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Biodegradation Phenomena during Soil Vapor 
Extraction: A High-speed Nonequilibrium Model 
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D. J. WILSON* 
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VANDERBILT UNIVERSITY 
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ABSTRACT 

A mathematical model of the biodegradation processes occurring during reme- 
diation of contaminated soils by soil vapor extraction ( W E )  is presented. The 
model includes Monod kinetics for biodegradation and rate-limited mass transfer 
between the aqueous and the gas phases. These mass transfer limitations appear 
to explain the major features observed in field results presented in the literature: 
zero-order kinetics with respect to biomass and contaminant, and a very important 
increase in the percentage contribution of biodegradation to cleanup with decreas- 
ing gas flux. Microcomputer runs with the “exact” algorithm are very time-con- 
suming so faster algorithms have been developed using several approximations. 
These result in savings of more than 95% in computation time, with errors due 
to the approximations of less than 1%. 

INTRODUCTION 

Recent studies ( 1 )  have estimated the cost for remediation of hazardous 
waste sites in the United States as around one trillion dollars during the 

* To whom correspondence should be sent. Address for August 1993-July 1994: De- 
partamento de Ingenieria Quimica, Facultad de Ciencias, Universidad de MBlaga, Campus 
Universitario de Teatinos, 29071 MAlaga, Spain. 
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next 30 years. This massive cost makes research on more efficient and 
economical remediation technologies a priority within the Superfund pro- 
gram. Figure 1 ( 2 )  shows the number of times various technologies appear 
on the Records of Decision (RODs) at the National Priorities List (NPL) 
sites, and may be considered as a measure of the development, efficiency, 
and acceptance of the various innovative technologies. Soil vapor extrac- 
tion (SVE) accounts for almost one-third (31 RODs) of the listings of 
innovative technologies; bioremediation follows, having been chosen in 
22 RODs. 

SVE (3, 4) is applicable for the removal of volatile contaminants from 
the vadose zone of soils having sufficient permeability. It is preferred 
to the so-called conventional methods, especially in those cases where 
excavation is not practicable or in which a large area and depth have been 
contaminated. Basically, SVE consists in drawing clean air through the 
contaminated soil by means of vacuum wells. Contaminants, which may 
be in four different phases in the soil (vapor, aqueous solution, nonaque- 
ous phase liquids, and adsorbed to solids), are removed as the contami- 
nant-laden vapor phase is replaced with incoming air and equilibrium is 
reapproached among the phases. 

Bioremediation (5-8) may be performed in situ at sites containing con- 
taminants (both in the vadose and the saturated zones) which are biode- 
gradable. Usually indigenous bacteria are used and the necessary nutrients 
are supplied to achieve contaminant degradation at a reasonable rate. 
Although anaerobic biodegradation may also be considered, it usually 
takes place at a relatively slow rate and may lead to products more toxic 
than the parent compounds. Thus, an important limiting factor in the sub- 
surface may be dissolved oxygen. Therefore, W E  may promote biodegra- 
dation in the unsaturated zone, making SVE technology applicable to 
compounds which are easily biodegradable even if they are not highly 
volatile. Furthermore, the overall cost of the process may be reduced if 
contaminants are destroyed by microorganisms rather than stripped and 
then separated from air by subsequent treatments (usually activated car- 
bon adsorption or catalytic combustion) which may account for 50% of 
the total SVE cleanup costs. 

Some work has been presented on field applications of SVE where the 
biodegradation contribution to the cleanup process has been reported to 
reach values between 15 and 25% (9-1 1) .  Hinchee and his collaborators 
(12,13) used a SVE design modified to optimize the biodegradation contri- 
bution; they have reported up to 85-90% biodegradation. Hogg et al. (14) 
reported on the successful use of bioremediation at a hydrocarbon-con- 
taminated site in New Zealand; the degradation rate was zero order in 
hydrocarbon, and oxygen supply was the critical factor in the rate of the 
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process. Average reduction in soil petroleum hydrocarbon concentration 
was 92% in the course of 13 months. 

