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Abstract: Volatile organic compounds (VOCs) and pe- 
troleum products are ubiquitous groundwater contami- 
nants. Petroleum products, e.g., diesel fuel, contain a 
wide array of volatile, semivolatile, and long-chain 
hydrocarbon compounds. This research sought to de- 
termine whether air stripping can provide a site-spe- 
cific treatment solution for petroleum-contaminated 
groundwaters and to document the abilities and limita- 
tions of tray-type (ShallowTray) air stripping technol- 
ogy. Full factorial experimental trials were conducted 
to determine the influence of inlet water flow rate and 
temperature on trichloroethylene (TCE), perchloroeth- 

ylene (PCE) and total petroleum hydrocarbon (TPH) 
removal. As expected, TPH removal controlled air strip- 
per performance, and liquid temperature affected re- 
moval more than flow rate. The mass transfer rate of 
TCE and PCE from water to air was controlled by the 
compound's volatility, while the TPH mass transfer 
rate was controlled by the compound's concentration 
gradient. Results indicate that economical air strip- 
ping of VOC and TPH compounds can be achieved 
using low liquid flow rates (20-75 L/min) and me- 
dium liquid temperatures (16-28°C) in tray-type air 
strippers. 
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Stripping Volatile Organic Compounds and 
Petroleum Hydrocarbons From 

Water by Tray Aeration 

DAVID F. LABRANCHE AND M. ROBIN COLLINS 

INTRODUCTION 

Contaminated groundwater is perhaps the 
most ubiquitous target of hazardous waste 
remediation efforts in the United States. Volatile 
organic chemicals (VOCs) and petroleum prod- 
ucts have been consistently identified as the most 
common groundwater contaminants, particularly 
at Department of Defense sites. As of September 
1991, the Department of Defense (DOD) had iden- 
tified 17,660 sites with potential hazardous waste 
contamination of soil or groundwater (Rose 1994). 
Of these, the DOD estimates that 7,313 sites will 
require remediation. According to a 1992 General 
Accounting Office (GAO), the federal government 
faces nearly $200 billion in cleanup costs for DOD 
and Department of Energy (DOE) sites before the 
end of the decade. Effective and efficient treat- 
ment methods are needed to meet this cleanup 
challenge (U.S. GAO 1992). 

Because of the highly mechanized nature of 
DOD operations, VOCs and a wide variety of 
petroleum fuels are used and stored in large quan- 
tities at nearly every installation. The most preva- 
lent VOC groundwater contaminants at DOD sites 
are chlorinated solvents (Rose 1994), which are 
generally denser than water and only slightly 
soluble. The most prevalent petroleum contami- 
nants at DOD sites are gasoline (including avia- 
tion fuel) and diesel fuel, both of which are lighter 
than water and insoluble (U.S. EPA 1990). Experi- 
ence at numerous groundwater remediation sites 
has shown that despite the density differences 
between VOCs and petroleum hydrocarbons, they 
are frequently found mixed in the aquifer due to 
sorption to soils and water table fluctuations. 
Treatment processes employed to remediate the 
groundwater must be capable of handling con- 

taminants that have a wide range of physical and 
thermodynamic properties. 

Remediation options 
Currently, the most promising and preferred 

method for fully remediating VOCs and petro- 
leum hydrocarbons from groundwater is bio- 
remediation (Rose 1994). Bioremediation schemes, 
however, operate most efficiently when the con- 
centration in the water of the most common VOCs 
and petroleum hydrocarbons (the biological sub- 
strate) is relatively dilute. The common VOC and 
petroleum contaminants are only slightly to mod- 
erately biodegradable, having optimal BOD5/ 
COD ratios <0.40 (U.S. EPA 1985). High concen- 
trations (<l/3rd of solubility values) of VOCs in 
water are easily reduced by many methods. The 
cost-effective method chosen most often is to 
pump the VOC contaminated groundwater to the 
surface then transfer the contaminants to a solid 
phase adsorber by air stripping. Recent research 
indicates that high concentrations of petroleum 
hydrocarbons in groundwater can also be effec- 
tively reduced by pumping followed by above- 
ground treatments such as solid-phase adsorp- 
tion (Borden and Kao 1992). The dominant 
hydrocarbons that make up gasoline, i.e., ben- 
zene, toluene, ethylbenzene and the xylenes 
(BTEX), are aromatics, which are highly volatile 
and amenable to air stripping due to their high 
Henry's law constants (API 1983). However, the 
dominant hydrocarbons found in diesel fuel are 
paraffins (API 1976). These hydrocarbons are 
much less volatile than BTEX, having large mol- 
ecules with molecular weights ranging from 142.3 
(decane) to 394.8 (octacosane). Long-chain hydro- 
carbons (paraffins and larger) are nearly insoluble 
in water and typically exist in both a soluble and 
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separate phase as aqueous con- 
taminants (API 1976). This separate 
phase frequently requires another 
removal process in remediation 
schemes. 

Separate phase or "free product" 
petroleum can be removed by basic 
oil/water separators, which are 
readily available and relatively in- 
expensive. High performance oil/ 
water separators are available that 
can theoretically remove enough 
separate phase and soluble petro- 
leum to meet most state discharge 
permits (approximately 1 mg/L), 
but they are very expensive and may 
employ materials which would be 
damaged by exposure to VOCs like 
chlorinated solvents (Hackman 
1978). 

Liquid-phase adsorption of pe- 
troleum hydrocarbons is a common 
industrial application, and has been 
compared favorably to vapor-phase 
hydrocarbon adsorption (API 1983). 
However, neither liquid nor vapor 
phase adsorption is the best method 
for all petroleum hydrocarbon re- 
moval applications. Sorption sites 
on activated carbon can be limited 
during liquid-phase adsorption by 
aqueous suspended solids (API 
1983). Vapor-phase adsorption can have a signifi- 
cant cost advantage when treating highly con- 
taminated groundwaters, because it allows lower 
contaminant loading rates and minimizes inor- 
ganic loading to the adsorbent, which in turn maxi- 
mizes its useful life (API 1983). 

