometer To measure relative hu-~
midity inside the box
4. Electric fan To mix air inside the box
5. Dial thermometers To measure soil and air
temperature
6. Speedy Moisture Tester To determine the mois-
{Soil Test, Inc.) ture content of soil
7. MDA Accuhaler 808, To draw the air into the
personal sampling pump adsorbent cartridge
8. Adsorbent cartridge To concentrate volatiles
9. Regulator equipped with To compensate down
flow meter stream pressure changes

and control air flow
through the box.

10.Compressed air cylinder To provide a hydrocarbon
free air supply

Experimental Procedures

Testing the Simulation Equipment in the Laboratory
Initially the simulation equipment was tested in the

laboratory. The effects of tilling, mixing the air with-
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in the chamber, air flow rate, and sampling frequency
were determined.

Primarily to identify each volatile compound, air
samples were concentrated in traps packed with Tenax-GC
and silica gel. These samples were analyzed by use of
the Gas Chromatograph (GC), Mass Spectrometer (MS) system
in the Kerr Research Laboratory at Ada, Oklahoma. A to-
tal of ten hydrocarbons were identified. The hydrocar-
bons include saturated aliphatic and alicyclic compounds.
Identification of these compounds helped in the selecting
of standards for the GC use.

The following conclusions were obtained during
initial testing:

1. The selected monitoring equipment was adequate.

2. Tilling =aused high emissions.

3. An air flow rate of 3-4.5 1/min through the
chamber was adequate for accurate sampling.

4. Operating the fan at high speed resulted in
complete mixing of the contents in the head
space of the chamber.

5. The monitoring and sampling were essential be-
fore, during and immediately after application,
after tilling, at two hour intervals throughout
the first day of application, daily for the
next two days after application, weekly for the
next three weeks and monthly thereafter.
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Preparation of Equipment for Sampling

The TLV Sniffer, for monitoring total volatile
hydrocarbons, was calibrated with hexane; calibration was
checked with known concentrations of hexane before and
after each run.

MDA Accuhaler 808 personal sampling pump, for
collecting volatiles in adsorbent tubes, was also
calibrated before and after sampling using a soap bubble
flow meter. Flow rate threough the trap was 30 and 31
ml/min,

The hygrometer probes were dried in a 60-80°C
(140-180°F) oven for about % hour to remove excess mois-

ture before using.

Field Sampling Protocol and Procedure

After the measurement methodology was developed and
equipment was tested and calibrated in the laboratory,
field studies were conducted at the research site.

Four loading rates were studied which provided a
range that included all possible loading rates. The se-
lected loading rates were 3%, 6%, 10%, and 13% of oil in
s0il on dry weight basis. The selected loading frequency
was six times per year. Therefore, six of the forty ex-
perimental plots were selected (plots #1, 6, 3, 7, 4, 5,)
for this study. Plot #1 is a replicate of plot #6. A

control plot (#3), to which no sludge was applied, was
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included. The locations of these plots are shown in
Figure 1.

The procedure for using the chamber involved placing
it over the plot and inserting it into the soil to a
depth of 1.5 inches. Meanwhile, the air control valve
was opened to maintain the desired air flow rate and the
head-space fan was turned on. The dew point hygrometer
was turned on at least 10 minutes before sampling for
probes to equilibrate., The hygrometer probes were then
inserted into the chamber through two sealable ports on
the top surface of the chamber.

Soil and air temperatures were determined by dial
thermometers (range -40, +160°F). The temperature of the
air within the chamber was mcasured at 2.5 inches above
ground level. The temperature of air outside the chamber
was also measured at the same height. The temperatures
of soil inside and outside the chamber were measured at a
depth of 2 inches below ground level., Samples were taken
using the TLV E€aiffer and solid sorbent tubes.

The Sniffer was allowed to run fcr at least 10 min-
utes prior to sampling. It was then zeroed with ambient
air prior to sampling. The Sniffer probe was connected
to the brass valve in one side of the chamber via quick
connect (Figures 6 and 7). The total volatile hydro-
carbon concentration in the air leaving the chamber was
then monitored with the Sniffer until equilibrium concen-
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tration was reached. This usually took 15 minutes,Sam-
ples were collected according to the predetermined
sampling schedule. The sampling schedule was adjusted to
take into consideration abnormalities in the field. The
resulting sampling schedule was determined by the concen-
tration vs time curve which was the product of many
experiments.

To determine the identity and relative quantity of
organic pollutants, sampling was also performed by draw-
ing exiting air through a 1/4 inch (outside diameter)
stainless steel tfap packed with 3 inches of Tenax-GC
(60/80) and 1 inch of silica gel (100/200). Figure 9

shows the sampling cartridge.

- Gless Wool
— l.".||'|l|.l| oy o :: e e =22 :ﬁ—"

W’ N
Tenax G C Silica Gel

Dimensions: 4 é in. by .25in. 0.D. Stainless Stael Tube

Figure 9 Sample Concentrator

Tenax-GC is a porous polymer that is based on 2,6,-

diphenyl~p-phenylene oxide. It is a typical sorbent fcr

collecting volatile compounds at room temperature 10.
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However, many of the lighter organic compounds are not

adequately retained at room temperature by Tenax-GCll.

By using the cryogenic method, in addition to increasing

the efficiency of collecting low molecular weight hydro-

10,11,12,13,14 4pe oxidation or polymeri-

zation of constituents is minimizedlo. Nevertheless,

carbons (CZ-CG)

cryogenic trapping was dismissed due to difficulty of
using this system in the field.

Pellizzarils'16

developed an analytical technique
to determine the collection efficiency of many sorbents,
including Tenax-GC, during the concentration of hazardous
vapors from a moving air stream. He reported that
Tenax-GC was > 90% efficient in trapping hazardous
vapors.

The addition of a small amount of silica gel in
front of Tenax-GC served to protect the Tenax-GC from the
moisture without altering the efficiency and to trap or-~
ganic compounds that were not trapped by Tenax-GC.

It was reported that organic compounds with a mini-
mum of three carbon atoms would be trapped on silica gel.
Silica gel exhibits a great selectivity among atmospheric
gaseous and vaporous constituents. It readily adsorbs
compounds with hydro..yl groups and with many of the more
common hologenated hydrocarbonsl7’18. Silica gel adsorbs
water more than any other substance; therefore, under
conditions of high humidity, the efficiency of adsorbing
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other compounds is much reduced17'19'20.

To prepare the traps, the tubing was first cleaned
using a soap solution and then distilled water, and was
subsequently rinsed with methanol and oven dried. A
glass wool plug was inserted, and the sorbents were add-
ed, followed by slight tapping and another glass wool
plug to hold the sorbent material.

After trap preparation and before sampling, a clean
trap was analyzed as a blank by GC-FID. Analyses of two
traps indicated some quantities of methylene chloride,
Investigation revealed that the methylene chloride was a
contaminant from the laboratory used for oil content an-
alysis, Subsequently, traps were prepared in a lab free
of contamination. The traps were transferred to and from
the field in the ice chest at a temperature of 4-10°C.

To start sampling, a quick connect was used to con-
nect the trap through a stainless steel valve to the
chamber. The use of quick connect facilitated sampling
and storage operations. All fittings used were stainless
steel. A dual tandem cartridge arrangement was used to
check for breakthrough periodically. Volatiles were col-
lected using MDA Accuhaler 808 personal sampling pump.

The length of time of sampling varied depending on
the concentration of the volatiles: after application,
with high concentration of volatiles, 5 minutes; after
tilling, with moderate concentration, 10 minutes; and be-
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fore application and tilling, 20 minutes. The collected
samples, sealed and labeled in the £field, were refrig-
erated and analyzed in the laboratory within a week.
Samples were taken before and immediately after applica-
tion, before and after tilling, as well as every other
week until the next application.

During the period from July 13 through November 17,
1982, regular applications and samplings were made except
during two weeks of rains and strong winds. From Novem-
ber through April, application was not made because

of inclement weather and exceptionally wet soil.

Laboratory Study

Field measurements of volatile hydrocarbons were
complemented by conducting limited exploratory measure-
ments in the laboratory in the controlled temperature and
humidity of the environmental chamber. Volatilization
rates of the waste were studied at three different tem-
peratures. In addition, for each temperature range, the
application rate was varied. 1In these tests the soil
moisture content and relative humidity were held con-
stant. Other tests with varying soil moisture content
and relative humidity were also conducted at fixed tem-
peratures and loading rates. The purpose of this study
was to determine the effects of soil temperature, loading

rate, soil moisture content and relative humidity on the
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rate of emission of volatiles. Table 13 presents the
experimental conditions for laberatory study.

Another important variable was volatility of sludge.
In order for this variable to be relatively constant for
all experimental runs, the sludge was used from only one
batch, originated from API separator, brought from the
field and stored in a closed container. However, prior
to each application, the volatility of the sludge was
determined to detect any changes in volatility.

Samples of soil were obtained from control plots in
the field and placed in rectangular wooden boxes
(13x12x10 inches) to a depth of 8 inches. For each tem-
perature range, three boxes of soil, for application of
three different amounts of sludge, were placed in the en-
vironmental chamber. A fourth box was also included as a
control. After placing soil boxes in the environmental
chamber, the desired air temperature was set. The
chamber was then placed over the soil. The monitoring
chamber used in the laboratory had a sprayer; therefore,
monitoring and sampling were accomplished during spraying
too. The operating procedure was the same as for the
field plots.

The appropriate volume of sludge was predetermined
and poured into the sprayer tank. The tank was pres-
surized by pumping to a certain pressure (max. 30 psi).
When all of the desired test conditions were stabilized,
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Table 13 Experimental Conditions for Laboratory

Study

Run. Loading Rate Soil Soil Relative Air
No. (% oil in Temp. Mois. Cont. Humidity Flow
soil-dry wt.) °F (wt %) (%) Thru

the Box

(1/min)
1 3 35 12 52 3.5
2 6 35 12 52 3.5
3 10 35 12 52 3.5
4 3 ‘ 60 12 52 3.5
5 6 60 12 52 3.5
6 10 60 12 52 3.5
7 3 85 12 52 3.5
8 6 85 12 52 3.5
o 10 85 12 52 3.5
10 6 60 23 52 3.5
11 10 60 23 52 3.5
12 6 60 12 75 3.5
13 10 60 12 75 3.5
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the background hydrocarbon concentration was recorded;
the sludge was then applied evenly over the surface.
During the application and for one hour afterward, the
atmosphere of head space was continuously monitored.
Prior to and after each run, using the zero adjustment of
the TLV 3Sniffer, chart recorder readings were obtained to
verify recorder-to-analyzer linearity. After the sludge
was applied and volatiles were monitored, a small garden
hoe was used to till the soil under the chamber to a
depth of 8 inches to ensure even mixing.

Each series of experiments was performed over a
seven day period. Sampling and monitoring took place
before and during application, immediately after applica-
ticn, before and immediateiy after tilling, at two hour
intervals throughout the first day of application and
daily for the next two days of application. Three and
five days after application, the soil and sludge mixture
was tilled. Samples were then taken prior, immediately
after and two hours after tilling. On days four, six,
and seven volatiles were also monitored. In all, 18 sam-
ples were taken with TLV Sniffer in each run. Because of
limited hours for GC work, only 10 samples were taken us-
ing adsorbent tubes for each temperature and loading rate

range.
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Analytical Procedure

Air Sample Analysis. The collected samples were

analyzed in the laboratory within a week by Hewlett-
. Packard (HP) Model 7675 purge and trap system and HP
Model 5880A Gas Chromatograph (GC) equipped with Flame
Ionization Detector (FID). A 1/8" stainless steel col-
umn, packed with carbopack B/1% SP-1000 was used to
separate the hydrocarbon compounds thermally desorbed
from the sampling cartridge. Recovery of trapped vapors
was accomplished using thermal desorption which allowed
for direct introduction of the total cample into the GC
colunn. Limited Gas Chromatography-Mass Spectrometry
(GC-MS) analysis was also performed in the Ada Laboratory
for quality control.

The identity of volatile compounds was based on re-
tention times of standard compounds and confirmed from
subsequent GC analyses. Relative concentrations of com-
pounds were determined using the Internal Standard Cali-
bration Method (ISTD). Absolute gquantities could not be
given, since it was not known for all samples whether
breakthrough had occurred from the sorbent trap. First,
1l,4-dichlorobutane was used as an internal standard.
However, with the last batch of sludge one compound co-
eluted with 1,4~dichlorobutane, and they could not be
separated by changing temperature programming nor even by

using a capillary column. Therefore, after trying many
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compounds, methylene chloride was chosen to be used as an
internal standard.

Since petroleum sludge contains a complex mixture of
organic compounds, chromatographic separation of such
compounds was a difficult task. Three different GC col-
umns, including 60/80 carbopack C/.2% carbowax 1500, 10%v
SP-2100 on 100/120 suplecoport and 60/80 carbopack B/1%
SP-1000, were examined at different conditions. It was
found that 60/80 carbopack B/l1% SP-1000 gave the best
resolution. Nevertheless, peaks frequently overlapped,
and it was difficult to identify and quantify all the
- unknown compounds. Thus, it was essential to reduce the
number of organic compounds to be quantified. Of the
volatile hydrocarbons identified, only fourteen were
quantified. Table 14 presents these target compounds
along with their retention time.