Although extensive mathematical modeling has been done on SVE (4, 
15), to the knowledge of the authors there is at present substantially less 
modeling on how the biodegradation processes and SVE couple together. 
Some mathematical work has been presented dealing with biodegradation 
processes; this is focused mainly on the saturated zone. Borden and Be- 
dient (16) developed a one-dimension model using Monod kinetics to de- 
scribe the aerobic biodegradation processes occurring in the saturated 
zone. They also included advection, dispersion, and adsorption terms for 
oxygen, contaminants, and microorganisms. One of their conclusions was 
that in those situations in which groundwater is not moving rapidly and 
the contaminant is not refractory to biodegradation, oxygen transport is 
controlling and the biological processes may be considered to occur as if 
all the oxygen available is used instantaneously to oxidize the contami- 
nants to C02  and H20. They use this approximation in a two-dimensional 
model which shows the important effect of biodegradation on contaminant 
concentration and distribution in the plume. 

MacQuarrie et al. (17) used a “principal direction” Galerkin finite ele- 
ment technique to solve the two-dimensional model without introducing 
Borden’s assumption of instantaneous reaction and reached very similar 
results. Widdowson et al. (18, 19) developed a model which considers 
NOT and 0 2  as electron acceptors for the biodegradation process. Monod 
kinetics are also used with the introduction of a noncompetitive inhibition 
term for nitrate utilization in the process of oxygen. 

Sleep and Sykes (20) developed a model which considered three-phase 
(air-organic-water) flow and transport and an arbitrary number of compo- 
nents in each phase. Sorption effects between aqueous and solid phases 
are included. Henry’s law is used to relate concentrations between phases. 
A spill of toluene is simulated with contaminant present in the saturated 
and the unsaturated soil, and results are shown with and without inclusion 
of biodegradation. Simplified Monod kinetics are used. Substantial varia- 
tion in the contaminant concentration contours is observed in the unsatu- 
rated and upper saturated zones, but not deep below the water table. Air 
and oxygen injection in the unsaturated soil were studied and found to 
further modify the concentration contours of the unsaturated zone, but 
to leave the lower part of the plume almost unchanged. 

Semprini and McCarty (21) developed a model in which contaminants 
and electron donor and acceptor are transported by advection and disper- 
sion with linear adsorption phenomena, whereas biomass is assumed to 
be an attached immobile thin biofilm that is fully penetrated by substrate 
with no mass transfer limitations. The model reproduces fairly well the 
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BIODEGRADATION PHENOMENA DURING EXTRACTION 433 

field results obtained during field biostimulation of methanotrophic bacte- 
ria. These authors published a later paper (22) on the cometabolic transfor- 
mation of chlorinated aliphatic compounds by methanotrophic bacteria, 
considering some competitive inhibition of the substrates. 

Other models for describing biodegradation in the vadose include the 
VIP model developed at Utah State University, the RITZE model devel- 
oped at EPA’s Kerr Laboratory in Ada, Oklahoma, and a bioventing 
model which has been developed for Battelle Northwest. 

MODEL FOR BIODEGRADATION AND VAPOR 
EXTRACTION 

Monod kinetics is widely used for the description of microbiological 
processes in the subsoil, and is chosen here, too. SVE processes are based 
on the creation of a pressure gradient in the soil that produces relatively 
fast movement of the vapor phase. Some of the field results reported for 
biodegradation processes during SVE (1 1, 23)  indicate that the biodegra- 
dation rate seem to be zero order with respect to contaminant and biomass 
concentrations, which allows one to consider oxygen as the limiting factor 
for biodegradation. On the other hand, the oxygen concentration in the 
vapor phase is reported to be relatively high, and air flow through the 
domain should lead to a higher biodegradation contribution. Since mass 
transfer limitations are widely found during contaminant removal with 
SVE (making pulse venting an interesting option), the proposed model 
includes nonequilibrium oxygen transport from the vapor to the aqueous 
phase. The model considers advective movement of oxygen and contami- 
nant in the vapor phase, and an immobile aqueous phase which contains 
oxygen and the contaminant which are not necessarily in equilibrium with 
the vapor phase. Although nonequilibrium effects are likely to be due to 
intra-aggregate diffusion, it is considered more practical to use a simple 
lumped-parameter first-order mass transfer (24). 