Air stripping systems 
Air stripping is the most commonly used liq- 

uid-to-gas mass transfer method for VOCs. Air 
stripping of BTEX compounds has been widely 
successful, but only steam stripping and high tem- 
perature air stripping (HTAS) have been consid- 
ered feasible for treating less volatile organics like 
long-chain hydrocarbons (Fleming 1989, U.S. EPA 
1991). Inside the most common type of air strip- 
pers, i.e., packed towers, high liquid surface area 
is created by pumping water to the top of a hol- 
low tower and allowing it to trickle over a dumped 
packing inside. The water spreads over the pack- 
ing as it flows downward, creating a thin, high 
surface area film. The thin films on the packing 
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Figure 1. Air stripping process; counter-current air and water flow in 
tray-type air stripper. 

are met by a counter-current flow of air blown in 
from the bottom of the tower. 

During the past five years, compact, low-pro- 
file air strippers have gained increasing accep- 
tance and now represent more than half of the air 
strippers used at new remediation sites (Lamarre 
1993). The most common style of low profile air 
stripper is the tray-type unit in which a shallow 
layer of water is allowed to flow along one or 
more trays as noted in Figure 1. Air is blown 
through hundreds of holes in the bottom of the 
trays to generate a froth of bubbles—a large mass 
transfer surface area where the contaminants are 
volatilized. In the tray-type, low-profile aeration 
system the air performs two functions: 1) creating 
the interfacial surface area (created by the pack- 
ing in a packed tower) and 2) volatilizing the 
contaminants. This feature of the tray-type air 
stripper is advantageous when treating waters 
that contain high concentrations of soluble 
inorganics. In the tray-type unit, metal oxide pre- 
cipitates are easily cleaned from the smooth stain- 



Table 1. Concentration, solubility and Henry's law constants of primary contaminants in 
source water for medium temperature air stripping experiments. 

Water Henry's law 
Concentration solubility* constants at 20 °C 

Compound (ßg/U (vg/u (dimensionless)f 

Trichloroethylene 34,000.000 1,100,000.0 0.378* 
Tetrachloroethylene 15,200.000 150,000.0 0.59** 
Methylene chloride 1,550.000 20,000,000.0 0.084* 
1,2-dichloroethylene 149.000 3,500,000.0 0.315* 
Chloroform 22.600 8,200,000.0 0.119* 
Total petroleum hydrocarbons l,990,000.000+t N/A N/A 
Napthalene not directly analyzed 31,700,000.0 0.048* 
No. 2 diesel fuel not directly analyzed Specific gravity at 15 -25°C = 0.85* 

*  U.S. EPA (1990) 
mg/m3 

+             /    3 mg/m 
**  Munz and Roberts (1979) 
tt   Two-phase sample concentration; soluble TPH concentration = = 8450 ng/L 

less-steel trays, whereas in a packed tower they 
can precipitate on the packing, causing fouling 
and short circuiting. Similarly, long-chain hydro- 
carbons tend to sorb to solid surfaces, potentially 
fouling packed tower media. The vigorous bub- 
bling action in a tray-type stripper scours the unit's 
interior during operation, usually limiting pre- 
cipitation and biofilm development (Lamarre 
1993). 

Research background 
This research grew out of the need to remove a 

variety of VOCs and diesel-range hydrocarbons 
from approximately 30,000 L (8000 gal.) of water 
at CRREL. This was contained in an ice drilling 
test facility (IDTF) for approximately 20 years. 
The IDTF is no longer used and is essentially an 
open-head storage for this contaminated water. 
GC/MS analysis of individual contaminants in- 
dicated that the contaminants had been moder- 
ately weathered. Consequently, the contaminated 
water source provided an excellent opportunity 
for a realistic treatment study using a homoge- 
neous, weathered mix of dense and light aqueous 
contaminants which was relatively free of par- 
ticulate and biological interferences. The primary 
contaminants in the water source and their criti- 
cal properties are listed in Table 1. Under a Coop- 
erative Research and Development Agreement 
between CRREL and a local business (North East 
Environmental Products, Inc.), a commercial, tray- 
type air stripper was made available for treating 
this contaminated water. 

Research goals 
The research described in this report sought to 

evaluate the potential for transferring VOCs and 
long-chain petroleum hydrocarbons from a con- 
taminated water to the vapor phase using a tray- 
type air stripper. The goal was to achieve high 
contaminant removal rates as economically as pos- 
sible, using only moderate liquid temperatures and 
simple, commercially available equipment. The 
tray-type air stripper used is known as Shallow- 
Tray (North East Environmental Products, Inc., 
West Lebanon, N.H.). A ShallowTray unit was cho- 
sen because of its resistance to fouling and low- 
profile size (approx. height, 2.12 m). The unit was 
operated inside a large shed, allowing constant 
temperature control of the treatment process. 

The specific goals were to: 
1. Measure and analyze the treatment perfor- 

mance of concurrently stripping VOCs and petro- 
leum hydrocarbons from water by ShallowTray 
aeration as a function of liquid temperature and 
flow rate. 

2. Measure and analyze the operating costs of 
this treatment. 

3. Using empirical data, derive formulas that 
could predict ShallowTray stripping efficiency as 
a function of liquid temperature and flow rate, 
and as a function of power consumption per vol- 
ume of water treated. 

4. Recommend the suitability of this process to 
remediate similar contamination sources. 

Stripping performance was measured by de- 
termining the influent and effluent concentrations 



of two VOCs, trichloroethylene (TCE) and tetra- 
or perchloroethylene (PCE), and diesel range hy- 
drocarbons as total petroleum hydrocarbons 
(TPH). 

METHODS AND MATERIALS 

Experimental approach 
The experimental approach consisted of nine 

separate trial runs during which liquid tempera- 
ture and flow rate were varied to determine their 
effect on stripping efficiency of TCE, PCE and 
diesel hydrocarbons (as TPH). Field data of air 
strippers treating a wide variety of aqueous con- 
taminants indicates that a) liquid flow rate, b) 
detention time, c) temperature, and d) the con- 
taminants' physical and thermodynamic proper- 
ties are the factors that control stripping efficiency 
(U.S. EPA 1990). The experimental variables evalu- 
ated the effects of (a), (b) and (c), while effects of 
(d) were estimated by analyzing three contami- 
nants with widely differing properties. 