A calibration mixture of the fourteen compounds
which were quantified (Table 14) was prepared every week.
The purge and trap and GC were tested every day before
the analysis of samples. The clean trap was then easily
changed to tie sample trap in the purge and trap system.
A leak test was performed to confirm that all fittings
were tight. Internal standard was first purged into the
sample trap in a known concentration. Nitrogen gas was
used as a purge gas. Purge flow was maintained at &0

ml/min for 10 minutes. Trapped volatiles were then
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Table 14 Pollutants Identified and Quantified in Air
Samples Along with Their Retention Time

Chromatographic Compound Retention
Peak Number Time (min)
*] Propanol 8.71
2 Methylene Chloride (IS) 9.30
*3 2~Propanone 9.56
4 Cyclopentane 13.47
*5 2-Butanone 18.05
6 Pentane 19.58
7 Cyclohexane 21.06
8 Methylcyclopentane 22.36
9 Benzene 26.84
10 Methylcyclohexane 29.84
*11 2,4-Dimethylpentane 31.46
12 Hexane 32.95
13 3-Methylhexane 35.58
14 1,4-Dichlorobutane (IS) 37.23
15 2,3,4-Trimethylpentane 38.995
16 2,5-Dimethylhexane 42.76
17 3-Methylheptane 44.65
18 2,2,5-Trimethylhexane 46.67
19 1,4-Dimethylbenzene 57.12
*20 2-Pentanone
*21 Cyclohexanol
*22 Ethylcyclopentane
*23 2-Methyl-1-Pentanol
*24 1,1-Dimethylcyclopentane
*25 Cis~-1,2~-Dimethylcyclopentane

* These hydrocarbons were only identified, not quantified
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thermally desorbed at 250°C and backflushed to the GC
colurmin. Optimum results were achieved by temperature
programming from 45°C to 200°C at 4°C/min with initial
and final isothermal periods of 2 and 20 minutes,
respectively. Carrier gas (nitrogen), hydrogen and air
flow rates were 30, 30, 450 ml/min, respectively. Flow
rates were checked by a bubble tube flow meter every day
before analysis began. The injector port and detector
temperatures were 250°C, Analysis time was approximately
60 minutes. Table 15 summarizes the GC conditions for
the analysis of hydrocarbon components. At the end of
each analysis, the column was cooled back to 45°C for the
next analysis.

A small amount of carry-over (less than five per-
cent) of the heavier compounds was observed from the con-
centrator when a blank was run immediately after the con-
centrated sample. Thus, in order to have a clean trap
for the next sampling, a blank was run on the same trap
immediately after each analysis.

Stripping Test. A simple laboratory test was devised

to measure the extent of hydrocarbon emissions to be
expected from the land treatment of a given sludge. The
basic idea of this test was to purge an inert gas (hydro-
carbon~-free air) through a small sludge sample and to
sweep all volatile hydrocarbons out of the sample.

For the stripping test, a 25 ml impinger, compressed
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Table 15 Purge & Trap and Chromatographic Conditions

for the Analysis of Hydrocarbon Components

Purge & Trap Conditions:

Prepurge Time 3 minutes
Nitrogen Purge Flow ' 50 ml/min
Purge Time 10 minutes
Desorb Temperature 250°C

Desorb Time 10 minutes
Auxiliarly Temperature 200°C

Vent Time 10 minutes

GC Conditions:

Nitrogen Flow (carrier gas) 30 ml/min

Air Flow 450 ml/min

Hydrogen Flow 30 ml/min

Detector Temperature 250°C

Injector Port Temperature 250°C

Oven Temperature 45°C Initial, to
200°C at 4°C/min

Chart Speed .5 in/min

Attenuation 8
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air and TLV Sniffer were used. Figure 10 depicts a dia-

gram of stripping test set up.

The

. steps:
1.
2Q

experimental procedure involved the following

The empty impinger tube was first weighed.

The tube was filled with 15 ml of sludge sample
and weighed.

The stripping apparatus was set up.

The flow rate of air (purge gas) through the
sludge sample was adjusted to 2 1l/min in all

stripping runs.

‘The hydrocarbon concentration in the stripping

air was monitored with TLV Sniffer at 5 minute
intervals for two hours, a constant time in all
stripping tests.

The compressed air and TLV Sniffer were removed
or disconnected from the impinger tube at
5-minute intervals and the impinger tube
containing sludge was weighed.

The percentage volatile loss was calculated
from the difference in sludge weight.

The data collected allowed for evaluation of
the weight loss rate and a determination of the
relationship between concentration (reading

taken with TLV Sniffer) and weight volatilized.
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Figure 10: Stripping test setup
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0il Content and Moisture Content Analysis. The o0il

content and moisture content of the oily sludge added to
the soil and of soil from the aerobic tilled zone before
. and after sludge application were analyzed.

The modified Soxhlet extraction method was used to
extract oil from sludge and soil-sludge mixture. Methy-
lene chloride was used as a solvent. Details of extrac-
tion procedures have already been published21.

The moisture content of the soil-sludge mixture was
determined simultaneously with the o0il content analysis.
Later on, a Speedy Moisture Tester was purchased and used

to determine the moisture content of the plow zone in the

field and in the laboratory.

Quality Control and Quality Assurance

The following on going quality assurance and quality

control were conducted:

1. The TLV Sniffer was calibrated every two
months. The calibration was checked with known
concentrations of hexane prior to and after
each sampling.

2. The sampling pump was calibrated before and
after sampling, using a bubble flow meter.

3. Two forms were prepared. Table 16 illustrates
the sampling protocol that was followed for

each field sample and Table 17 shows the form
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to record analytical conditions and results for
each sample.

Upon return from a sampling trip, each sample
code and the results obtained from TLV Sniffer
and other monitoring egquipment were entered in-
to a sample log book. This log was updated as
samples proceeded through work up and analysis.
Vials for standards, glassware etc., were
cleaned with socap and water, rinsed with dis-
tilled/deiohized water and methanol, and heated
to 450-500°C to insure the removal of all
traces of organic compounds.

After the preparation of a set of sampling car-
tridges, one cartridge was checked for back-
ground prior to the cartridge's commitment to
field sampling.

All sampling cartridges were transferred to and
from the field in an ice chest at a temperature
of 4-10°C.

If two cartridges were used in series to check
for breakthrough, they were separated and seal-
ed individually immediately after sampling to
avoid errors arising from diffusion which might
have occurred later.

The collected samples were analyzed within a
week.
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10.

11.

To insure the accuracy and precision of the da-

ta

acquired, instrument and chromatographic

performance were monitored as follows:

(a)

(b)

The linearity of the gas chromatograph was
verified once a week. Three different
concentrations of working calibratién
standards were used to obtain instrument
response with thirteen compounds. When
sample concentration versus instrument re-
sponse was plotted, the result fell along
a straight line.

A strict step-sequence of analysis was
followed. At the start of each working
day, the analysis cycle began with the
blank (using organic-free water), the mul-
ti-component working standard and three
samples. Each sample was followed by a
blank. This way, the purge and trap and
GC column performances were monitored
every day. Running the blank also in-
dicated that the syringe, needle and all
lines from the purge and trap through the
injection port and the FID were free of

contaminants.

Each sample run by GC was logged into a note-

book, detailing analysis conditions, compounds
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found and where the data were archived.
12, Periodically, air samples were analyzed by

GC-MS in the Ada Laboratory.
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Table 16 Sampling Protocol

Project 4 Pump
Date Start Time
Plot ¢ Stop Time
L. R. Operator

| Sampling:
Adsorbent Tube § Sniffer

( )
Adsorbent Tube | )

Sampling  Conc. Alr Flow oIl Temp (F?) Alr Temp. (F¥) Ambiant Dew Point Relative Sampling

Through the Inside Outaide Inside Outside
Box Box Box

Vapor Vapor
Time (22m) Box Box Temp (C°) Pressure Temp (C®) Pressure Humidity Plow Rate




Table 17 Form to Record Analytical Conditions
and Results for Each Sample

Cartridge #
Sampling Rate
Air flow through the box
Time: Start
Stop

Operation Performed

GC Conditions Compounds
Time Date and Column Used Standards Name Conc. Remark
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CHAPTER III

RESULTS AND DISCUSSIONS

The atmospheric emissions from land treatment of
petroleum sludge was assessed in this study. This
chapter presents results and analyses made on the data.
The first section is a summary of the sniffer data for
laboratory and field experiments. The second section
presents the results of statistical analyses. The third
section shows the significance of results from the stand
point of pollution. The fourth section shows the results

and interpretation of the gas chromatography data.

Discussion of TLV Sniffer Data

Stripping Tests

Stripping tests were carried out to measure volatil-
ity of the sludge and to estimate weight loss of indi-
vidual sludge components due to volatilization from land
treatment operations. The procedures have been described
in Chapter 1II.

Hydrocarbon concentrations in the stripping gas were
monitored every five minutes and weight loss of sludge

was measured every ten minutes during at least a two-hour
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test run. Because of differences in volatility of the
different batches of sludge, a stripping test was con-
ducted each time the application was made. The volatil-
ity of these sludges was calculated and presented in Ta-
ble A-1, Appendix A. Table 18 presents th= stripping
test results for the last batch of sludge which was also
used for laboratory experiments. ' In this test the air
was purged into the sludge sample at 2.02 1l/min., These
data were used to construct curves of cumulative calcu-
lated TLV Sniffer responses as a function of sludge
weight loss (Figures 11 and 12). These curves can be
used to relate the emission rate to the weight loss for
other experimental tests using the same kind of sludge.

As might be expected, the rates of emission and
weight loss are time-dependent. For example, the initial
weight loss rate was 278.4 mg/10 min. and declines to
about 3.9 mg/10 min. within 110 minutes. During the same
period the volatile losses measured by the Sniffer was
22.76 mg/min. initially and dropped to .14 mg/min. after
100 minutes. The percentage of weight loss during a 110
minute test period for the last batch of sludge was cal-
culated to be 8.50.

In view of the results obtained, the author decided
to conduct an experiment with clear water under the same
conditions as the sludge sample to estimate water loss.
During the test period, the water loss was insignificant
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Table 18 Stripping Test Results*

Stripping Reading from sniffer Area Mass of Cumulative Wt** Cumulative
Time {(min.) Direct Calculated Count Volatiles Mass Loss Wt. Loss
(ppm) (mg/min.) (mg) (mg) (mg) {mg)

<1 3200 22.76
S 2000 14.23
10 1500 10.67 37 148 148 278.4 278.4
15 1200 8.54
20 1000 7.11 20.5 82 230 169.3 447.7
25 900 6.40
30 600 4.27 14.5 58 288 154.8 602.5
40 380 2.40 9.0 36 324 87.3 689.8
45 310 2.21
50 300 2.13 5.5 22 346 85.3 775.1
55 230 1.63
60 190 1.35 4.0 16 362 65.0 840.1
65 140 .99
70 110 .78 3.0 12 374 61.7 901.8
80 80 .57 1.9 7.6 381.6 36.7 938.5
90 30 .21 1.0 4.0 385.6 8.3 946.8
100 20 .14 o7 2.5 388.1 4.5 951.3
110 2 1 388.1 3.9 955.2

* Air flow through the sludge = 2,02 1/min.
** TInitial wt. of sludge = 11045.3 gr.

A wt. loss of sludge = 8.5
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(X.12%) compared to the volatile loss.

Tntal Volatile Emission

Throughout the sampling and testing period, the lab-
oratory and field analytical results were transferred to
a master log. The data were then stored on a tape in an
IBM computer system. Preparation of the raw data into
usable form involved converting ppm reading from sniffer
to g/hr of total volatile emission rate. Tables A-1 and
A-Z2 in Appendix A present calculated concentrations of
total volatile hydrocarbon for field and laboratory ex-
periments. From these data, calculated concentration-
time plots, such as those shown in Figures 13 and 14,
were generated. (To differentiate between points in all
time concentration curves in this section the starting
times of application were off-set by sufficient time
intervals to give a distinct separation between the three
curves.). The patterns observed in these figures are
typical of all loading rates and all temperature ranges,
although the emission rates at any point in time vary
with different 1loading rates and environmental condi-
tions.

These figures show that in the 1laboratory a very
sharp rise in the hydrocarbon concentration in the air
appeared iﬁmediately after sludge application began. The

maximum hydrocarbon concentration was reached during the
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application or very shortly thereafter. However, an ab-
rupt decline from the maximum concentration and a gradual
approach to a lower concentration £followed. These re-
.sults are similar to the results achieved by Minear
et a1.2.

In the field, because of losses which occurred dur-
ing application and elapse of time after applying the
sludge and placing the chamber over the soil, a gradual
rise in the hydrocarbon concentration was noted for
equilibrating the sampling chamber (Figure 14).