In addition to including these transport processes, it has been tried to 
develop a model which is as flexible as possible from the biological point 
of view to allow several sensitivity studies. Some of the features included 
are 1) an indefinite number of nutrient terms (with these nutrients consid- 
ered to be present only in the aqueous phase), and 2) the possible presence 
of a second substrate which can be volatile or nonvolatile and which can 
act as a competitive inhibitor of the utilization of the first substrate or 
even as a toxin to the biomass population. Although biomass is usually 
considered to be adsorbed onto the solids of the aquifer, with only a small 
portion moving (floating freely or attached to very small particles) with 
the aqueous phase, here it is considered as if it were in the aqueous phase. 
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434 GOM EZ-LAHOZ, RODRIG UEZ-MAROTO, AND WILSON 

No net effect should be produced in the overall transport equations, since 
the model does not include aqueous phase movement, and the fully pene- 
trated biofilm assumed by Semprini and McCarty (21) allows one to neg- 
lect the diffusion terms for the transport of substrate and oxygen into the 
biomass. The model assumes a one-dimensional column geometry, with 
the column partitioned into a series of compartments (horizontal slabs) 
for analysis. 

The rather extensive list of symbols used in the model is as follows. 

A, = concentration of zth nutrient (g/cm3 of aqueous phase) 
B = biomass (g/cm3 of aqueous phase) 
C; = contaminantj ( j  = 1,2) concentration in the nonadvective phases 

Cj’ = contaminant j ( j  = 1, 2) concentration in vapor phase (g/cm3 of 

C t  = threshold value of the concentration of contaminant 2 for toxic 

F = acute toxicity exponential factor for contaminant 2 (dimensionless) 
KB = die-off coefficient for microorganisms (s-I) 
KB0 = die-off coefficient in the absence of toxic compounds (s- ’> 
Kcj = contaminant j ( j  = 1 ,  2) half-saturation constant (g/cm3) 
KO = Darcy’s constant, pore basis (cm3/atm.s). (Volumetric flow rate of 

Kj = nutrient j half-saturation constant (g/cm3) 
Khcj = Henry’s constant of contaminant j ( j  = 1, 2) (dimensionless) 
Kho = Henry’s constant of oxygen (dimensionless) 
K,,,, = maximum rate of growth of biomass on the best of substrates 

KO = oxygen half-saturation constant (g/cm3) 
nj = stoichiometric coefficient for contaminant j ( j  = 1,2) (g of contami- 

no.j = stoichiometric coefficient for oxygen with contaminant j ( j  = I ,  
2) (g of oxygen required to produce 1 g of new biomass with con- 
taminant j) 

nb = stoichiometric coefficient for endogenous respiration (g of oxygen 

n,,j = stoichiometric coefficient for nutrient z for contaminant j ( j  = 1, 

n: = stoichiometric coefficient for release of nutrient z after biomass die- 

0” = oxygen concentration in aqueous phase (g/cm3 of aqueous phase) 
0” = oxygen concentration in vapor phase (g/cm3 of vapor phase) 

(g/cm3 of aqueous phase) 

vapor phase) 

effects on biomass (g/cm3 of aqueous phase) 

air per unit area = -vKDVP) 

(s-’) 

nant j required to produce 1 g of new biomass) 

consumed per g of dead biomass) 

2) (g of free nutrient z required to produce 1 g of new biomass) 

off (g of nutrient released from 1 g of dead biomass) 
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BIODEGRADATION PHENOMENA DURING EXTRACTION 435 

t = time (s) 
u = pore velocity of air in porous medium (cm/s) 
x = distance along the column from the gas input (cm) 
aj = relative maximum growth rate of biomass on contaminantj ( j  = 1, 

hcj = mass transfer rate coefficient for contaminantj ( j  = 1,2) through 

Xo = mass transfer rate coefficient for oxygen through water film ( s - ’ )  
v = air-filled void fraction of soil (dimensionless) 
o = volumetric moisture fraction of soil (dimensionless) 