The treatment process consisted of 1) pump- 
ing the contaminated water in 1100- to 2000-L 
batches from the ice well, 2) pumping it through 
an oil/water separator to a storage (equalization) 
tank, 3) treatment in the ShallowTray air stripper, 
and 4) storage in another tank for testing prior to 
recycling to the ice well. The process flow dia- 
gram is depicted in Figure 2. Water was pumped 
from the ice well by a 375-W (1/2-hp), 10-cm (4- 
in.) diameter deep well pump of standard design 
(Goulds Pumps, Inc., Seneca Falls, N.Y.). The oil/ 
water separator (HydroFlo Technologies, Inc., 
Wheaton, 111.) was of coalescing plate type and 
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Figure 2. Process flow diagram for ShallowTray medium tern 
perature air stripping experiment. 

capable of flow rates up to 57 L/min (15 gpm). 
The open-head, cylindrical equalization tank was 
of high-density polyethylene (HDPE) and fitted 
with a small circulation pump and a low tem- 
perature, TFE-encased heating element of 6000- 
W capacity. The tank also contained a double 
layer of 20-mm hollow polypropylene balls to 
reduce heat loss and limit volatilization. The air 
stripping unit was a ShallowTray Model 2631, a 
stainless steel, tray-type or "sieve plate" aerator 
equipped with three modular trays (Fig. 1). The 
unit is capable of accepting a fourth aeration tray 
and treating flows up to 340.2 L/min (90 gpm). 
Ambient air was supplied to the unit at a rate of 
17-20 m3/min (600-700 cfm). Treated water from 
every three trials was stored in a 3785 L (1000 
gal.) closed-head HDPE tank until preliminary 
analysis indicated that VOC or TPH concentra- 
tions were within discharge permit limits. TPH 
concentrations from several trials met discharge 
standards, but the concentration of the mixed, 
treated effluent from the storage tank did not, 
resulting in all treated water being recycled to the 
ice well. Recycled water was drained back to the 
ice well so as to minimize turbulent mixing. 

Orthogonal array factorial design 
The efficiency of factorial design principles al- 

lowed all research goals to be met, within ac- 
cepted standards of statistical significance, using 
only nine separate experiments or trials. Air strip- 
ping efficiency in removing TCE, PCE, and TPH 
from the ice well water was evaluated by con- 
ducting two initial or "equilibrium" trials followed 
by seven main trials; results from one of the equi- 
librium trials were used with the seven main tri- 

als to form a final factorial array of eight 
trials. The trial factor levels and experimen- 
tal conditions were selected so as to create 
an orthogonal array, which allows statisti- 
cal information to be gathered about the 
main variables and their interactions (Ross 
1985). The data statistic generated from each 
trial was removal of TCE, PCE or TPH ex- 
pressed as a percentage, or as a ratio of 
effluent concentration over influent con- 
centration (Ce/C0). Concentrations were 
measured on a mass-per-liquid-volume 
basis. The trial factors selected as indepen- 
dent variables were liquid flow rate and 
liquid temperature. The range for varying 
each factor was determined from known 
physical and thermodynamic properties of 
the compounds involved, and documented 



Table 2. Orthogonal array of experimental trials 
and trial sequence. 

Temperature Flow rate Random 
(Factor A) (Factor B) sequence 

Trial (°C) (L/min) of trials 

1 
2 

(Equilibrium A) 

8.89 18.9 5 

8.89 75.7 1 
3 8.89 75.7 4 
4 15.56 18.9 7 
5 15.56 75.7 8 

(Equilibrium B) 22.20 18.9 2 
6 22.20 18.9 3 
7 22.20 18.9 9 
8 22.20 75.7 6 

air stripping performance conditions (U.S. EPA 
1991). 

A full factorial design of six experimental tri- 
als results from varying temperature at three lev- 
els and flow rate at two levels. This design pro- 
vided an experimental resolution level of 4, 
meaning all main effects and factor interactions 
can be statistically estimated by analysis of vari- 
ance (ANOVA). The six-trial design was made 
more robust by conducting two additional trials, 
duplicates of trials that were excessively variable 
or critical to predicting performance. The re- 
searcher chose to repeat the trials conducted at 
the factor level extremes (trial 1 at 8.89°C with 
75.7 L /min [48°F/20 gpm], and trial 3 at 22.2°C 
with 18.9 L /min [72°F/5 gpm]). The two pairs of 
replicated trials were treated as simple duplicates 
and used to determine experimental variability 
between trials. The array of all trials, equilibrium 
and main, and the actual random sequence in 
which they were conducted is shown in Table 2. 
Note that the table indicates the equilibrium con- 
ditions and that equilibrium trial A results were 
used in the final L8 array. The equilibrium trials 
were conducted with special attention to achiev- 
ing uniform contaminant concentration and tem- 
perature in the equalization tank. The experience 
gained in these trials was used to perfect the pro- 
cess flow as well as the sampling and analysis 
methods. The results of the first group of four 

trials (not including equilibrium trial B) formed 
an L4 array. Statistical analysis of these results 
confirmed that stripping performance for this 
source water was controlled by TPH removal and 
that TPH removal was controlled by liquid tem- 
perature, not flow rate. Liquid temperature was 
therefore varied at a third level in the remaining 
trials. 

Sampling methods 
Two types of aqueous samples, VOC and TPH, 

were collected and analyzed during each trial. A 
nested design of eight trials, six samples per trial, 
and three analyses per sample was performed. 
The samples collected and analyzed for a typical 
trial of the 8 x 6 x 3 design is shown in Table 3. 
More than 300 analyses were performed to pro- 
duce statistically reliable data from the eight main 
trials in this experiment. To determine sampling 
variability and analytical precision, triplicate in- 
fluent and triplicate effluent samples were col- 
lected, each analyzed in triplicate. Sampling peri- 
ods were spaced 2.8 minutes apart at the 75.7-L/ 
min flow rate, and 11.2 minutes apart at the 18.9 
L/min flow rate. These periods are equal to the 
detention times under plug-flow conditions, and 
were used so that approximately the same slug of 
influent water was sampled at the effluent. 