The hydrocarbon concentration in most tests dropped
to less than 50 percent of its maximum value within two
hours after application. Therefore, it was evident that
comparisons of the concentrations for the first two hours
and for the first day would give a quick estimation of
the relative hydrocarbon emission losses. Figures 15 and
16 show the maximum concentration and rate of decrease in
emission in the first two hours from application at three
different temperatures and loading rates.

The areas under the time-concentration curves were
determined at two hours, one day and seven days from ap-
plication for field and laboratory data, as well as from
application to application for field data only. The ar-
eas were determined by planimetry. From these areas the
losses were calculated for each loading rate. Table 19
gives the summarized data by plot number and loading rate
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Table 1l°© Total Volatile Loss from Field Data

bate of  Plot NomInal Appl, 9Tudge (]9 Volatillty Total  Total Total Total Total Wo,
Appl. No, Loading No. Apglled Applied of Sludge Loss Loss Loas Loss of Days
Rate tkg) tkg) {v) in-2 hr. in-1 4 in 7 4 Since Since
(kg) tkq) tkg) Appl. (kg)  Appl,

07/19/82 1 13 1 230.) 195.758 - .220 +923 3.073 8.173 29
08/17/02 1 13 2 230.) 195,755 8.0 «070 «320 2.090 6.990 24
09/10/82 1 13 3 230.) 195.755 7.0 .08) +620 2,800 11,250 k1]
10/14/82 1 13 4 262.2 157.320 13.6 .530 2,550 6.050 9,790 18
11/02/02 1 13 5 262.2 157,320 12,8 .903 3.990 8,700 11.700 15
11/17/82 1 13 6 206.53 163.158 9.1 .130 630 2,130 4.530 3300
Subtotal 1321.93 105,083 1.508 9,033 T3 sZ.433 153
07/13/02 4 3 1 45.31 38,513 - .070 .3%0 1.910 5.049 n
08/13/02 4 3 2 45.31 38,513 8.4 +063 306 1.452 4.992 41
09/23/82 4 3 3 60.49 36,294 4.0 «340 2,020 6.200 8.340 19
10/12/82 4 3 4 45.31 27,186 13.8 .100 «860 3.230 4,010 20
11/02/82 4 3 5 60.49 36,294 12.5 +260 1.610 3.910 $.220 15
11/17/82 ] k] 6 47.67 37.659 9.1 . 056 .400 1.400 3,000 I3
Subtotal T 210159 PL I 2 2 {11 18.182 37T 153
07/13/02 s 10 1 150,58 127,993 - .150 <720 2,660 7.240 30
08/12/82 S 10 2 150.58 127,993 8.5 .090 +600 2,200 £.390 42
09/23/82 S 10 3 201.67 121.002 14.0 .810 3.100 8.150 13,123 19
10/i2/82 L} 10 4 201.67 121,002 13,8 «320 1.360 5.260 11.260 20
11/02/82 5 10 ] 262.67 157,320 12.5 +330 1.820 5.370 £.290 15
11/17/82 5 10 6 158.05 125.499 9.1 .130 .650 1.850 4.25C J3ee
Subtotal 1ITS5.36 780,309 1930 L L1] 2513 57833 155

{continued)
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Table 19 Total Volatile Loss from Field Plots (continued)

Date of Flot Nominal Appl. Fiudge oIl Volatility Total Total Total Total  Total Ro.
Appl. No. Loading No. hptlied Applied of Sludge Loss Loss Loss Loss of Days
Rate tkq) tkg) 1} in-2 hr, in-1 4 in 74 Since Since
tkg} {kg) (kq) Appl. tkg}  Appl.
07/20/82 [] 13 1 230,30 195,755 - 200 1,013 3.16) 8,263 28
08/17/82 6 1) 2 230.30 195,755 8.0 070 310 2.100 6.950 24
09/10/82 6 13 3 230.30 195,755 7.8 «053 «620 2.800 11.250 34
10/14/82 6 13 4 262.20 157.320 13.6 «500 2.510 6.040 9.780 18
11/02/82 6 13 S 262.29 157,320 12.% +903 3.990 8.700 11,600 15
11/717/82 6 13 6 206.5) 163.158 9.1 .130 .630 2.130 4.%20 J3ee
Subtotal 1.8 1085.083 1785% 9073 A3 LY I T 1%2
07/20/82 ? 6 1 90.62 77.027 - 110 .680 2.490 6.800 28
08/17/82 ? L 2 90.62 77.627 8,0 045 «280 1.700 5.5%30 37
09/23/82 ? [ 3 121,01 72,606 14.0 560 3.310 6.930 11.110 19
10/12/82 ? 6 4 121,01 72.606 13.8 <130 1,000 3.550 10,210 35
11717782 ? L] 5 95.33 75,310 9.1 093 510 3,610 4,010 3300
Subtotal sTE. %3 TS 93t S 780 15,260 k¥ 11 152
TOTAL 4792,39 3499.97 7.422 37.802 109.728 227.200 775
§ Total sludge volatilized: 154 .708 2,209 4.740
§ Total oil volatilized: 212 1.080 3,138 6.491

* Application number
s No. of days from 11/17/82 to 12/20/82
d = dsys



for all the samples collected from the field plots. This
table can be used to obtain an estimate of volatile loss
at various time intervals and of an expected range in
various sludge loading rates. Included in the table are
the date of application of sludge, percent volatility of
sludge, the amount of sludge and equivalent o0il applied
each time that produced the calculated losses at differ-
ent times and total number of days between two applica-
tions.

During a six-month test period in the rfield (July 13
- December 20, 1983) total volatile losses for each plot
individually and for all five plots combined were also
calculated. The volatile loss is given in

2 (180 ftz) of plot area.

kilograms/16.72 m

The results indicate that of the 4792 kg (10,560 1b)
of sludge applied to plots 1,4,5,6 and 7, during the six
months, 4.7 percent was lost through volatilization to
the atmosphere. This is equivalent to 6.5 percent of the
total oil applied. Based on the total sludge applied,
the total percentages of losses in two hours, one day =2nd
seven days from application were estimated at 0.16, 0.78
and 2.29, respectively. The percentage of 1loss was
estimated on the basis of total sludge and total oil
applied and is given in Table 19. Since the loss rate
decreases with time, the percentage of loss in about six

months was only twice the percentage found in seven days.
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Table 20 Percent of Total Loss from Different Loading
Rates at Different Times from Application
Plot ¥ % Loading “Total # ¥ Total $ of Total Loss in
Rate of days L;;s two hours one day sgven days
4 3 159 32,211 2.75 17.59 56.44
7 6 152 37.660 2.49 15.34 43,22
5 10 159 52.553 3.48 15.69 48,50
1 13 153 52.433 3.63 17.22 47,38
6 13 152 52.343 3.55 17.33 47.63

*

Total # of days that total losses were calculated for each plot starting
from first application (7/13/1982-7/20/82) to the last sampling date

(12/20/82).
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The percentages of total loss in two hours, one day
and seven days from application were also calculated on
the basis of total loss. The results are presented in
Table 20. Figure 17, generated from Table 20 also shows
the percentage of total loss as a function of time for
different loading rates. One important result from the
review of Table 20 and Figure 17 was the fact that ap-
proximately 50 percent of total volatiles was lost in
seven days after application from each plot. Therefore,
the seven-day period chosen for laboratory experiments
was an adequate time period to use in comparing the
effects of variables on emission.

From Table 19 it is evident that the higher loading
rates result in higher volatile 1losses, assuming all
other conditions were constant. However, 1losses from
plot 5 were higher than the expected value for two
reasons. First, there was a misapplication on 11/2/82 of
262 kg (13% loading rate) instead of 206 kg (10% loading
rate). The second reason was that on 9/23/82 application
to plot 5 was made from a new batch of sludge with high
volatility (14%), while on 9/i0/82 old sludge with low
volatility (7.8%) was applied to plots 1 and 6. These
facts have resulted in about 4-5 kg more volatile loss
from plot 5 than expected. Occurrences of this kind
compound the problems of predicting volatile losses. The
range of total volatile loss was from a low of 3.80 kg
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to a high of 13.12 kg. Plots 1 and 6 are duplicates.
The results from Table 19 for plots 1 and 6 show the re-
producibility of the procedure.

The arithmatic means and standard deviation of total
loss for each plot separately and all five plots together
are presented in Table 21. It should be noted that sta-
tistical variations in the mean of the total amount of
sludge applied and the mean of total volatile losses fol-
low the same pattern as that mentioned earlier.

Another important discovery (refer to Table 19) was
the variation of volatile losses within each loading rate
from one application to another. This vafiation could be
explained primarily on the basis of volatility of differ-
ent batches of sludges. It was found that volatility of
the sludge was a very important factor in determining
emission rates. For this reason a stripping test was de-
veloped in an attempt to provide a quantitative measure
of relative volatility which could be related to emission
rates. The method was described in Chapter II, and the
results of one stripping test were presented previously
in this section. Besides volatility, environmental
conditions such as soil temperature, soil moisture
content and relative humidity were partially responsible
for these variations.

Monitoring of volatiles in the field was continued
on 4/19, 5/9 and 6/19, 1983. The last application on the
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Table 21 Mean and Standard Deviation of Total Amount of
Sludge Applied and Total Volatile Loss

Effective Plot Nominal Weight Mean/ std. Weight Total Mean/ Std.
Date # Loading Sludge APP Dev. oil Volatile APP Dev.
(1882) Rate Applied, Applied Loss/kg
kg (six appl.)

7/13-12/20 4 3 305 50 8.0 214 32,2 5.37 1.65
7/20-12/20 7 6 519 104 15.9 375 37.7 7.53 3.04
7/13-12/20 5 10 1126 188 43.7 781 52.6 8.76 3.11
7/19-12/20 6 13 1422 237 21.6 1065 52.4 8.74 2,73
7/20-12/20 6 13 1422 237 21.6 1065 . 52.5 8.75 2,73
Totals 4794 163 3500 227.4 7.84

APP = Application



plots was on 11/17/82. On 5/9 and 6/19, 1983 a higher
rate of emission was observed (Table A-1, Appendix A)
than on 12/20/82. This could be due to higher soil mois-
ture content and elevated temperatures in May-June 1983.

As previously discussed, the laboratory experiments
were conducted in controlled environmental conditions to
investigate the effects of loading rate and temperature
on the rate of emissions of volatiles. The procedures
and conditions for conducting these experiments were dis-
cussed in the previous chapter. Since it was difficult
to evaluate statistically the effects of relative humidi-
ty and soil moisture content from field data, because of
insufficient data for those two parameters, :‘wo separate
studies, one with high soil m?isture content (23%) and
the other with high relative humidity (75%), were
performed in the laboratory. The soil temperatures for
both tests were held constant at 60°F. One loading rate
(6%) was tested with high soil moisture content, while
two different loading rates (6% and 10%) were studied
with high relative humidity.

The calculated rates of emissions for laboratory ex-
periments are presented in Table A-2, Appendix A. From
these data using the same methodology as for data in Ta-
ble 19, the data in Table 22 were generated. Based on
these data, the effects of loading rate, soil temperat-
ure, relative humidity, soil mositure content and tilling
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Table 22

Total Volatile Loss from Laboratory Experiments

Date Toadlng Soll Boll Relative Wo. of  Ame,? Ant. %% Total Total Total “Hax
Sopl. e TORPs  omtent omlaity Mg ee  Apliad  tniohr. inloa  dnroa Raten o

) er) (%) (%) (kg} (kg) tkq) tkq) (kg) g/hour
3/31/03 3 k1] 12 52 2 41.746 26,30  0.243 .90 2,15 204.762
$/16/83 2 60 12 52 2 41.746 26,30  0.33% 1.10 2,50 307,144
6/1/03 3 (1] 12 s2 2 41,746 26,30 0,350 1.30 4.15 511,906
4/74/83 3 k11 12 52 2 82.040 51.68  0.330 1.00 2,73 307.143
$/17/83 6 60 12 52 2 82,040 s1.68  0.367 1.40 3.90 375,397
6/1/83 6 s 12 52 2 82.040 s1.68  0.388 1.90 5.60 546.033
4/1/83 10 s 12 52 2 133,960 84.39 0.43 1.18 3.18 238,889
5/24/83 10 60 12 52 2 133.960 84.39  0.47 2.65 5.60 375.397
6/3/83 10 85 12 52 2 133,960 8¢.39  0.622 2.90 7.00 580,160
6/10/83 6 60 23 52 2 82.04 51.68  0.550 2.40 7.60 511,906
7/5/83 6 0 12 75 2 82.04 51.68  0.300 .80 2.30 341,270
7/5/83 10 60 12 7% 2 133.96 84.39  0.400 1.50 3.50 341,270

. Volatility of sludge was 8.5% end density of sludge was .90 g/ml

*¢  Amount of oil bassd on the 63% oil in eludge determined by Extraction Method



on emissions were determined.

The Effect of Loading Rate on Emissions.

Three different loading rates (3%, 6% and 108) were
examined in the laboratory at three temperature ranges.
The results from laboratory experiments confirmed the
field results; i.e., higher mass emission was achieved at
higher loading rates. The relationship between emission
rates and different loading rates of sludge is shown in
Figures 13, 18 and 19. From these figures and data in
Table 22, it can be seen that highest emission rate was
achieved at 10% loéding rate for all temperature ranges.