2) relative to the best substrate (dimensionless) 

water film (s-’) 

The modeling equations are as follows. 
The rate of change of biomass per unit volume is assumed to be given 

by 

Here the first (complex) term represent the growth of biomass by con- 
sumption of contaminants, nutrients, and oxygen, while the term -KBB 
represents the die-off of microorganisms. 

c; c; 
ni,lai - + ni,2a2 - 

C.T CS KO + 0” jfil [m] 
1 + - + -  

Kci  KCZ 

The rate of change of concentration of nutrient i is taken as 

4 aAi K c  1 K C ~  0” _ -  - - KrnaxB at 

(2) 

The first term represents consumption of nutrient i by the live biomass, 
while the term n: KBB represents the regeneration of the nutrient by its 
release from dead biomass. 

The rate of change of the oxygen concentration in the aqueous phase 
is taken as 

+ n:KBB 

(3) 
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436 GOMEZ-LAHOZ, RODR~GUEZ-MAROTO, AND WILSON 

The first term represents oxygen consumption for degradation of contami- 
nants by the living microorganisms; the second, the consumption of oxy- 
gen by the degradation of dead biomass (endogeneous respiration); the 
third, the mass transfer of oxygen from the vapor phase to the solution. 

The rate of change of concentration of the first contaminant in the sta- 
tionary phases is represented as 

Here the first term represents mass transport of the first contaminant 
between the stationary phase and the vapor phase, and the second term 
represents destruction of this contaminant by biodegradation. A virtually 
identical equation, given below, gives the rate of change of concentration 
of the second contaminant in the stationary phases: 

Next, the rates of change of the concentrations of the components pres- 
ent in the vapor phase are presented. The vapor phase concentrations of 
the two contaminants are given by 

and 

In these equations the first term is a lumped parameter representation of 
mass transport between the stationary condensed phases and vapor phase, 
and the second term represents the effect of advection of gas through the 
column. 
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BIODEGRADATION PHENOMENA DURING EXTRACTION 437 

The vapor phase oxygen concentration is assumed to be governed by 
an equation very similar to the last two; it is 

in which the first term represents mass transport of oxygen between the 
vapor and the stationary phases, and the second term represents the effect 
of advective transport of oxygen by the moving gas stream. 

It was assumed that contaminant 2 could exert a toxic effect on the 
biomass through an increase in the rate of die-off; this is modeled by 
means of Eq. (9): 

(9) K B  = Kt,,[l + (CS/C,*)‘] 

This system of coupled nonlinear partial differential equations was then 
approximated by a 
which the variables 

similar system of ordinary differential equations in 
were calculated only at a discrete set of values of x: 

A computer program implementing the model as described above was 
written in TurboBASIC, and computations were carried out on an MMG 
286 computer with a math coprocessor and operating at 12 MHz. It was 
assumed that the initial values of all concentrations were independent of 
position in the column, and the modeling equations were then integrated 
forward in time to simulate the bioremediation process. 

RESULTS 

A first set of runs was performed using the most simplified biological 
conditions (CZ = 0, a1 = 1, C1 written simply as C and nutrients present 
in large excess) for the remediation of a hypothetical site to check the 
influence of the mass transfer coefficients on the cleanup time and the 
biodegradation contribution. It was also assumed that no endogenous res- 
piration occurred (nb = 0). This permits Eqs. ( 1 )  through (9) to be replaced 
by Eqs. (10) through (14). 

- KBB 
0” - aB - -  

at K K o  + OSKc + C” 
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438 GOMEZ-LAHOZ, RODR/GUEZ-MAROTO, AND WILSON 

Since these equations are still coupled and strongly nonlinear, it is nec- 
essary to integrate them numerically, which is done by using a discrete 
(mesh) approximation for the space derivatives in the advection terms. 
The column is partitioned into N compartments and we write for the ith 
volume element: 

c" [(i - i) Ax] = C; 

C" [( i - i) Ax] = Cf' 

and the mass of contaminant in the ith compartment is given by 

Mi = (vCf' + wCf)Vj  (18) 