Analytical procedures 
VOC samples were collected in EPA-cleaned 

40-mL vials with Teflon-lined septa (Eagle-Picher 
Environmental Science and Technology, Miami, 
Okla.). Samples were stored at 4°C and analyzed 
within six days. Analysis was by headspace gas 
chromatography (HS/GC) techniques and a pho- 
toionization detector as presented by Hewitt et al. 
(1992). The gas Chromatograph used was a 
Photovac Model 10S10 (Photovac International, 
Inc., Deer Park, N.Y.) equipped with a 10-cm, 
10% SE-30 on an 80/100 mesh chromosorb col- 
umn. With a carrier gas (zero grade air) flow rate 
of 17 mL/min, TCE eluted at 1.2 minutes and 
PCE eluted at 2.8 minutes. Detector response was 
recorded as peaks on a horizontal baseline using 

Table 3. Nested design of sampling and analysis for ShallowTray 
medium temperature air stripping experiment. 

Type of sample Typical trial 
Totals 

(per each type, 
or analysis-* Influent             Effluent QC VOC and TPH) 

Number of samples 
Number of analyses 

111          111 
3     3    3          3    3     3 

1 
3 

7 x 8 = 56 
21 x 8 = 168 



a strip chart recorder. Concentrations were estab- 
lished by comparison of sample peak heights to 
aqueous standard peak heights. Combined stan- 
dards (TCE and PCE) were prepared using chro- 
matography grade reagents and serial dilution 
techniques. 

TPH samples were collected in the 2-L Pyrex 
separatory funnels used for analysis, acidified with 
HC1 to pH 2 within 30 minutes and analyzed 
within 4 hours of collection. TPH concentration 
was determined by fluorocarbon-113 solvent ex- 
traction followed by infrared spectrophotometer 
analysis (EPA Method 418.1, U.S. EPA 1978). In- 
frared analysis was performed with a Foxboro 
Company (East Bridgewater, Mass.) MIRAN-1FF 
infrared spectrophotometer absorbance measure- 
ments were at a fixed wavelength of 3.48 fim. 
TPH concentrations were established by com- 
paring sample absorbances to standard absor- 
bances. Diesel fuel was used as the TPH standard 
since GC/MS analysis indicated the majority of 
hydrocarbons to be in this range. A stock stan- 
dard was prepared by pipetting a known mass of 
diesel fuel into a known volume of spectral-grade 
fluorocarbon-113. Working standards were pre- 
pared by serial dilution of the stock standard with 
spectral-grade fluorocarbon-113. The 1-L samples 
were extracted with 100 mL of solvent, resulting 
in a sample concentration factor of xlO. TPH con- 
centrations were calculated with this formula: 

TPH(ppm) = 
RxD 

V (1) 

where  R = concentration of TPH as determined 
from calibration curve 

D = extract dilution factor (0.1) 
V = volume of sample. 

Method detection limit and accuracy were greatly 
enhanced by preparing sample extracts that were 
10 times the actual sample concentration, and by 
collecting samples directly into the separatory fun- 
nels used for extraction. 

Analytical precision and accuracy 
Method detection limits (MDLs) were deter- 

mined according to APHA (1992). Practical 
quantitation limits (PQLs) were also used so that 
results could be directly compared to results pro- 
duced by different laboratories. PQLs were calcu- 
lated as five times the respective MDLs and rep- 
resent practical and routinely achievable detection 
limits with a relatively good certainty that any 
reported value is reliable (APHA 1992). 

A field blank, laboratory blank, and spiked 
duplicate sample or calibration check standard 
were analyzed with every group of six VOC or 
TPH samples. All field and laboratory blanks were 
below the PQL. Calibration check standard con- 
centrations remained within + two times the 
standard deviation of the calibration standard 
ranges, i.e., within accepted analytical standards 
(APHA 1992). Duplicate VOC samples were col- 
lected during trials 5 and 9 for the purpose of 
spiking them with aliquots of standards. During 
TPH sampling and analysis, known additional 
samples were created during trials 5, 6 and 9 by 
adding a known mass of diesel fuel to 1 L of 
ultrafiltered water. The percentage of spiked stan- 
dard or known addition recovered indicated the 
relative analytical precision and verified the ab- 
sence of matrix effects. All percentage recoveries 
were within the 70-120% acceptance limits estab- 
lished by APHA (1992). 

Analysis of hydrocarbons 
in air stripper off-gas 

Real-time measurements of total hydrocarbons 
in the air stripper off-gas were made during trials 
3-6. Analysis was made with a model 51 Total 
Hydrocarbon Analyzer (Thermo Environmental 
Instruments, Inc., Franklin, Massachusetts) fitted 
with a heated flame-ionization detector (FID). A 
brass sampling tube was fitted into the off-gas 
stack, and a heated sample line conducted flow 
from the sampling tube to the analyzer. The 
sample line and analyzer were heated to >200°C 
(>392°F) to prevent condensation of the 100% hu- 
midity off-gas. The detector signal was recorded 
on a strip chart. The analyzer was calibrated ac- 
cording to the manufacturer's specifications us- 
ing a 100-ppm TCE calibration gas standard. To- 
tal off-gas hydrocarbons were therefore measured 
"as TCE" because TCE made up >75% of the liq- 
uid hydrocarbons entering the stripper. The model 
51 detects concentrations on a volume per vol- 
ume basis; therefore the data were converted to 
mass per volume as follows: 

Hydrocarbons -^-1 = [ — TCE ] 

flmoleTCEM 
24.5 L 

131gTCEcN 

1 mole TCE (2) 



where A = ppm hydrocarbons as measured by 
model 51 analyzer 

B = volume of 1 mole of TCE gas at stan- 
dard temperature and pressure 

C = molecular weight of TCE. 

The 1-50 ppm or 1-100 ppm detection scales were 
used when the liquid flow to the air stripper was 
18.9 L/min and 75.7 L/min, respectively. Ana- 
lyzer accuracy was ±2% of scale. 