The Effect of Soil Temperature on Emissions.

As would be expected, the volatilization rate was
strongly affected by temperature changes. The higher the
temperature, the higher was the vapor pressures of vola-
tile compounds, and the greater was the amount of vola-
tilés emitted. Figures 20-22 illustrate the effect of
three temperatures (35°F, 60°F, 85°F) at three different
loading rates on the rate of emission of volatiles. A
trend can be observed for each temperature within one
loading rate. Temperature, in addition to its effect on
vapor pressure, may also affect such factors as desorp-
tion, diffusion to the surface and rates of water loss -
all factors that can contribute to the overall rate of
loss of volatiles from a soil system. Total seven day
loss as a function of variable temperatures and lecading
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rates is shown in Figure 23.

The Effect of Relative Humidity on Emissions.

In all except two experiments, the relative humidity
was maintained at 52 percent. Two experiments, one with
6 percent and the other with 10 percent 1loading rate,
were made at 75 percent relative humidity. Soil tempera-
ture in these two studies was held at 60°F. The results
of these experiments are given in Table A-~2, Appendix A
and Figure 24. As shown in Figure 24 there were slight
differences in volatilization immediately after sludge
application with increased relative humidity. However,
later there was a marked decrease in the rate of emis-
sion. This is because of the fact that the initial rate
of volatile loss of compounds from soil is primarily a
function of the concentration of the volatiles at the
surface. Once this initial reservoir is depleted, fur-
ther loss depends on the rate at which additional chemi-
cals diffuse through the so0il column to the surface.
Reduction of the humidity means that there is moisture
loss from the surface of soil column, and this results in
the movement of water to the surface of the soil column
which may enhance the rate of migration to the surface;
they are then lost by volatilization. Under saturated
conditions diffussion will occur at a slow rate through
the saturated soil column, and under |unsaturated
conditions compounds will volatilize from the soil-oil
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surface and then diffuse as a gas through the soil
atmosphere,

The Effect of Soil Moisture Content on Emissions.

All tests but one were run at 12 percent soil mois-
ture content. One test was made at approximately 23 per-
cent by weight soil moisture content. The loading rate
and temperature were 6 percent and 60°F, respectively.
As shown in Figure 24 and by the data in Table 22,
soil moisture content appeared to have a pronounced
effect on the emission rate and mass loss. These data
(Table 22) suggest that as water content increases from
12 percent to 23 percent, the mass loss over a seven day
period increased from 3.90 to 7.60 kg. The author
hypothesizes that this increase was due to water
saturation of the soil particle surfaces, thereby
rendering the surfaces unavailable fcr the compounds.
The wetter soil surface was much less permeable to the
liquids in the sludge than dry surface.

The Effect of Tilling on the Rate of Emissions.

In the field the plots were tilled to ensure aerobic
conditions for soil microorganisms and to enhance the
biodegradation rate. To evaluate tilling effect on emis-
sion, in the laboratory the soil and sludge mixture was
tilled two times, first on day three and then on day five
after application. It was found that tilling initially
increased the amount of volatilization for short periods
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of time, but it was expected that release rate after an
extended period of time was less with tilling than with-
out tilling. The concentration after tilling was observed
to be at least two times greater than before tilling. It
was also observed that the increase in volatilization due
to the first tilling was greater than that due to the
second tilling. The effect of tillin§ is illustrated
clearly in Figures 12, 13, 17-22 and 24.

Statistical Analysis of Data and Development of Model,

Data was analyzed for the purpose of coastructing a
'model'. This model was to relate emission rate mathe-
matically to variables such as soil temperature, soil
moisture content, relative humidity and sludge loading
rate.

The Statistical Analysis System (SAS) computer pack-
age was used to determine the significance of each vari-
able. Within that package the multiple linear regression
model was used to process the data. By this procedure,
the parameters of the model were estimated on the basis
of least-squares regression. For any multiple linear
model, least-squares minimizes the residual sum of
squares and provides an unbiased, linear estimate with
minimum variance of parameterszz.

After the model was constructed by estimating the
parameters of the regression line, the parameters were
tested to make sure that they were significantly differ-
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ent from zer023. The t-test was used to determine the

significance of each of the coefficients. F-test was
also used to determine the significance of the entire re-
gression equation through the analysis of vzariance.

The backward elimination method and the coefficient
of multiple correlation (Rz) were also used to select the
best set of independent variables in the model by utili-
zing the following variables: loading rate, soil temper-
ature, soil moisture content, relative humidity and time
since application. In the backward elimination method
the deletion of an independent variable is based on the
result of an overall and partial F-test. The R2 value is
also calculated in each step and compared to each other.
Finally, residual analyses were performed to provide in-
formation as to whether or not the suggested model meets
the basic assumption of the regression technique23.

An attempt was made to analyze field data and devel-
op an appropriate model from these data. Nevertheless,
while several sets of regression trials were made, the
results were unacceptable. The effects of relative hum-
idity and soil moisture content could not be evaluated
and an appropriate model including all variables could
not be developed. Therefore, regression analysis was
made only on laboratory data.

Besides the previously mentioned variables, an
attempt was made to include in the model such variables
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as time since application, inverse of time (1/t) and
several combinations of these variables. However, only
loading rate, soil temperature, soil moisture content,
relative humidity and time since application were found
to affect significantly the emission rate. The others
were screened out by utilizing backward elimination
method, F-test and t-test.
The form of equation used in this study is as follows:

Y=28 +81X1+82X2+B3X3+84X4+85X5+e

o
where:
Y = emission rate [g/hr],
Bo = intercept of X on Y axis [g/hr],
X, = percent loading rate [%],
x2 = soil temperature [°F],
x3 = soil moisture content [%],
X4 = relative humidity [%],
x5 = time since application [hr]

8. = (i=1-4) regression coefficients which weigh
the independerit variables as their importance
[(g/hr - &) or (g/hr - °F) or (g/hr - hr)]
e = residual term [g/hr].
Higher order models were also attempted, but no better re~
sults were found.
The model was first used in one step using the time
from starting of application until the end of the test.
The model found had an F~ratio of 17.51, and t-test
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showed the coefficients of all independent variables
except relative humidity to be significantly differernt
from zero. Nevertheless, the coefficient of determina-
.tion (Rz) was .44.

In an attempt to increase the value of the coeffi-
cient of determination (Rz), including all five variables
in the model and fulfilling the basic assumption of the
regression analysis, analyses were made in two steps:

1. when time <10 hours in which rapid decline of

emission was observed.

2. when time >10 hours in which slow decline of

emission was noted.

After several trials utilizing the new approach, the

following two models were found to be the best of sever-

al:
Model I
Time <10 hours,
Y = 76.594 + 9.985X1 + .769 X2 + 8.828 X3 - 2.025X4
- 20.645 X5
R = .830 F = 27.49
Model II
Time >10 hours,
Y = .184 + .931 Xl + .268 X2 + 1.879 X3 - 371 X4
- .084 Xs
R® = .766 F = 49.83

Table B-1, in Appendix B, presents the detailed informa-
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tion for both models.

Both models I and II are found to be significant
from a statistical standpoint. Coefficient of determina-
tion (Rz) and F-ratios, are high and standard error of es-
timate in either model is low. Further, the signs of 511
regression coefficients in both models are correct. Al-
so, the individual t-~test for the regression coefficients
(Table B-1, Appendix B) show a high degree of signifi-
cance for the variables in the model. Negative signs for
time since application and relative humidity show that
these variables inﬁersely affect the rate of emission of
volatiles.

To check the validity of the basic assumption of the
regression line, (linearity of the regression function,
the constancy of the error variance, and the independency
and normality of the error terms), residual analysis was
made. This analysis did not show any reason to assume
that there is violation of the basic assumption. Thus,
these models were chosen for predictive purposes.

To correlate field data with laboratory data using
models developed from laboratory data, two-hour, one-day,
and seven-day losses were calculated utilizing average
field conditions, i.e., so0il temperature, relative
humidity and soil moisture content at three different
loading rates (3%, 6%, 10%).

The average loss from field plots for each loading
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rate was also calculated from actual data reported on
Table 19. Table 23 compares the losses of volatiles from
actual field plots with data generated using predictive
models.

Using linear regression, it was found that there was
high correlation between the field results and the re-
sults obtained from predictive models. Figure 25 shows
this relationship. Table 24 represents predicted labora-
tory data, predicted field data and actual field data.

Based on the above information, it was concluded
that positive correlation ékists between 1laboratory and
field tests, and the predictive models developed from
laboratory data can be used to estimate actual field
losses.,

Significance of Results from Standpoint
of Air Pollution

The land treatment of petroleum sludge is a poten-
tial source of air pollution. To check the significance,
the results are compared to National Air Quality Stan-
dards (CFR, Nov. 25, 1972). The primary and secondary
standards for hydrocarbon for a 3-hour average in time
was set 160 ug/m3 in 1971 which was changed to 240 ug/m3

in 1979.

To obtain pollution concentration on the land treat-

4

ment area, the "box model"2 was used. In this model the

equilibrium concentration, Ce at a point s dirtant from
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Table 23 Total Volatile Losses from Field Plots and Predictive Models
$ Loading Rate
Time
Since = 3 6 10
Application Loss (g/mz) Loss (g/mz) Loss (g/mz)
Model Field Model Field Model Field
1 hour, 18 8.86 27 11,2 29 18.23
1 day-,2 hour 48.5 47.6 63 57.90 86 63.99
7 day- 1 day 145 124,74 195 125.58 211.5 171.82
Table 24 Predicted Laboratory, Predicted Field and Actual Field Data
% Loading Rate
Time
Since 3 6 10
Application Loss (g/mz) L.oss (g/mz) Loss (g/mz)
Pre- re- Actual Pre- Pre- Actual Pre- Pre- Actual
dicted dicted Field dicted dicted Field dicted dicted Field
Lab Field Fleld Field Field Field
2 hour* 18 13.72 8.86 27 20.56 11.2 29 22.08 18.23
1 day~-,2 hour 48.5 36.22 47.6 63 47.92 57.90 86 65.4 63.99
7 day- 1 day 145 110.24 124.74 195 148,24 125.58 211.5 160,78 171.82

*
First 2 hour loss was subtracted from 1 day loss and first day loss

loss.

was subtracted from 7 day



the upwind edge of the land treatment area is:

where:

y = rate of emission per unit time per unit area
(g/hr/mz) determined from statistical models de-
veloped in this study .

s = 1length of the box, lieé in the direction of the
mean wind

u = average annual wind velocity in Oklahoma City

z = height of the box (average mixing height in
Oklahoma City)

For the purpose of this study the following assump-
tions were made:

A total land treatment area of 10 acres was assumed

s

Furthermore, the following average and extreme of the ob-
served field conditions with 6% loading rate were used to

determine the rate of emission from statistical models

\/4046.868 = 63.615 m, (area was assumed to be
v square)

= 13 miles/hour = 6.69 meters/sec in Okiahoma City

= 400 m, mean annual morning mixing height in
Oklahoma City

1350 m, mean annual afternoon mixing height in
Oklahoma City

developed in this study:

Average Field Conditions

Extreme Field Conditions

501l moisture content = 15% 27.4%
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soil temperature = 77°F 91°F
relative humidity = 65% 54%
time since application = 1.5 hrs 1.5 hrs
volatility of sludge = 8.5% 8.5%

It is also assumed that oil was applied to only one
acre each day over a 10 day period before sequence was
repeated. Statistical Model I was used to calculate the
emission rate from the last acre, 1.5 hours after
application, and Model II was used to determine the
emission rate from nine single previous applications for
the other nine acres. The correlation model from Figure
25 (Y = ,76x + .04) was then used to convert laboratory
predicted rate to the field predicted rate of emission.
The equilibrium concentration was calculated on the 10th
day £cor each acre using Box mcdcl. The mezna annual
morning mixing height was used in this calculation.
Table 25 presents the rate of emission and equilibrium
concentration of hydrocarbons after sludge application
from each single acre using average and extreme field
conditions.

Assuming that pollutants were completely mixed over
a 10 acre site, the equilibrium concentration above the
total land treatment area was estimated 107.18 ug/m3 at
average field conditions and 234,22 ug/m3 at extreme
fiecld conditions which is lower than Ambient Air Quality
Standard (240 pg/m>).

Assuming loading rate of 10%, and using extreme
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Table 25 Rate of Emission and Equilibrium Concentration

of Hydrocarbons after Sludge Application

Days Acre Y = Rate of Ce = Y = Rate of
After No. Emission Equilibrium Emission
Appl. Avg. Fie1d2Cond. Concentrgtion Ext. Fie%d Cond.
(g/hr/m") (ug/m™) (ug/m™)
.0625 =
1.5 hr 10 7.56 49.92 14.04
1 9 1.32 8.72 2.74
2 8 1.28 8.45 2.65
3 7 1.14 7.53 2.56
4 6 1.04 6.87 2.47
5 5 0.96 6.34 2.38
6 4 0.87 5.75 2.29
7 3 0.78 5.15 2.20
8 2 0.69 4.56 2.12
9 1 0.59 3.89 2.02
Total 107.18 234,22
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field conditions, the equilibrium concentration was
estimated 255.91 ug/m3 which is sightly above the
standard level.