The velocity of the gas coming into the ith compartment is estimated 
where Vi is the volume (cm3) of the ith compartment and Mi is in g. 

by (25) 

where Pin is the pressure (atm) at the gas input end of the column, Pout 
is the outlet pressure, KO is the Darcy's constant for the soil in the column 
(cm3/atm.s), x is the distance from the inlet end of the column (cm), and 
L is the column length (cm). We have 

L = NAx L N  
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TABLE 1 
Values for the Parameters Used in Runs Presented in Figs. 2-16 

Column length ( L )  
Column radius ( r )  
Number of volume elements into which the column is 

partitioned (N) 
Voids fraction associated with the mobile phase (u)  
Volumetric moisture content of the soil (w) 
Inlet pressure (Ptn) 
Outlet pressure (POUT) 
Temperature ( T )  
Darcy’s constant ( K O )  
Soil density (p) 
Initial contaminant concentration (MIpV) 
Initial biomass concentration (B) 
Henry’s constant of contaminant ( K h , )  
Henry’s constant of oxygen ( K h o )  
Stoichiometric coefficient for substrate (nc  ) 
Stoichiometric coefficient for oxygen (no)  
Maximum velocity constant ( K )  
Michaelis constant of substrate (K,) 
Michaelis constant of oxygen (KO)  
Die-off coefficient of biomass (Ks) 

50 cm 
10 cm 
10 

0.2 
0.2 
1 atm 
0.910.99 atm 
15°C 
50 cm*/atm.s 
1.5 g/cm3 
100 mg contaminadkg soil 

mg/L 
10-3 
30 
2 g substrate/g biomass 
3 g oxygen/g biomass 

0.1 mg/L 
0.1 mg/L 

2.10-510 s - I  

10-7 s-1 

so the input gas velocity to the ith compartment is given by 

Table 1 shows the parameters and starting conditions used in these 
runs. The biological parameters may be compared to those reported in 
the literature, summarized in Table 2. The effective mass transfer coeffi- 

TABLE 2 
Some Biological Parameters Used in the Literature Compared to Those Used in This Work 

Borden, Widdowson, Strand, MacQuarrie, Semprini, Dhawan, 
Parameter 1986 (16) 1988 (18) 1988 (33) 1990 (17) 1991 (21) 1991 (28) This work 

K (s-I) I x 10-5 3.6 x 10-5 2 x 1 0 - 5  1.3 x 10-5 2.8-4.6 x 10-5  2.78 x 10-5 2 x 10-5 

n, (g C k  B) 2 2.22 1 2.35 2.0 2 2 
no (g O k  B) 6 1.4 2.6 6.2 4.8 1 3 
K ,  (mg/L) 0.13 40 0.48 0.65 2 1 0.1 
K O  (mdL) 0.10 0.78 0.032 0.1 1 0.01 0.1 
K ~ ( S - I )  1.16 x 10-7 2.3 x 10-7 - - 1.7-1.2 x 2.78 x lo-’ 1 x lo-’ 
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M 2 -2.0- 
-2.5- 

-3.0- 

-3.5- 

4.0 

cients of oxygen (X,) and the contaminant (Ac) are always taken as  having 
a ratio 2: 1,  which is in good agreement with the corresponding oxygen/ 
organic pollutant diffusivities in water solutions frequently encountered 
in vapor-stripping applications (26). Runs have been made for hc values 
ranging from s-’ .  In Figs. 2 to 6 results for these runs are 
presented as the logarithm of the total contaminant mass versus time for 
runs with and without biodegradation. 

As can be seen from the figures, the theoretical cleanup time to achieve 
high removal percentages (99.996%) of a volatile organic compound 
(VOC) when no biodegradation is considered in the model is usually more 
than twice that resulting when biodegradation is included. Moreover, the 
time savings which can be ascribed to biodegradation are relatively more 
important when the mass transfer coefficients are smaller. 