RESULTS AND DISCUSSION 

Hydrocarbon mass balance 
Comparison of off-gas hydrocarbon loadings 

to liquid hydrocarbon loadings indicates that 100 
+5% of the hydrocarbons entering the stripper 
were accounted for in the off-gas or effluent liq- 
uid. The sources of standard error in the mass 
balance estimate are 1) the analyzer accuracy of 
±2% of scale, 2) the error inherent in measuring 
TCE, PCE and paraffin hydrocarbons with an in- 

strument calibrated to TCE only, 3) the combined 
sampling and analytical error in TCE, PCE and 
TPH liquid concentrations, 4) the assumption of 
standard temperature and pressure, and 5) the 
measurement of air flow rate. The near 100% mass 
balance of hydrocarbons indicates that hydrocar- 
bon removal in the ShallowTray unit was in fact 
by mass transfer to the off-gas and not by other 
phenomena (e.g., sorption, biodegradation). 

VOC removal 
A graphic summary of all VOC removal data 

is shown in Figures 3 and 4. Trial data are plotted 
in the same sequence in which trials were con- 
ducted, from left to right. The analytical practical 
quantitation limits (PQLs) are exceptionally low, 
just 0.625 ppb for TCE and 0.543 ppb for PCE. 
Despite such low quantitation limits, however, 
treatment efficiency was so high that effluent con- 
centrations were routinely below them, particu- 
larly for PCE. 

Influent TCE and PCE concentrations varied 
over 16-ppm and 6-ppm ranges (respectively), 
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Figure 3. TCE pre-treatment and post-treatment concentrations for all 
experimental trials. 
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Figure 4. PCE pre-treatment and post-treatment concentrations for all 
experimental trials. 

while effluent concentrations varied over 5-ppb 
and 2-ppb ranges (respectively). This trend sug- 
gests that VOC removal was independent of influ- 
ent concentration. Mass transfer of VOCs was 
therefore controlled by the contaminants' proper- 
ties and not the concentration gradient between 
liquid and gas phases, as expected, because of the 
high Henry's law constants and relatively low 
solubility of TCE and PCE in water. An- 
other trend observed was the decrease of 
influent TCE and PCE concentrations 
over time, which is most likely a result of 
the treated water being recycled to the 
ice well where the contaminant concen- 
trations for subsequent trials could have 
been slightly diluted. The higher than av- 
erage influent sample variabilities for tri- 
als 5 and 6 resulted from freeze/thaw 
effects on some process water exposed to 
overnight temperatures below 0°C (all 
unit processes other than the equaliza- 
tion tank and ShallowTray stripper were 
outdoors). The treatment process proce- 
dures were modified to reduce the 
freeze/thaw effects. The effectiveness of 
the modifications is apparent in the de- 

creasing influent sample variabilities of trials 7, 8 
and 9. Effluent sample variability is consistently 
low after the initial equilibrium trials (trials 1, 2). 

The percentages of VOCs removed during all 
main trials are listed in Table 4. Student's f-test 
comparisons showed no significant difference be- 
tween mean removals at all factor level combina- 
tions, at a 95% confidence interval. The efficiency 

Table 4. VOC removals (% removed) by ShallowTray air 
stripping achieved at three liquid temperatures and two 
liquid flow rates. 

VOC 
L iquid temperature 

Flow rate 8.89°C 15.56°C 22.2 "C 

TCE 99.9978% 99.9942% 99.9984% 
(99.9918%) 

18.9 L/min PCE 99.9935% 99.9927% 99.993% 
(99.982%) 

TCE 99.9936% 
(99.9918%) 

99.9946% 99.9947% 

75.7 L/min PCE 99.9942% 
(99.9865%) 

99.9893% 99.9914% 

() duplicate trial results 



of the ShallowTray aerator at these flow rates is 
so high that >99.99% reductions of VOC concen- 
trations were achieved independent of liquid 
temperature and influent concentrations as high 
as 46.2 ppm TCE and 10.8 ppm PCE. All factor 
level combinations produced an effluent water 
with TCE and PCE concentrations below the EPA 
maximum contaminant levels (MCLs) of 5 ppb. 

Estimation of VOC liquid 
mass transfer coefficients 

Contaminant property effects on ShallowTray 
stripping efficiency were determined by compar- 
ing overall liquid mass transfer coefficients (KLa) 
derived empirically from this research to pub- 
lished values for other types of air stripping sys- 
tems. The rate of transfer of a volatile compound 
from water to air is generally proportional to the 
difference between the existing concentration and 
the equilibrium concentration of the compound 
in solution. The relationship is expressed as a 
modification of Fick's law: 

M: ■KLa(cl)- Cn (3) 

where  M = mass of substance transferred per 
unit time and volume (mg/min L) 

J^L = overall liquid mass transfer coeffi- 
cient (m/min) 

a = effective mass transfer area (m2/m3) 
CL = liquid phase cone, in equilibrium 

with the gas phase cone. (mg/L) 
C0 = bulk phase (existing) liquid concen- 

tration (mg/L) 

The mass transfer coefficient KL is a function of 
the properties of the compound being stripped 
(solubility, partial pressure and diffusivity), the 
physical characteristics of the air stripping 
equipment, and the temperature and flow rate 
of the liquid (Hess et al. 1983). The effective 
area a represents the total air/water 
interface area created in the stripper 
and is a function of the air stripping 
equipment. The conventional approach 
assumes that the effective area is too 
difficult to estimate by itself and is 
evaluated with KL as a single constant, 
KLa. The liquid phase equilibrium con- 
centration c£ is determined by apply- 
ing Henry's law constant. The dimen- 
sionless Henry's law constant (Hc) is 
essentially the ratio of mass of con- 
taminant in the gas phase at equilib- 

rium to the mass of contaminant in the liquid 
phase at equilibrium. By assuming that 100% of 
the liquid phase contaminants removed were 
transferred to the gas phase (a good assumption 
based on the near 100% mass balance from off- 
gas hydrocarbon measurements), the mass of con- 
taminant in the gas phase is therefore known and 
the mass of contaminant in the liquid phase at 
equilibrium can be estimated as 