Therefore, based on the above information, land
treatment of petroleum sludge does not cause air pollu-
tion problems. If the process is operated properly,
there is no need for a buffer zone unless the sludge is
highly volatile (>8.5%), temperature and soil moisture
content are high or loading rate is greater than 10%.
Under these conditions it is preferable to apply (against
the wind-ward direction) in the afternoon when mixing

height is higher than in the morning.

Analysis of Gas Chromatographic Data

As previously discussed in Chapter 2, the air sam-
ples collected over sludge-laden plots were analyzed by
gas chromatography (GC) using a flame ionization detec-
tor. Because of GC malfunctioning while conducting field
studies, most of the samples collected from the field
plots and some of the data were discarded. However, lat-
er, after the GC problems were resolved, many samples
were taken from laboratory experiments and analyzed at
appropriate times.

Of the volatile hydrocarbons identified, only four-
teen were quantified. These target compounds along with

their vapor pressures at 35°F, 60°F and 85°F and their
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Table 26

Boiling Points and Vapor Pressures of
Measured Compounds

Boiling Vapor Pressure
+ Compound Name Point °F mm/Hg

ase°r 60°F 85°F
Pentane 36.1 199,52 334.96 562.34
Cyclopentane 49.2 112.20 199.53 398.10
Hexane 69 47.32 94.41 177.82
Methylcyclopentane 72 47.32 94.41 177.82
Benzene 80.1 28.11 63.10 117.48
2,4-Dimethylpentane 80.5 31.62 63.10 117.48
Cyclohexane 80.7 26.61 53.09 112,20
3-Methylhexane 91.85 17.78 35,48 70,79
Methylcyclohexane 100.9 12.59 26.61 50.11
2,5-Dimethylhexane 109 6.68 14.96 31.62
2,3,4-Trimethylpentane 113.467 6.68 14.96 31.62
3-Methylheptane 118.925 4.47 10,59 23.71
2,2,5-Trimethylhexane 124,084 4.47 10.00 19.95
1,4-Dimethylbenzene 138.351 1.496 3.98 10.00
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boiling points are presented in Table 26 according to in-
creasing boiling points or decreasing vapor pressures.
Besides these compounds, other compounds such as propa-
nol, 2-propanone, 2-butanone, 2-pentanone, cyclohexanol,
ethvlcyclopentane, 2-methyl-l-pentanol and 1,1-Dimethyl-
cyclopentan, were identified by GC-MS in the RSKERL lab-
oratory, in Ada, Oklahoma.

Tables C-1 through C=-9 in Appendix C summarize data
on all of the pollutants measured during the nine labo-
ratory studies. The data in these tables are grouped ac-
cording to three different temperatures and three differ-
ent loading rates. In addition, Table C-10 presents data
from field experiments.

Much of the information in Tables C-1 through C-10
is self-e:xplanatory, so only salient observations will be
made here.

The above mentioned tables provide information on
emission rates at different times following sludge
application at three temperatures and three 1loading
rates. They also show emission rates due to the tilling.
Included in the tables are total emission rates of the
fourteen compounds at each time with the corresponding
total volatile emission rates measured as hexane. 1In
addition, the percentage ratio of the fourteen
hydrocarbons from GC analyses to the total volatile
hydrocarbons measured at the same time with TLV Sniffer
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is presented.

Figure 26 shows the time relationship between emis-
sion and loading rate at 85°F for benzene, and Figure 27
demonstrates the relationship of emission rates and temp-
erature at 10% loading rate for benzene. Also Figures
C-1 through C-16 in Appendix C illustrate the time-
concentration curves for other compounds.

As it is clear from these figures, the rate of emis-
sion of each hydrocarbon increased with increasing tem-
perature and loading rate. For exact emission rates see
Tables C-1 through C-9.

Tables C-1 through C-10, show that compounds having
low boiling points and high vapor pressures, such as
pentane, cyclopentane, methylcyclopentane and hexane, had
lower emission rates than high boiling point and 1low
vapor pressure compounds. This was related to the fact
that high vapor pressure hydrocarbons had already been
vaporized during transportation and storage of sludge.
Analysis of air samples taken above the sludge sample
confirmed this idea.

The higher emission rates were found among the
hydrocarbons with boiling point ranges from 70 to 119°C,
Among these hydrocarbons 2,3,4-Trimethylpentane, with a
boiling point cf 113.4€7°C, had the highest rate. The
next highest rates pertained to 2,4-Dimethylpentane and
3-Methylheptane, respectively.
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It was observed that the emission rates of all
hydrocarbons decreased with time. In some cases, the
opposite trends were seen (cyclopentane and pentane); the
‘- emission rate was low immediately after application, and
it increased for 10 to 60 minutes, and dvcreased, there-~
after, and then followed the pattern of other compounds.

It was further found that, in general, the hydro-
carbons identified immediately after sludge application
were also identified several months 1later, but their
relative emission rates were much lower.

It is clear from Tables C-1 through C-9 and corre-
sponding figures that tilling increased the release rate
of each compound. Figures 28 and 29 show before- and
after-tilling concentrations of each compound. Air
samples which produced these chromatograms were taken
from plot 4 on April 1983, which had received sludge on
November 17, 1982.
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CHAPTER IV
CONCLUSIONS AND RECOMMENDATIONS

Land application of petroleum residues is not new;
however, there is a paucity of data on volatile organic
emission to the atmosphere. The overall objective of
this exploratory investigation was to develop an
economically feasible method to determine the rate and
magnitude of volatile hydrocarbon emissions from land
treatment of petroleum residues. The effects of several
parameters such as sludge loading rate, soil temperature,
soil moisture content and relative humidity on emission
rates were evaluated.,

Experiments were conducted in the field and labo-
ratory. The emission of volatiles was evaluated using
two methods. Total volatiles were monitored with a TLV
Sniffer. Individual hydrocarbons were identified and
quantified by concentrating air over the plots on
adsorbent tubes and analyzing them by gas chromatography
(GC) using flame ionization detector and by gas chroma-
tography mass spectrometery (GC-MS).

A multiple regression analysis was used to develop a

112



predictor model for estimating the rate of emission of
volatiles being emitted to the atmosphere. Soil tempera-
ture, soil moisture content and sludge loading rate were
found to have positive effects on emission while relative
humidity and time had negative effects.

The results and conclusions of this study provide
information which can be used for evaluation and develop-

ment of land treatment operation of petroleum sludges.

CONCLUSIONS
As a result of this investigation the following con-
clusions are drawn:

1. The land treatment of petroleum sludge does not pre-~
sent air pollution problems if it 1is operated
properly.

2. The volatility of sludge is the most important pa-
rameter in evaluating the emission rates from land
treatment of petroleum sludges. If the volatility
of sludge is too high, it may be necessary to strip
the volatiles in a controlled system prior to appli-
cation.

3. The stripping tests used in this study measure the
volatility of sludge and estimates weight loss of
individual sludge components due to volatilization
from land treatment operations.

4. The emission rates from land treatment of sludge are
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affected by soil moisture content. High moisture
content increases the volatile emissions. There-
fore, soil moisture content must be high enough to
achieve optimum conditions for microbial degradation
of oily wastes yet as low as possible to minimize
the emissions of volatiles to the atmosphere.

Sludge loading rate and soil temperature were iden-
tified as being statistically important to the emis-
sions of volatiles to the atmosphere. The higher
the loading rate and temperature, the higher was the
emission rate.

Relative humidity and time since application both
have inverse relationship with the emission rate.
Tilling increased the rate of volatilization dras-
tically. The ratio of volatilization to biological
oxidation can be minimized bv maximizing the depth
of plowed zone as long as the soil is not completely
saturated with water. This will result in lower
biodegradation rates but will decrease the volatii-
ization rate even more. Subsurface injection and
subsurface tilling are also other alternatives which
can minimize the emission rate.

Positive correlation between 1laboratory and field
tests was achieved.

Analyses of air samples using purge and trap and gas
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chromatography permitted the identification and quanti-

fication of fourteen individual hydrocarbons. All

compounds decreased in concentration with time. The
higher concentrations were found among the hydro-
carbons with boiling point ranges from 70 to 119°C.

The highest concentration was 2,3,4-Trimethylpentane

10. Two statistical models were developed to relate
emission rate to the previously mentioned variables:
first, when time since application was less than 10
hours and there was a rapid decline of emission;
second, when time since application was greater than
10 hcurs and there was slow and almest constant
decline in the volatile loss.

11. The results indicate that from 518.59 kg sludge
applied to plot 7 (loading rate - 6%), the total
percentages of losses of sludge in two hours, one
day, seven days, and 152 days from application were

estimated at .18, 1.11, 3.14 and 7.26, respectively.

RECOMMENDATIONS
Based on the results of this study, the following
recommendations are made:
1, The effect 6f soil moisture content, relative humid~
ity and sludge volatility should be further evalu-
ated. Tests should be conducted in the laboratory

in controlled environmental conditions.
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Research is needed to evaluate the effect of soil
porosity and adsorption characteristics of the soil
on the rate of emission.

An unacceptably high fraction of volatile hydro-
carbons remains unidentified and wunquantified.
Additional research efforts, especially with
capillary columns and GC-MS, should be conducted to
overcome this problem.

Specific hydrocarbon species are toxic; further in-~
vestigation of the evaporation losses and identi-
fication of these compounds are recommended to
insure that no obnoxious or toxic substances enter
the environment.

Research is also needed in the area of control mea-
surements.

A substantial area for future work involves continu-
ing the 1laboratory studies that are investigating
the validation and verification of the procedure

used in this study.
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APPENDIX A

Emission Rates Data for Field and
Laboratory Experiments
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Table A-1 Calculated Emission Rates of Total
Volatile Hydrocarbons for Field

- Experiments

Nominal Rate Vola. Soil
Date Loading of of Mois. Soil Rela.
of Plot Rate  Sampling*Emis., Slud.  Cont. Temp. Humid.
Sampling  No. (%) Status (g/hr) (%) > ©»n @
07/19/82 i 13 a7 7.90 . . ep 5?7
07/:5/82 1 13 RAL 118.47 . . g1 5y
077:19/8¢ 1 13 IRT.AR  9B.89 . 27.4 S: S84
07/20/&2 1 13 BEIR 24.57 . . 8z 57
07721782 1 13 BE”A i%. 30 . . 85 58
0&s352/32 i 13 BESR 1..7C . . 92 58
c8si1/e2 i 13 BY 7.90 . . 87 6%
08/.7s82 1 13 AT 13.16 . . 87 65
QE-.7/92 : 13 RA2 28.283 g . 82 €5
gar/17/28¢2 1 13 568 21.45 . 24.8 87 635
02/s:7/8¢ 1 13 IRT . RR 19.53 . 2s. ¢ o3 78
QE/17/82 1 13 2CAT.AR 19.SC . 4.3 §1 75
£8s25s¢2 1 23 8ET8 12.43 . 20.3 87 35
£8/31/8¢ 1 13 Be1A 1i.70 . 20.90 8y 38
J¢-g1/82 1 13 AT 18.28 . 18.1 o3 20
05/02/8¢2 1 13 90RT 16.33 . 17.5 S1 21
ces3es22 1 13 12637 15.68 . 15.4 9: e
05s:.2/782 1 13 BETA 11.70 . . 76 49
gcasicsage 1 13 AR3 35.10 8 . 76 56
G5/1C/ae 1 i3 1AT,AR  yib.2¢2 . . B4 85
09.1./8¢ i 13 BETR 19.83 . . 86 62
08/¢!/8¢c i 13 BETR 13.156 . . 87 61
16-07/92 1 13 BT 10.8! . . 85 40
i2/27782 : i3 T 17.55 . . S0 55
18714/82 1 13 BETYS 11.70 . . 84 60
16714/5¢2 i '3 BETAR 18.65 . . 84 61
101473 1 i3 RAY 409.52 14 . 8y 62
16715782 ! 13 IRT,RR 18C.1Y . 28.7 €3 73
16715/78¢ 1 13 BETR 57.51 . . ee 65
10717732 1 13 BETAR 23.26 . . 79 65
10721782 1 13 871 16.09 . 23.1 75 33
16s21/82 1 13 A7 38,43 . 24.9 76 71
10725782 : 13 BETA 1:.7C . 2:.0 72 E)
11752782 : 12 BT 11.70 . . 66 35
11722782 N 12 R1,B8 3B.66 . . 58 38
11/732/8¢ 1 13 8RS 367.69 13 . 63 77
11/732/8¢c i i3 IAT.AR  492.51 . . 77 8s
11/C2/5¢ i 13 2+=A,RT 325.15 . . 77 85
11/732/8¢ ! 13 Yy+73,aAT 255.26 . . 77 8y
11/02/8< 1 13 6rE,RT  19¢.28 . . 17 84
11/63/2z ! 13 2E£7A 65.01 . . 75 82
11/05/82 ! 13 BETR 29.25 . . 68 61
11739s8¢ i 13 BESA 25.233 . . 65 58
11717/82 i 13 B1 10.68¢2 . 26.8 SO 60
117:7/@¢ 1 13 AT 15.15 . 28.8 55 8y
11717782 1 i3 N 72.57 S . 53 8y
117172/82 1 13 30RT,RR  62.77 . . 50 85
117317782 1 13 YHAAR,8 35,11 . . S5C 82
11718/5¢2 ! 13 244A, AR 15.13 . . S1 70
11725762 1 :3 BETA $.85 . . 4y 50
1272C782 i i3 BETR 3.21 . . 41 43
07,20782 £ 13 BR 7.80 . . 90 . 56
37/20/32 g 13 RAl 112.580 . . 80 56
J37/eC/92 5 13 AT1,AR 98.87 . . 90 56
1721782 6 13 BETIAR ey.57 . . 81 53
<7/25/82 S 13 8g7A 11.80 . . ge 53
28/28/8¢ 6 12 Bz 7R S.12 . 17.3 g1 35
59:23r4u2 = 13 BeETa £.12 . 172.2 138 35
JEr.L/8E 3 i3 £TA c.12 . 17.¢ iC3 CE