These computed results are obtained for an assumed initial biomass 
concentration which is even lower than that used by Borden and Bedient 
(16) in their simulations, in which a value [obtained from Lee et  al. (27)] 
of 0.001 mg/L of soil was used. Sleep and Sykes (20) used a starting 
biomass concentration provided by MacQuarrie et al. (17) of 0.230 mg/L, 
and Widdowson et al. (18) used a value of 0.565 mg/L which they calcu- 

to 

99.9 % ’*.-. .. 
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I I I I I 

6 

FIG. 2 Cleanup times required with ( K  = 2 X s I )  and without ( K  = 0 s I )  biodegra- 
dation. hc = s -I ;  A 0  = 2 x IO-’s - l ;  M (g). See Table 1 for parameter values; 

Po,, = 0.90 atm. 
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FIG. 4 Cleanup times required with ( K  = 2 x lo-'  S C ' )  and without (K  = 0 s - ' )  biodegra- 
dation. X c  = l o C 5  s - l ;  ho = 2 x lo-' s - I ;  M (g). See Table 1 for parameter values; 
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FIG. 6 Cleanup times required with ( K  = 2 x lO-'s-') and without ( K  = 0 s - I )  biodegra- 
dation. Xc = lo-' s- ' ;  XO = 2 x lO-'s-'; M (g). See Table 1 for parameter values; 

Po,, = 0.90 atrn. 
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lated to correspond to a starting population of lo6 cellslg. Semprini and 
McCarty (22) used a value close to 0.150 mg/L; Dhawan et al. (28) used 
0.100 mg/L. 

Bossert and Bartha (29) reported typical microbial counts of lo7 to lo9/ 
g of soil, with counts of hydrocarbon degraders ranging from lo5 to lo6 
at sites with no pollution history up to lo6 to lo8 if there is a history of 
pollution. If one assumes an average mass per organism of 1 . 1  x mg 
[roughly estimated from figures given by McKinney (30) and in reasonably 
good agreement with the value calculated from Widdowson’s data above], 
a count of lo6 organismdg corresponds to a biomass concentration of 
about 

Thus the value of initial biomass concentration used in the calculations 
described here (0.0002 mg/L of soil) is quite a bit lower than typical litera- 
ture values. This initial value therefore represents a conservative situation 
even for most field cases where no inoculation of degrading bacteria is 
used to enhance bioremediation. Evidently, if even a quite small popula- 
tion of active microorganisms is present and capable of growth on the 
substrate, biodegradation will develop once aeration by SVE is initiated. 

Calculated cleanup times and computer run times for those runs corre- 
sponding to Figs. 2 to 6 are presented in Table 3. Runs which do not 
include biodegradation were made with the same computer program as 
was used for runs with biodegradation; in the former a value of zero was 
used for the Monod maximum reaction rate parameter K .  It is seen that 
if biodegradation is not included in the model, the results are quite compa- 
rable to the results obtained with biodegradation during the removal of 
roughly the first 50% of the contaminant, after which biodegradation be- 
gins to contribute more and more significantly. See Figs. 2 to 6 .  Removal 
of contaminant by vapor stripping alone typically requires at least as much 

mgig, or roughly 1 mg/L. 

TABLE 3 
Results Obtained for Different Diffusion Constants with the Rigorous Model, With and Without 