Assuming CG = CQ and rewriting, yields 

,/HC=CI 

(4) 

(5) 

Since all the VOCs are transferred to the air, M = 
CG and eq 3 can be rewritten to solve for K^a in 
this manner: 

KLa = Cr 

(C{.-C„) (6) 

The results of evaluating KLa using eq 5 and 6 and 
data from this research for TCE and PCE are sum- 
marized in Table 5. Because Henry's law constant 
varies with liquid temperature, three KLa values 
were determined (one at each temperature) for 
each VOC. As expected the KLa values at both 
flow rates for a given temperature were also cal- 
culated and each pair were found to be equal. 
Values derived from this research show good 
agreement with those published by McCarty 
(1983). Mass transfer of both contaminants, in fact, 
indicate that the ShallowTray strippers are very 
competitive with packed towers in removal effi- 
ciency per unit volume. 

TPH removal 
A graphic summary of all TPH removal data is 

shown in Figure 5. Trial data are plotted in the 
same sequence in which trials were conducted, 

Table 5. Estimate of mass transfer coefficients for ShallowTray 
stripping of TCE and PCE at three liquid temperatures. 

Temperature TCE PCE McCarty (1983) 
CO Hc* KL" (sec'1) Hcf KL

a (ser1) (sec1) 

22.2 
15.56 
8.89 

0.375 
0.384 
0.393 

0.01 
0.0104 
0.0108 

0.586 
0.599 
0.613 

0.024 
0.025 
0.026 

0.025** 
0.0009++ 

0.007*** 

* source—U.S. EPA 1990 
f source—Munz and Roberts 1979 

** countercurrent tower (VOC stripping at 20°C, Q = 6600 L/min) 
++ cross flow tower (VOC stripping, Q = 19,800 L/min) 

*** mechanical aeration basin (VOC stripping, Q = 2640 L/min) 
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from left to right. The analytical PQL is low, just 
0.3 ppm of TPH in water. Effluent concentrations 
from several trials were at or just below the PQL. 

The most significant removal trend was the 
link between influent and effluent concentrations. 
Although a significant amount of TPH was 
stripped in every trial, the effluent concentrations 
were greater (or lesser) than the mean when in- 
fluent concentrations were greater (or lesser) than 
the mean. Unlike VOC stripping, effluent TPH 
concentration appears to be dependent on influ- 
ent TPH concentration. The driving force for TPH 
is (c£ - C0), irrespective of the compound of in- 
terest; properties of the compound are factored 
into the value for XL. The trend of decreasing 
influent TPH concentration over time is similar to 
that observed for VOC concentrations and is also 
due to dilution of contaminated source water with 
treated recycled water. Student's f-tests performed 
between each factor level combination showed all 
removals to be significantly different at the 95% 
confidence interval. The percentage of TPH re- 
moval during each experiment was calculated as: 

When the data from eq 7 are graphed as a 
function of the two factors, the plot looks like 
Figure 6. Six data points result from the six pos- 
sible factor level combinations, and there are two 
additional data points for the duplicate trials. This 
graph shows the strong linear relationship be- 
tween removal and increasing liquid tempera- 
ture, and because there are three levels (data 
points) for the temperature factor the sums of 
squares can be decomposed into polynomial ef- 
fects (Ross 1985). Polynomial decomposition cal- 
culations confirm the relationship between TPH 
removal and liquid temperature to be 300 times 
more linear than quadratic. Although a quadratic 
vs. linear relationship between removal and liq- 
uid flow rate cannot be ascertained from just two 
data points, a reasonable assumption is that re- 
moval will reach some asymptotic minimum vs. 
increasing flow rate at a given liquid tempera- 
ture. 

A first-order regression was performed on the 
results from eq 7, yielding a TPH removal predic- 
tor equation: 

(avg. influent cone. - avg. effluent cone) 
avg. influent cone. 

(7) Rp= 2.61 (TL)- 0.22 (QL) + 33.72 (8) 
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where RP = predicted future value of R 
TL = influent liquid temperature (°C) 
QL = influent liquid flow rate (liters/ 

minute). 

According to eq 8, a one-degree increase in tem- 
perature will result in a 2.61% (±0.25%) increase 
in TPH removal, and a unit increase in liquid 
flow rate will decrease TPH removal by 0.22% 
(± 0.05%). The correlation coefficient for this equa- 
tion, r2, equals 0.972. At the low flow rate (18.9 L/ 
min), eq 8 predicts that 100% TPH removal will 
occur at 27.0°C. However, as in the case for de- 
creasing removal vs. flow rate, removal can rea- 
sonably be expected to reach some asymptotic max- 
imum as temperature increases. This predicted 
maximum removal temperature is in good agree- 
ment with vapor pressure data reported in the 
literature for diesel range hydrocarbons (decane, 
^10^22/ through octacosane, C28H94). Vapor 
pressure of a hydrocarbon-saturated liquid was 
estimated (Franks 1966) to be roughly atmo- 
spheric at 25°C for the C10 through C20 hydrocar- 
bons, which make up roughly two-thirds of the 
diesel range. A discussion of phase equilibria in 
water-hydrocarbon systems contained in API 
(1976) refers to Franks (1966) and others in defin- 
ing 25°C as the "maximum temperature for the 
water-rich phase" of water-hydrocarbon systems 
containing diesel range paraffins (C10 through 
C16). In other words, equilibrium between the non- 

Predicted TPH Removal (%) 

12 14 16 18 
Liquid Temperature (°C) 

20 22 

Figure 6. TPH stripping performance (percentage re- 
moved) at three liquid temperatures and two flow rates. 

Figure 7. Predicted response surface for TPH removal 
vs. liquid temperature and flow rate. 

saturated gas phase and the liquid phase contain- 
ing the highest possible concentration of soluble 
C10 through C16 hydrocarbons is expected at at- 
mospheric pressure and 25°C. The model (eq 8) 
predicts this will occur in the ShallowTray strip- 
per at atmospheric pressure and 27°C. Equation 8 
is shown graphically as a predicted response sur- 
face in Figure 7. When lines are extended from 
the x and y axes at known values of liquid tem- 
perature and flow rate, they will intersect nearest 
to the diagonal line that predicts the percent of 
TPH removal. 