(continued)
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Table A-1l Calculated Emission Rates of Total
Volatile Hydrocarbons for Field
Experiments (continued)

Nominal Rate Vola. Soil
Date Loading of of Mois. Soil Rela.
of Plot Rate Sampling*Emis,  Slud. Cont, Tgmp. H:xmld.
Sampling No. (%) Status (g/hr) (%) (%2) (°F) (%)
05/10s82 6 13 BETA 11.70 . 18.4 10€ 68
06717782 6 13 BETA 11.70 . 82 BS
0Rsi17/8¢2 6 13 AR 35.89 - 8 . 89 12
08/:.7/92 6 13 1.5HRAT 21.45 . 23.9 €3 3!
08s26/8¢2 3] 13 BETAR 6.8¢ . 2C.3 32 39
06/21/82 6 13 BETR 6.82 . 18.¢C 89 31
05/3178¢ 6 13 .SHR AT 18,28 . 18.1 Sy 31
08702782 6 13 1.5MA A 15,67 . 17.7 qy 31
0cs:8s82 <] 13 BETA 6.65 . . 68 52
09/u8rs82 6 13 1.5 AT 17.5% . 88 53
gers19s82 8 13 AR3 32,10 8 . 82 60
0S/:0s22 b 13 IRT,RA 4c.22 . . 82 6T
08711782 6 13 BETS i9.83 . . 86 61
£g/21/82 & 13 BETAR 13.16 R . 87 6e
1070782 6 13 BETR 10.24 . . es8 45
10707782 6 13 IRT,.BA 13.15 . . 88 Se
10714/82 6 13 BETR 9.51 . . 80 39
107i4s82 6 13 IRT.8F  13.16 . . 81 37
10714782 6 13 ARy 358.90 . . 80 81
10/14/82 6 13 IRT.RR 116.99 14 22.4 80 8]
10713782 6 13 BETAR 45.67 22.1 80 81
10717782 6 13 BETA 24.82 . . 65 60
10723782 6 13 BETA 14.62 . . 6E S8
10sei/8e 5 13 8R/.87 39.48 . . 65 58
1Cr26782 6 13 BT 11.70 . . 70 83
11732752 [ 13 8q 10.23 . 65 60
11762782 6 13 AT 34.58 . 6S 62
11/C2r82 € 13 IRR, 8T 357.83 13 . 63 7
11702782 6 13 IAT, AR 40!.39 . . 68 85
11722782 6 13 BETA 64.58 . . S9 e
1173%/92 3] 13 BETR 29.65 . . 62 78
11/56/62 6 13 87 23.40 . 69 80
117171782 6 13 BT 11.70 . 8.5 S0 6C
11771782 ) 13 R1.8BR 12.65 28.5 53 65
11717782 6 13 A 69.90 . 52 86
il7172/782 6 13 IRT,AR 54.59 ] . 50 66
11724/62 6 13 B7 5.85 . . Ly Sd
12729762 6 13 87 3.90 . . 50 y2
oTsi3/82 S 1J BR 4,39 . . 9s €0
97713782 S 10 R7,BR 11.720 . . €5 60
£7/13782 S 10 RA §8.5! Ss 62
08/06/8¢2 s 10 BT,84 5.85 . 104 232
Cerids62 5 ] BT1.8R 4.39 . g< &8¢
08/.:0/82 S i0 IR7,BR 11.7C . 18.7 87 68
Q6s12.-82 S 10 BT7.8R8 S.12 . g7 63
0€s:2792 S 10 I1RA 66.55 9 . 102 €y
QBs.2/82 S 10 IRT.ARA 38.29 . 20.1 ige 54
CBrez5/32 S 10 BY 7.80 . . as 3§
08/3is82 S 10 BT 5.85 . . g7 36
06, 21/82 5 10 1A7,8A 23.15 . R 85 43
Qcs.2/92 S 10 1RT 17.55 . . a3 67
Q¢ J¢rs3¢2 S 10 B8Y 5.85 . . 63 38
08-,25/82 S 10 IRT,.BR 14.63 . 10.3 83 72
05/s23/¢€2 S 10 BT,BR 5.85 . 18.7 63 40
087¢e3sz2 S 10 IRT.BA 12.40 . . 5¢€ 41!
09723732 5 1 IAR,BT 364.23 15 72 a0
d8s23/22 S 13 127,83 453,49 . 7s g7
2e,237%2 < is é== 3% 2%t%.12 75 8%
0S/7e3rss8z < iC Urf AR 179,40 75 65
(continued)



Table A-1 Calculated Emission Rates of Total
Volatile Hydrocarbons for Field
Experiments (continued)

Nominal Rate Vola. Soil
+ Date ) Loading of of Mois. Soil Rela.

of Plot Rate Sampling*Emis.  Slud, Cont. Tgmp. Humid.

Sampling  No. (%) Status  (g/hr) (%) @ O (@)
09/24/82 5 1C BETA 61.24 . 70 .
05/26/82 S 10 BETR 31.17 . . 5 59
10/727/62 5 16 87 17.55 . . . 8y 56
10/07/82 S i0 1RAT,BR 61.43 16.2 91 58
10/:2/82 5 1G B1,8F 11.70 . 9C 58
107:.2782 S 10 IRT,RR  175.51 13 . g1 62
1us21s6¢ 3 10 B7.8R 16.08 73 37
10721782 S 10 1R7,8R 51.19 73 61
10725782 S 10 87.8A i6.95 . . B4 3¢
1i/5¢2/782 S 10 87.8% 16.09 66 ye
11/C/82 € -0 AT,5R 23.84 . 67 Ye
11/G2/32 5 10 SAR,BT 24B.6Y 13 o7 7¢
11/02/8¢ 5 10 60RT 162.35 . 75 85
11702782 5 10 2H3 AT  107.12 . 75 64
11702782 5 10 YHA AT 71.29 . 76 64
11703782 5 10 BETA 4S.21 78 70
11705782 5 i0 BEiA 27.85 72 71
11/09/82 5 10 87,84 16.09 69 6%
11/09/82 5 10 157,860 2y.1!32 . 69 68
11/717/862 5 10 87 10,01 . . 64 68
11/12/82 S 10 AT,BA 32.99 g4 88
11717782 g 10 IAT.ARA 101.74 12 64 S2
11717782 S 10 2HR AR 63.21 . €5 85
1i/17/82 5 10 YHR AA 41.24 . €5 85
11718782 5 10 BETA 14.98 . . 53 72
1i724/82 5 10 B1.BR 6.83 . ye 53
12720782 S 10 87.8BR 3.90 . . S1 31
07/2G/82 7 6 BT1,BR 3.22 . . 73 44
07/20/82 7 6 1RA, 87 60.2u . . 8s 37
07/2Csg2 7 6 IRT.RAR 53.24 . . 88 4g
08/3%/82 2 S BT.8A 5.85 . . 107 25
C8sQG/ce 7 6 87,8R 5.85 . . S8 24
067.0/52 7 6 B7,BR 3.50 . . 96 S8
G8s10s82 7 6 30A7,8A4 7.8C . 2c.7 S7 6C
0g/s17/82 ? 6 B87.84 3.90 . . 80 S0
Qg/17/82 7 6 AT,8R 7.89 . . ec 53
g8s17/8¢2 7 6 A 27.30 8 . 62 Sy
08,17/82 7 6 1AT,RR 18.53 . 18.4 85 74
0esessae 7 6 7.8R 5.85 . . 87 33
0§/31sc¢e 7 6 Bi,.8R 5.35 . . g9 3
09s2:/82 7 6 RT,BA 23.40 . . 0 28
£9/5¢2/8¢2 7 6 30R7,84 17.5% . . 88 Si
C8sr8/€2 7 6 180AR7 13.16 . 6.5 €5 €8
03/23782 7 6 BA €.85 . . 72 St
09722/3¢ 7 5 RA 35C.908% 14 . 72 51
08s22/582 7 6 IRA,AT 3B5.85 . . 72 5:
10s07/€2 L o A 11.8% . . 82 55
13782/¢é2 7 6 IAT,BA 17.55 . 4.3 82 S3
16712/0¢ 7 6 B1.88 5.85 . . 73 58
16/:2/82 7 6 IAT,AR 1170.67 14 . 74 S5
1072i/82 7 6 BT.BR 1:.70 . . 62 3¢
1G721/82 7 6 R7,84 36.56 . . €3 63
10766782 7 6 87.8A 7.31 . . 62 37
1i/8¢s62 ? 6 B7.8R 4.33 . . 55 37
11/7C9/32 7 6 87.88 4.323 . . 63 39
17082 7 5 87,38 4.32 . 15.7 52 8z
1170082 7 S R7,3R i5.15 . 15.7 y7 s
1.8 iy E RE, 2T €7.:3 3 . €d 93
11/7:7762 ? 5 5087 ,RR 23,4 . 52 35
(continued)



Table A-1 Calculated Emission Rates of Total
Volatile Hydrocarbons for Field
Experiments (continued)

) Nominal Rate Vola. Soil
Date Loading of of Mois., Soil Rela,
of Plot Rate  Sampling*Emis, Slud.  Cont. Temp. Humid.
Sampling No. (%) Status  (g/hr) (%) ) ¢
11724782 7 6 BT,BR 5.85 . . 43 63
12/20/862 7 6 BT.84 2.93 . . 55 2¢
07/13/82 4 3 87, 0R 3.22 . . 93 53
07/13/82 y 3 AR 35.57 . . s2 52
07/13/6¢ 4 3 1R7 24.57 . . 55 55
08705782 y 3 87.84 5.85 . . e 23
08/:1G/8¢ y 3 RT.8R 15.52 . 27.¢ €3 75
068/13/6¢ y 3 AR,BT 42.90 8 . €3 6z
0B8/13/82 y 3 AT, AR 36.22 . 17.0 €S £7
687253782 y 3 BY. 3R 2.32 . . 87 zz
08/3is8z2 Y 3 87,83 2.82 . . €3 2
09735782 y 3 87,88 2.92 . . 7¢ 3z
09/C59/782 5 3 20R7,B3  14.62 . 6.3 £ iz
09723782 y 3 87,38 3.83 . 13.4 71 4
69/237€2 Y 3 AT.9A 12.54 . 13.8 7: 42
09723782 4 3 AT.A3 199,11 14 . 71 g
10707782 y 3 B7.8R 5.85 . 7€ 5:
10/07/82 y 3 A1,3R 1€.CS . 11.5 73 5z
18/12/82 4 3 B7.9A 4.39 14 . €7 43
10/12/82 4 3 L] 116.95 14 . B2 €3
207127862 y 3 L 51.18 14 . 7z €5
10721782 y 3 R1,8A 21.20 14 . 52 e
10722762 y 3 BT.BA 13.16 14 . 63 eSS
10/26/82 y 3 B7.8R 4.35 14 57 3z
11702782 y 3 87,BF y.33 5 55 =¥
11702782 y 3 AT, B8R 12.54 14 . E €:
11702782 y 3 158,87 233.98 13 . g1 73
11752/€2 y 3 3SAT,AR 145.0¢ 13 . 3z =
11703782 Y 3 BT.BA 8.65 13 . £3 72
11/03/82 y 3 AT,BA 15.15 13 . gs 78
11717782 y 3 BT.BR 5.85 13 . 63 7i
11717782 y 3 AT, 84 12.89 13 13.3 53 ¥
11717782 4 3 7,86 32.55 2 . 33 g
11725782 4 3 B7.89 €.85 § . 53 .
12720782 Y 3 B87,.8R 2.53 9 . 52 22
* AT = After Tilling, AA = After Application,
IAT = Immediately After Tilling, BT = Before Tilling,
BETA = Between Two Application, BA = Before Application,

20 AT = 20 Min, After Tilling, 90 AT = 90 Min., After Tilling,
2 HR AA = 2 Hours After Application
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Table A-2 Calculated Emission Rates of Total
Volatile Hydrocarbons for Laboratory

Experiments

Time Rate Soil Vola.