Influence of experimental factors 
on ShallowTray performance 

The statistical estimate of the main effects and 
factor interactions during ShallowTray stripping 
of TCE, PCE and TPH was determined by analy- 
sis of variance (ANOVA) of removal data. A sum- 
mary of experimental parameter contributions to 
contaminant removal is shown in Table 6. A con- 
tribution below 15% is generally accepted as sta- 
tistically insignificant. 

The ANOVA results show that liquid flow rate 
did not affect VOC removal, but liquid tempera- 
ture was the most significant factor influencing 
TCE removal and somewhat significant to PCE 
removal. The interaction of the two factors was 
the dominant factor influencing PCE removal but 
was only somewhat significant to TCE removal. 
The interaction and error terms also increase with 
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Table 6. Contribution of experimental factors to 
ShallowTray stripping efficiency of TCE, PCE and 
TPH (% contribution as determined by analysis of 
variance [ANOVA]). 

Parameter TCE (%) PCE (%; 1FH (%; 

Flow rate 2.8 0.0 14.9 

Liquid temperature 64.3 15.7 74.3 

Interaction 
(Flow x temp.) 15.6 60.1 2.4 

Total error 17.3 24.2 8.4 

Sampling error 3.24 4.24 10.4 

Analytical error 6.56 8.86 6.3 

Unexplained error* 7.5 11.1 0 

* Total error - (sampling + analytical error) = unexplained 
error 

the compound's volatility (PCE is slightly more 
volatile than TCE). 

The VOC error terms are both >15%, indicat- 
ing that experimental error or unexplained vari- 
ability was unacceptably high. Approximately 
45% of this unexplained variability was due to 
analytical and sampling error. The mean relative 
standard deviation (RSD) of combined analytical 
and sampling variability is 9.8% (TCE) and 13.1% 
(PCE) (see Table 6). The majority of the unex- 
plained variability, 55%, is due to factors that 
were not fully controlled during the experiments, 
in particular the VOC influent concentrations. Be- 
cause the highly effective VOC stripping produced 
consistent effluent concentrations over a narrow 
range, the wide range of influent concentrations 
(which were not a function of the experimental 
factors but of treatment process handling) cre- 
ated a large variability in VOC removals which 
was independent of the controlled variables. This 
"process handling" variability is particularly no- 
ticeable in the duplicate trial data. Influent VOC 
concentrations of the two pairs of duplicate trials 
differed from 1.1-36.8% RSD. Effluent concentra- 
tion variability was even greater (20.1-84.1% RSD) 
due to the extremely low concentrations that ex- 
aggerate even the smallest of differences. The net 
result of this uncontrolled error was to make it 
impossible to correlate the VOC data into a VOC 
removal prediction model. 

The statistical estimate of the main effects and 
factor interactions during ShallowTray stripping 
of TPH was also determined by analysis of vari- 
ance (ANOVA) of removal data (R). A summary 
of experimental parameter contributions to TPH 
removal is shown in the right-hand column of 
Table 6. A contribution below 15% is generally 

accepted as statistically insignificant. Liquid flow 
rate was somewhat significant to TPH removal 
but the main controlling factor was liquid tem- 
perature, which contributed to 74.3% of the TPH 
stripping differences observed at the six factor/ 
level combinations. The interaction of the two 
experimental factors was insignificant and the er- 
ror or unexplained variability was low (8.4%). 
The low error term indicates that all variables 
significant to TPH stripping were controlled dur- 
ing the experiment. 

Treatment process 
power requirements 

Total treatment costs involve many variables, 
and the specific capital, operating and mainte- 
nance costs of the batch process presented here 
would be difficult to use for predicting large scale 
or continuous flow treatment systems. However, 
it is instructive to examine the power consumed 
per volume of water treated as stripping and wa- 
ter heating components. Power consumption rates 
can be compared between widely different strip- 
per types and treatment methods to give a rough 
economic comparison for initial design choices. 

Air stripper power consumption data were 
plotted, yielding an inverse relationship between 
power consumed (kW/3785 L treated) and flow 
rate (Fig. 8). The equation describing this rela- 
tionship is the predictor equation for stripping 
(only) power requirements: 

kW 
3785 L treated 

= [0.02(QL) + 0.0157]_1 
(9) 

where QL - liquid flow rate (L/min). 

Water was heated for treatment during six tri- 
als, each time raising a different volume from a 
different initial temperature to either 15.56°C or 
22.2°C. The kilowatts (kW) required to heat the 
liquid (using the equipment previously described) 
were recorded. When these data were plotted as 
kW/°C increase vs. liters of water heated, the 
linear relationship was described by a first-order 
regression: 

kW 
°C increase 

[0.0034 (VL)- 4.035] (10) 

where VL - liquid volume (L) 

From eq 10 it can be seen that when VL = 3785 L 
(1000 gal.), 8.83 kW/A°C are required. This vari- 
able can be added to the equation for stripping 
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Figure 8. Stripping and heating power requirements vs. 
liquid flow rate, ShallowTray medium temperature process. 

power requirements to yield a total power re- 
quirement per volume per A°C. The resulting pre- 
dictor equation for stripping and heating power 
requirements per volume of liquid treated is 

kW 
(3785 L treated) 

= [0.002 (QL) +0.0157] 

+ 8.83(A°C) (11) 

A simple example can illustrate the use of eq 8 
and 11. 

Example: What would be the predicted treat- 
ment power requirements for stripping a cer- 
tain volume of water (at 8.89°C) contami- 
nated with 5-10 ppm diesel-range petroleum 
hydrocarbons (as TPH) and 30-50 ppm 
VOCs (with Henry's law constant values 
>0.003) using a ShallowTray series 2600 air 
stripper, assuming a liquid flow rate 75.7 L/ 
min (20 gpm) to the stripper and treatment 
goals of 99% VOC removal and 90% TPH 
removal? 