Date Since Loading of Soil Rela. Mois. of
"of Appl. Rate Emiscici:  Temp, Humid. Cont. Slud.

Sampling (hr.) (%) (g/hr) (°F) (%) () (X
05/31/83 0.033 3 511.9836 es o 12 6.5
06/01/83 0.068 3 477.778 85 Sé 12 8.3
06/901/83 0.023 3 392.461 85 52 12 8.5
05/01/83 0.166 3 Iy, 270 85 se 12 8.5
€6/01/63 0.750 3 136.59¢ 85 52 12 8.3
06701763 3.209 3 §5.72¢2 85 52 12 8.5
06/3c/83 24.3G3 3 25.593 8s Se 1¢ 8.5
06703783 4€.030 3 23.585 85 Se 12 8.5
£s23/93 Lyg.S350 3 58.C:5 8s 5¢ 12 8.5
06/04/83 72.0060 3 13.65C 8y 52 12 6.5
0S/0S/83 95,8500 3 1¢.730 8s 52 12 2.5
05/%6/83 168.029 3 12.750 85 52 12 €.5
2€/08/83 16€.5C0 2 42.558 es 52 12 g.5
067057383 192.900 3 14.620 85 Se 12 8.5
06s2:/83 ©.033 6 546.033 85 52 12 8.5
0€/s01/93 0.0c€6 6 54&£.033 85 52 12 8.5
06/01/E3 0.166 6 39¢.4508 K] 52 12 8.5
Co/sL1783 0.4:5 & ¢38.889 8% 52 i2 B.5
06s0i/82 0.759 6 170.638 85 52 1 8.5
06/01/83 1.330 6 136.508 85 Se ie 8.5
0E/C1/83 3.506 5 7€.785 85 52 12 3.%
J6/L1783 4,250 6 66.254 BS 52 iZ 8.5
06/02/832 25.9380 6 20.154 es $2 i2 8.¢
Co/s33/83 46.CC0 o 25.53¢ as 52 i2 6.5
06703s83 49.508 6 63.1:13S 85 Se 12 d8.t
C6/0ys83 72.02% & 23.87¢ 8% 52 e 8.5
6708783 1§5.029 [ 21.938 8s ce ie 8.5
C2/39/83 i68.503 5 46.315 85 52 12 8.3
05s08s22 192.082 6 3C. 719 85 5e 12 8.5
3Jss03rs82 ¢.033 10 S8C. 150 8s Sé¢ ic e.5
05/03/8:2 0.556 10 580.150C 8s 52 12 8.5
C8/23s8%3 0.165 i0 $80.7:95 85 Se2 12 .5
05/03/82 1.000 10 307.153 85 52 12 8.5
05/7°3/82 1.509 10 2€5.953 85 52 12 9.5
06/C3/7E&2 3.033 10 153.5%0 es s2 1 8.5
05/G63/823 6.500 10 110.913 85 Se2 2 8.5
0€s/Cy/23 24%.050 10 ye.6s7? 8¢ 52 12 8.5
06/Ca/93 120.CG63 10 28.23C 85 s2 12 8.5
Cc/lBrsel 223.5%3 id £5.722 85 Se 12 £.S
0S/08/€3 145.033 10 24.161 8% g2 i 8.5
23/7:0r22 258,359 10 14.525 85 Se 12 8.5
058710783 158,800 15 y3.721 CH] 52 22 e.5
53712723 172.958 i0 32.2!% g% 52 12 £.5
£5/1:1/83 i52.600 10 15.722 85 52 12 2.5
35718, 43 9.333 3 307. 4% 60 52 12 £.¢
057.58/83 ¢.28s 3 3C7. 144 60 52 12 8.5
€57:5/,92 0.155 3 255.953 cC 52 .2 €.S
vS/16/23 0.332 3 c.2.25% 6C 52 i2 8.5
£57:5/83 C.53C 3 187.335 60 52 12 8.5
5716732 C.a8¢ k) 170.535 60 Se 1e 8.¢
Ct57i5/82 c.233 3 152.57: &0 52 e 3.5
65/15/€32 :.23C 3 182.5M 63 c i 8.5
6>/:.6/83 3.538 3 6l.428 SC 52 i2 8.t
05715783 5.288 3 37.533 &0 Se ié 8.3
YO SIL T 24.3C0 3 18,759 60 32 il £.5
SiSlESES “2.008 3 €.2:2 50 << .2 .5
PRS- 48.52C 3 3c.4e7 es 52 .2 2.3
PRS- wS.250 2 ac, ¢ 3% ce iZ .S
CS/l3/5: Te.227% 3 15.357 52 5S¢ vz 2.5

(continued)
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Table A~2 Calculated Emission Rates of Total
Volatile Hydrocarbons for Laboratory
Experiments (continued)

Time Rate Soil Vola,
* Date Since Loading of Soil Rela. Mois. of
of Appl. Rate Emission Temp, Humid. Cont. Slud.
Sampling (hr.) (%) (g/hr) °F) (%) ) (@)
085/20/83 86.000 3 16.238 60 52 12 8.5
05s2C/53 96.5CC 3 23.889 . 60 52 12 8.3
S8/723/83 9€.35J9 3 14,504 65 52 le 8.5
C5729/83 10:.00C 3 14.504 6C 5S¢ 12 8.5
05721783 122,300 3 10.238 60 5¢ 12 8.5
05722/6= 145, 00C 3 7.676 60 52 12 8.5
0S5717/83 0.333 G 375,397 60 52 12 8.5
0S717/82 0.066 6 341.270 60 52 12 8.5
057317/€3 0.166 6 255.953 60 52 12 8.5
gcs172/022 0.333 6 221.826 C g2 i 8.5
05,17/£2 0.53C 6 204.762 60 Y4 1e 8.5
05/17/863 0.750 .6 196.230 60 52 12 8.5
05717782 0.833 € 187.698 60 52 12 8.5
05717/63 1.08C 6 162.103 60 Sé 12 8.5
05/717/83 4.00% 6 5§9.722 €0 52 12 8.5
05/717/€3 6.200 6 37.500 €30 52 12 8.5
05/18/83 22.000 5 25.585 60 52 12 8.5
0Ss:6/82 24.600 6 20.476 60 52 12 8.5
057398/83 48.000 & 20.478 S0 52 12 8.5
0S57/3i9/E3 48.500 6 S4.603 60 52 12 8.5
0576763 4s.01!0 6 S5i.1!30 60 g2 i2 8.5
0%/318/E3 §3.0C0 6 3,127 60 52 12 8.5
05720753 72.G00 6 20.476 S 52 12 8.5
Js/g1/83 96.CC0 6 11.944 [ S5e 12 8.3
gS/23i/83 95.5300 6 32.420 60 T4 12 8.5
05/22/83 123.030 6 13.350 60 52 12 8.5
05723783 144.909 6 8.531 60 52 12 8.5
05/24/83 0.G33 13 375.384 50 52 ie 8.¢c
0572y/82 0.156 10 307. 143 60 52 i2 8.5
05724753 U.333 10 272.015 3] 5¢ 12 8.5
05724/83 0.5380 10 255.953 6C 5¢ 12 8.5
0S/eu/€3 G.750 10 236.6889 60 52 ie 6.5
05724723 1.0090 10 230.357 6C 52 12 8.5
C57e5/€32 1.75) 13 213.284 60 52 12 8.5
0S/725/83 4.030 :0 170.535 60 52 12 8.5
05724783 S.03C 1C 133.085 60 52 12 8.5
05725733 21.000 10 ¢9.008 60 52 12 8.5
95/s25/82 24.3300 1C 27.8:3 60 52 2 8.5
C5/25/E3 48,0630 1G 2€. 448 €0 5¢ 12 e.5
0S/728/€63 L6.SG0) 10 88.730 60 52 1 £.5
$/728/23 45.0:2 i0 8:.835 < 52 12 §.€
0S/z5/83 S$4.309 1G 3C. 714 60 52 12 a.5
65727/82 72.033 e 22, 8¢z o 52 i §.5
05725783 83.00 12 11.G4Y 6C 52 12 g.3
0z/28s92 88.SCL T 47.717 cd 52 12 £.3
05/25/%53 120.35C5 10 13.€50 €3 52 2 8.3
G%/36/63 155,032 1C 11,681 63 52 12 8.5
€2r21/83 £.223 3 285.752 35 g2 2 £€.3
c3/731/863 J.0€3 3 170, E35 35 52 12 8.5
G/2i/€2 1.GCd 3 127.875 35 52 ie 8.5
C3,31/83 2.C3% 2 118,04y 35 52 i2 a.5
03731763 4.220 3 43.352 35 52 i 8.3
€2.2./52 S.023 3 1 32.761 35 52 12 g.5
Q3r3s%:2 2.225 3 £¢.u08 35 ce ie e.3
04/01/82 2%.32C 3 13,550 3¢ 5¢ 12 9.5
C-73es83 52,223 2 5§.3572 3c €2 12 e.5
Ta lz/i2 w3.32° 2 22.i32 35 5¢ 1¢ e.3
v 3023 TleL 3 13,382 35 52 12 8.¢
o4, 23/53 ?5.002 2 15,944 K} 32 .2 5.2
(continued)

126



Table A-2 Calculated Emission Rates of Total
i Volatile Hydrocarbons for Laboratory
Experiments (continued)

Time Rate Soil Vola.
Date Since Loading of Soil Rela, Mois, of
‘of Appl. Rate Emission Temp. Humid. Cont. Slud.
Sampling (hr.) (%) (g/nhr) (°F) (%) ) @)
04703782 78.008 3 11.84y 35 S2 12 8.3
04705783 S§c.C0C 3 531 35 Se 12 8.5
04sC4rs83 85.500 3 20.47¢ 35 52 12 8.5
0y/2ys83 92,433 3 15.357 35 Se 12 8.5
04s04/83 1G1.0G0 3 11.94y 35 52 12 8.5
05/05/83 126.000 3 8.5231 35 Se 12 8.
04/06/83 144,500 3 5.972 35 Se 12 8.5
04704763 0.033 6 307.143 35 52 12 8.5
0usG4se3 C.165 6 238.889 35 52 12 8.5
04/Cn/83 0.500 6 187.696 35 S2 12 8.5
04705783 C.750 5 153.57} 35 52 12 8.5
04/04/83 2.000 6 136.508 35 52 12 8.5
04704783 4.0006 € 54.6C3 35 52 i 8.5
04/04s82 6.00C 6 42.658 3S g2 12 8.5
04/C5/83 8.000 6 23.688 35 5S¢ 12 8.5
05795782 24.000 6 17.063 35 52 12 8.5
04706763 4e.oCo 6 10.238 35 5¢ 12 8.5
04706783 4e.5C00 6 35.833 35 52 12 8.5
Q4ys37/83 72.000 6 12.797 35 52 12 8.5
04/08/82 85.C0C [} 10.238 35 52 12 8.5
04/068/83 86.502 6 34.:27 35 52 12 8.5
G4/05/53 120.002 ) 6.825 35S 52 12 8.5
04/10/83 144.000 6 5.119 35 52 12 8.5
04s01/82 0.033 10 2368.88¢ 35 52 12 8.5
04/31/83 C.083 10 2Cu.782 35 52 12 8.5
Css01/8:3 £.S3C 10 17C.632¢ 3¢ 52 12 8.5
04/0:/93 1.000 10 127.979 35 5¢ 12 8.5
C5721/63 5.C20 13 4g.c852 35 52 12 8.5
05701783 6.000 1 34.127 35 52 12 6.5
04702782 24.3230 10 22.182 35 52 12 9.5
Cy/733/83 4g,.CCo 10 11.94y 35 52 12 B.S
04703783 48,530 10 33.246 35 52 12 8.5
C4/34/923 7.C3C 10 13.650 35 52 12 8.5
8y/s05/23 €6.55C 10 i1.3uy 35 52 12 8.5
o4/7G5/7€3 St.Sd0 10 35.833 35 52 12 8.5
04/0S/52 125.5CC 10 1G.238 35 52 12 8.5
64/357/33 144.200 10 8.53i 35 52 12 8.5
Ssr7:0/82 C.333 6 511.925 60 52 23 8.5
C5/7.¢723 c.063 & 477.77¢ 60 52 e3 8.5
C5/710/63 G.:65 6 375.397 60 52 23 8.5
23712/82 C.28¢C 6 307.143 1] 52 23 8.5
2379783 1.C3¢2 6 280.c82 60 Se 23 8.5
5712723 2.022 6 2L0. 850 69 52 23 5.5
C37i0/82 4.96C 6 204,782 60 52 23 d4.5
o6r312s7832 5,528 6 127.973 60 52 23 8.5
06713783 ¢L.G30 6 54.5802 63 52 23 €.S
g3r12/02 42,20C e yc.9s52 30 52 23 8.t
05712783 42,508 & 64.841 S0 T4 23 8.5
257.3/83 7¢.286G S 37.53¢ 3] 52 23 8.5
55714782 §5.0c2 ) 34.127 60 52 23 8.5
05/:4/83 9€.330 5 50.337 60 52 23 8.5
Cgs15/723 15,3523 ) 35,127 60 52 é3 g.5
26,157¢€2 19+.903 6 3C.M% cd S2 23 g.%
CV/23/E3 2,335 o 4:i.270 60 S ie 8.3
37/0578¢ J.3&3 6 2€0.Cad 0 73 12 e.s
STrCS/53 0.:33 6 eC4.7€3 g2 7€ 12 8.t
37725763 £,233 5 17€.52¢ €9 75 12 g.c
crrls/3z i.252 K] 124,358 50 z e £.3
21755783 3,032 6 32.7:¢ g0 7¢ 1e g.3
(continued)
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Table A-2 Calculated Emission Rates of Total
Volatile Hydrocarbons for Laboratory
Experiments (continued)

Time Rate Soil Vola.
Date Since Loading of Soil Rela. Mois. of
‘of Appl. Rate Emission Temp, Humid. Cont. Slud.
Sampling (hr.) (%) (g/hr) (°F) (%) ) (@)
07/55/83 6.080 € 27.330 63 75 iz .3
07/CE/83 e4.0900 6 15.35¢ 6C 7 12 S.g
07/07/83 48.000 6 13.230 S 75 iz E.2
07/21/63 46.500 g 18.52C a ? 12 8.t
07708783 72.003 6 10.230 6G 75 iz £.3
87/09/83 96.C30 6 6.62C 60 < 12 £.3
C?/33/€3 35.500 6 14,5060 3 75 iz 8.5
07/1G/93 122.0¢CG 6 8.33C c 135 le €.t
C7/11/583 143.09G € S.110 82 75 iz £.%
07/05/83 0.633 10 341.270 60 75 ig 8.2
07/35/%23 C.16¢ 19 23e.2€C 60 5 12 £.3%
€7/05/83 0.333 10 204 . 780 60 75 12 2.3
07/05783 0.580 10 185,232 60 75 2 €.
07/05/¢23 1.399 10 153.57C 60 75 12 E.S
Q7/s,05/83 4y.5c0 13 93.94¢ 69 75 12 8.3
07/05/83 6.200 10 75.78C 60 75 12 E.S
07765783 24.C00 10 18.7680 6C 75 Z 6.5
07/07/83 48.000 10 14,530 60 75 i2 6.5
07/07/83 48,500 0 23,882 63 75 e 8.
07/08/53 72.620 10 1€.3S 60 5 12 8.5
07/09s23 96.000 10 10.230 60 75 12 e.s
07/09/82 86.500 10 20.470 60 g 1e €.5
87/10/82 120.000 10 11.84C 60 75 1 e.c
07/11/€3 145.000 iC 8.530 60 < le 6.5

* Soil and sludge mixture was tilled.
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APPENDIX B

The Totcl Volatile Emission Models
for Laboratory Data
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CET

Table B-1 The Total Volatile Emission Models for Laboratory Data

1. Model 1 Time <10 hours
Dependent Variable: Emission Rate
rR? = .83 , F Value = 27.49
Independent Estimate T for Ho: Probability Standard
Variables Independent |t] cal.>|t]|tab.* Error of
Variables = 0 Estimate
Intercept 76.594 1.48 .1508 51.849
Soil Temperature . 769 1.77 .0874 434
Moisture Content 8.828 5.08 .0001 1,737
Time Since
Application -20.645 -7.35 .0001 2.810
Loading Rate 9.985 4,31 .0002 2.316
Relative Humidity -2.025 -2.81 .0090 .721
2. Model 2 Time <10 hours
Dependent Variable: Emission Rate
R = .76 , F Value = 49.83
Intercept .184 .04 .9716 5,163
Soil Temperature .268 8.18 .0001 .032
Moisture Control 1.879 9.67 .0001 .194
Time Since
Application -.084 -7.15 .0001 .011
Loading Rate 931 4.51 .0001 .206
Relative Humidity -.371 -5.26 .0001 .070

* Ho is rejected 1f the probapility [t] cal.> |[t| tab. >95%.



APPENDIX C
Emission Rates of Measured Hydrocarbons

At Different Temperatures and Sludge
Loading Rates
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Emission Rates of Measured Hydrocarbons

Table C-3
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Rates of Measured Hydrocarbons

ission
by Gas Chromatography
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Table C-5

Temp. = 60, Loading Rate = 6%
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Emission Rates of Measured Hydrocarbons

Table C-6
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Table C-7 Emission Rates of Measured Hydrocarbons
by Gas Chromatography
Temp. = 35, Loading Rate = 3%

TIME SINCE APPL. (HOURS) 2.0
COMPOUND NAME GAAMS / HOUR
1. PENTANE g.111
2. CYCLOPENTANE 0.122
3. HEXANE 0.386
4, METHYL CYCLOPENTANE .
5. BENZENE 0.u78
6. 2, U-DIMETHYLPENTANE .
7. CYCLOHEXANE .
8. 3-METHYLHEXANE 0.617
9, METHYLCYCLOHEXANC 0.608
10. 2,5-DIMETHYLHEXANE 0,792
11, 2,3, U-TRIMETHYLPENTHBNE 3.384
12, 3-METHYLHEPTANE 0.786
13, 2,2,5-TRIMETHYLHEXANE 2.398
14, 1, 4-DIMETHYLBENZENE 1.287
SUM OF 14 COMPOUNDS 11.0uU8
TOTAL VOLRT. AS HEXANC 118.000
74 14 COMP/TOTAL VOLHT 9.28

6.0 us Ug.5Sx
/ 180 SQ.FT. I(PLOT RAER)
0.035 0.034 0.073
0.198 0.0G8 0.116
0.183 0.009 0.G11
0.198 0.034 0.147
0.172 0.083 0.132
. . 0.173
. 0.029 .
0.164 0.056 0.152
0.25¢2 0.114 0.167
d.191 0.09y4 0.186
0.69 0.216 0.259
0.266 0.13 0.26
1.609 0.1 0.214
0.573 0.192 0.38
4.531 1.159 2.2170
32.761 65.972 22.182
13.83 19.41 10.23

w SOIL AND SLUDGE MIXTURE WAS TILLED
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Table C-8 Emission Rates of Measured Hydrocarbons
by Gas Chromatography

Temp., = 35, Loading Rate = 6%

TIME SINCE APPL. (HOURSI .50 86 146
COMPOUND NﬂMﬁ GHRMS / HQOUR / 180 SQ FT1. (PLOT RRER]
1. PENTANE 0.236 0.085 0.039
2. CYCLOPENTRNE 0.U63 0.167 0.163
3. HEXANE 1.499 0.091 0.007
4, METHYL CYCLOPENTANE 1.058 0.125 0.16
5. BENZENE 1.592 0.216 0.164
6. 2, U-DIMETHYLPENTANE 5.302 0.2006 0.047
7. CYCLOHEXANE 1.347 0.04 0.0us
8, 3-METHYLHEXANE 3.623 0.1113 0.033
9, METHYLCYCLOHL XRANE 3.53 0.218 0.217
10. 2,5-DIMETHYLHEXANE 2.1 0.167 0.49
ll.2.3.U—TH1METHTLPENTHNE g8.64y8 0.501 0.094

« 3-METHYLHEPTANE 2.903 0.229 0.08
13 2,2,5-TRIMETHYLHEXANE 2.243 0.166 0.071
16. 1, U-DIMETHYLOENZENE 2.022 0. 355 0.149

SUM OF 14 COMPOUNDS 36.566 2.679 1.762

TOTAL VOLAT. AS HEXANE 187.698 10.238 65.119

7 14y COMP/TOTAL VOLAT 19.48 26.17 3y.ye

» SOIL ANGC SLUDGE MIXTURE WAS TILLED
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Table C-9 Emission Rates of Measured Hydrocarbons
by Gas Chromatography
Temp., = 35, Loading Rate = 10%

TIME SINCE APPL. (HOURS) .0313 4y.0 7.0 24 ya
COMPOUND NRME GRAMS / HOUR / 180 SQ.FT. (PLAT ARER)
1. PENTANE 0.134 0.177 0.056 0.073 0.065
2, CYCLOPENTANE 0.581 0.397 0.126 0.09 0.122
3, HEXANE 1.723 0.171 0.122 0.0u2 0.07
4, METHYL CYCLOPENTANE . 0.198 0.116 0.092 0.07
5. BENZENE 0.61 0.699 0.255 0.108 0.102
6. 2, U-DIMETHYLPENTANE . 0.722 0.581 0.333 0.245
7. CYCLOHEXANE . 0.235 0.147 0.059 0.022
8. 3-METHYLHEXANE 4,742 0.381 0.282 0.134 = 0.122
9. METHYLCYCLOHEXRANE 3.803 0.8G1 0.398 0.263 0.263
10. 2,5-DIMETHYLHEXANE 2.573 0.466 0.274 0.258 0.2u8
11. 2,3, 4-TRIMETHYLPENTANE 8.759 1.123 0.93 0.509 0.433
12. 3-METHYLHEPTANE 3.005 0.465 0.292 0.283 0.311
13. 2,2,5-TAIMETHYLHEXANE 3.305 0.509 0.253 0.273 0.243
14, 1, 4-DIMETHYLBENZENE 2.948 0.958 0.53 0.518 0.504
SUM OF 14 COMPOUNDS 32.2¢3 7.362 4,361 3.035% 2.918
TOTAL VOLAT. AS HEXANE 204.000 40.9%52 34,127 22.182 11.94y
Z 14 COMP/TOTAL VOLAT. 15.80 17.98 12.78 13.68 23.59

¥ SOIL AND SLUDGE MIXTURE WAS TILLCO
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Table C-10 Emission Rates of Measured Hydrocarbons
Gas Chromatographic Field Data
Plot # 4
8/10/82 8/13/82 10/7/82 10/12/82 11/24/82 5/9/83

AT AA AT,AA BT AT AT,AA BT BT AT
Pentane 1,30 + + .721 6,010 .109 ©.026 ,028
Cyclopentane + + + 1.242 6.24 .790 + .012 ,204
Hexane + + + + + + + .054 ,085
Methylcyclopentane + + + + .702 .159 .802 .061 .567
Benzene 3.521 2,748 1.460 1,264 2,296 1.900 . 720 .087 569
2,4-Dimethylpentane .060 .093 1.617 .148 .108 2,229 .150 079 .105
Cyclohexane .139 + + .392 1,377 .650 2.100 .048 ,.139
3-Methylhexane .076 .513 1,729 .447 + 13.559 .447 .068 ,123
Methylcyclohexane .108 .783 1.868 .579 .835 8,920 .598 .128 ,627
2,5-Dimethylhexane .089 .674 2,319 .544 .689 6.806 .662 .132 - ,240
2,3,4-Trimethylpentane .118 1.524 2,293 1.235 1.480 26,090 .882 .122 ,181
3-Methylheptane .223 2,213 2.500 .521 1,739 7.770 1.000 .156 ,231
2,2,5-Trimethylhexane .119 2,907 + .438 .902 12,104 .802 .161 ,163
1,4-Dimethylbenzene .274 5,773 2,462 1,423 1.448 12,480 2.481 .096 ,658

(continued)
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Table C-10

Emission Rates of Measured Hydrocarbons
Gas Chromatographic Field Data (continued)
Plot # 5
10/7/82 10/12/82 11/24/82 12/02/82 5/9/83
BT AA AT,AA BA BT BT AT

Pentane + + + .032 .029 + .044
Cyclopentane + + + .114 .113 + .218
Hexane + + + .044 .034 + .023
Methylcyclopentane + + + .316 .277 .145 .570
Benzene + 2,879 2.345 2,071 1.534 .323 .707
2,4-Dimethylpentane + .195 .210 .343 212 .044 .190
Cyclohexane .073 + + .144 .140 .040 .123
3-Methylhexane .076 .955 1,041 .187 . .128 034,134
Methylcyclohexane .061 .831 1,169 1,118 1,090 .258 .679
2,5-Dimethylhexane + .866 1.657 .186 .104 .077 .223
2,3,4-Trimethylpentane 112 3.486 3.040 .288 174 .066 .165
3-Methylheptane .657 11.970 12,597 .309 .13 .094 .425
2,2,5-Trimethylhexane .183 + + .208 .117 + .181
1,4-Dimethylbenzene .557 20,770 16.610 .878 .408 .190 .660

(continued)
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Table C-10 Emission Rates of Measured Hydrocarbons
Gas Chromatographic Field Data (continued)

Plot # 7 Plot # 1
5/9/83 6/9/83
IAT 30 min. AT AT
Pentane .004 .065 .044
Cyclopentane 041 .280 .285
Hexane .034 .023 .035
Methylcyclopentane .282 .522 597
Benzene .289 .508 .611
2,4~-Dimethylpentane .100 .088 177
Cyclohexane .094 .129 .134
3-Methylhexane .203 .125 .153
Methylcyclohexane .289 .616 .732
2,5-Dimethylhexane .073 ,110 .197
2,3,4-Trimethylpentane .193 .211 .310
3-Methylheptane .110 .110 .343
2,2,5-Trimethylhexane . .075 .065 .238

1,4-Dimethylbenzene .423 .472 .782
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