Step 1—-Assume that at 90% TPH re- 
moval, > 99% VOC removal will occur 
(i.e., TPH removal controls total removal). 
Calculate required treatment temperature 
by rearranging eq 8 to solve for TL: 

7T = 
Rp+0.22(QL)-33.72 

~ 261 

_ [90+ 0.22 (75.7)-33.72] 

~ 2Ü1 

.\TL = 27.9°C(82.3°F) 

Step 2—Calculate A°C, using TL and 
given initial temperature, Ti = 8.89°C: A°C 
= TL - T; = 27.9°C - 8.89°C - 19°C 

Step 3—Use QL and A°C in eq 11 to 
predict power requirement per unit vol- 
ume of water to heat and air strip as 
required: 

[0.002 (75.71pm) + 0.0157p1 + 8.83 (19°C) 

174 kW 
~ (3785 L treated) 

This example shows that a low flow rate and 
significant quantity of power is required for treat- 
ing TPH contaminated water to a high standard. 
When a typical cost per kilowatt-hour is assumed 
(e.g., $0.08/kWh), the example treatment cost is 
much lower than literature values for steam or 
high temperature air stripping (HTAS) costs 
(Fleming 1989 and EPA 1990). The example does 
not consider emission controls, contaminant de- 
struction, or disposal costs. However, the batch 
mode employed for this research is very ineffi- 
cient and could easily be made more economical 
using standard insulation techniques and a con- 
tinuous or in-line heating operation. Many new 
remediation sites have a steam generation ca- 
pability for carbon regeneration, soil washing 
and subsurface injection/extraction methods. 
Excess heat from these processes could be used 
for water heating, or steam use could be shared 
among several processes. The advantage of the 
medium temperature process described is that 
high quality steam is not required, and less heat- 
ing energy than competing HTAS processes is 
needed regardless of the source. 
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SUMMARY AND CONCLUSIONS 

Air stripping experiments performed as part 
of this work demonstrated that diesel range pe- 
troleum hydrocarbons (TPH) can be effectively 
stripped from water in conjunction with VOCs at 
modest liquid flow rates and temperatures (using 
a tray-type air stripper). The batch process em- 
ployed was capable of treating the contaminated 
source water to within discharge permit standards 
at a lower cost per volume treated than high tem- 
perature airstripping (HTAS) systems or high 
performance oil/water separation combined with 
air stripping. 

VOC stripping efficiency did not appear to be 
affected by TPH stripping. High concentrations 
(40-50 ppm) of VOCs were reduced by >99.99% 
during all experiments, regardless of TPH con- 
centration, liquid flow rate or temperature. VOC 
removals were so consistently high that no statis- 
tically discernible trends were observed as a func- 
tion of liquid flow rate and temperature. Mass 
transfer of VOC from liquid to gas phase was 
driven by the contaminant's physical and ther- 
modynamic properties, not the concentration gra- 
dient. Mass transfer coefficients (KLa) were deter- 
mined for TCE and PCE using removal data, and 
these showed good agreement with published val- 
ues of VOC mass transfer coefficients in packed- 
tower air strippers. 

Significant amounts of TPH were stripped dur- 
ing all experiments, but variations in liquid tem- 
perature affected TPH stripping more than varia- 
tions in flow rate. The low residual error associated 
with the TPH removal data indicates that liquid 
temperature and flow rate were the only signifi- 
cant factors controlling TPH stripping efficiency. 
Mass transfer of TPH from liquid to gas phase 
was driven by concentration gradient; however, 
liquid heating affected the contaminants' thermo- 
dynamic properties sufficiently to improve remov- 
als to the 80-90% range. For similar liquid heat- 
ing and ShallowTray air stripping applications, 
TPH removal can be predicted using the multi- 
linear regression model (eq 8), or the TPH re- 
moval predicted response surface (Fig. 7). Equa- 
tion 8 is probably only valid when predicting 
removals below 90%, and removals above this 
level are expected to approach some asymptotic 
value as a function of liquid temperature and 
flow rate. The liquid temperatures predicted by 
eq 8 as necessary to achieve maximum ("100%") 
TPH (diesel-range or paraffin hydrocarbons) 
removal, 27°C to 31.8°C, are corroborated by pre- 

vious research, which indicates that water-rich 
paraffin hydrocarbon phases reach equilibrium 
with the gas phase at atmospheric pressure and 
25°C. A model to predict liquid heating and air 
stripping power requirements per volume of wa- 
ter treated was determined (eq 11), but is based 
only on the batch mode process used in this study. 
A significant advantage of the ShallowTray strip- 
per appears to be the large air/water ratio it gen- 
erates (100-900), in comparison to air/water ra- 
tios typical of counter-current packed towers 
(50-150) treating similar contaminant mass load- 
ings. This high air/water ratio allows very effec- 
tive mass transfer of VOCs/SVOCs over a rela- 
tively small surface area (just 2.8 m2 for the unit 
used in this research). 

RECOMMENDATIONS 

The ShallowTray air stripper was proven to be 
just as efficient at removing VOCs as packed tower 
systems. It also proved capable of treating heated 
water to strip significant fractions of petroleum 
hydrocarbons without fouling, based on achiev- 
ing 100% (± sampling and analytical error) mass 
balance of hydrocarbons. The medium tempera- 
ture air stripping process appears to not only be 
effective but economically competitive with other 
processes. Remediation projects which require or 
already employ air stripping/solid phase adsorp- 
tion for VOC removal from groundwater can be 
cost effectively retrofitted with a modest liquid 
heating capacity so that petroleum hydrocarbons 
can be removed concurrently with the VOCs. Ad- 
ditional research should be conducted to evaluate 
the effects of increased detention time, higher liq- 
uid temperatures and continuous mode treatment 
on TPH stripping efficiency. Detention time is 
easily increased in ShallowTray strippers by add- 
ing the modular trays, so that for essentially the 
same power requirements (i.e., operating costs) 
higher removals are achieved. The continuous 
mode, medium temperature process should also 
be used to treat other contaminated source waters 
in order to more fully explore the applications of 
the process. 
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