Biodegradation 

Run time (h) Theoretical cleanup time (h) 
A 0  AC A t  

Biodegradation ( s - ‘ )  ( S K I )  (s) 50% 99.9% 99.996% 50% 99.9% 99.996% 

Yes 
No 
Yes 
No 
Yes 
No 
Yes 
No 
Yes 
No 

2 10-7 1 0 - 7  35 6.80 41.18 42.48 1.92 x 10’ 1.16 x lo4 1.20 x 104 
2 10-7 10-7 35 6.77 67.75 98.73 1.97 x 103 1.97 x 104 2.87 x 104 
2 x 10-6 10-6 25 1.19 7.05 7.42 2.39 x Id 1.42 x lo3 1.49 x 10’ 
2 x 25 1.18 11.43 16.48 2.45 x 1 d  2.37 x lo’ 3.42 x Id 
z x 10-5 10-5 25 0.40 1.59 1.69 8.04 x 10’ 3.23 x 10’ 3.37 x 10‘ 
2 x I O - ~  25 0.38 2.56 3.46 8.04 x 10’ 5.32 x I d  7.18 x Id 
2 x 7.5 1.13 3.02 3.11 6.85 X 10’ 1.83 x Id 1.85 x I d  
2 x 7.5 1.09 4.84 6.15 6.85 X 10’ 3.01 x Id 3.83 x Id 
2 x lo-’ lo-’ 0.75 11.20 28.72 28.86 6.78 x 10’ 1.74 x 10’ 1.75 x I d  
2 x lo-’ lo-’ 0.75 10.88 44.04 55.26 6.78 x 10’ 2.72 x I d  3.40 x I d  
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time to go from 90 to 99% removal as is required to remove the first 90% 
of contaminant. This tailing is even more significant when one uses low 
values for the mass transfer rate coefficients. Including biodegradation 
should result in more optimistic and accurate calculations than those re- 
sulting from models that do not consider it. especially for the removal of 
the last 10% or so of the contaminant in the vadose zone. 

The runs including biodegradation are separately represented again in 
Figs. 7 to 11; here the amount of contaminant removed by stripping is 
compared as a percentage to that removed by biodegradation. For the 
parameter values used in this series, when remediation is complete the 
total amount of substrate that has been removed by biodegradation is little 
changed even when the mass transfer coefficients are changed by four 
orders of magnitude. 

Since the initial amount of biomass is so small, there is an initial period 
of time during which contaminant removal by biodegradation is negligible. 
This is the period of time required for the biomass to increase from approx- 
imately 1 p,.g/L to 1 mg/L of aqueous phase. As can be seen from Figs. 7 
to 9, this requires 350,000 s (4 days) for those runs. In Figs. 7 and 8 an 
exponential growth of biodegradation is observed up to the time at which 

7 

FIG. 7 
Ac = 

Percentage of Contaminant removal by stripping and biodegradation versus time. 
s - ' .  See Table 1 for parameter values; Po,, = 0.90 atm. S C ' ;  A 0  = 2 x 
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FIG. 
hc = 

8 Percentage of contaminant removal by stripping and biodegradation versus time. 
s - ' .  See Table 1 for parameter values; Po,, = 0.90 atm. lO-'s-'; ho = 2 x 

FIG. 9 Percentage of contaminant removal by stripping and biodegradation versus time. 
Xc = s - I .  See Table 1 for parameter values: Po,,, = 0.90 atm. s - ' ;  A. = 2 x 
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FIG. 10 Percentage of contaminant removal by stripping and biodegradation versus time. 
hc = s -I .  See Table 1 for parameter values; Po,,  = 0.90 atm. s - l ;  A 0  = 2 x 

10 
t (days) 

FIG. 11 Percentage of contaminant removal by stripping and biodegradation versus time. 
Ac = IO-’s-’; ho = 2 x lO-’s-’. See Table 1 for parameter values; Po,, = 0.90 atm. 
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the substrate concentration is very low, indicating that no control is ex- 
erted by dissolved oxygen, nor (during most of the process) is the availabil- 
ity of substrate limiting. 

For very small mass transfer coefficients (Figs. 10 and 11) this initial 
period is small relative to the total cleanup time, and the induction period 
is not observed on the time scale of the plot. In this case the amount 
of contaminant removed by biodegradation increases linearly with time 
because the process is controlled by oxygen transport. As mentioned ear- 
lier, this is in agreement with the field results reported by Urlings et a]. 
(1 I) ,  a biodegradation rate that is zero order in biomass and, following 
Hogg et al. (14), zero order in hydrocarbon. For these runs, even though 
oxygen concentration in the vapor phase remains close to 21%, the dis- 
solved oxygen concentration is very low throughout the column, so all of 
the oxygen that is transferred from the gaseous to the aqueous phase is 
utilized for biodegradation. 

For intermediate mass transfer coefficients (Fig. 9) an initial induction 
period may be observed with exponential increase in the amount of con- 
taminant biodegraded up to 500,000 s (5.8 days), following which oxygen 
transport becomes controlling until the terminal portion of the remediation 
process, where substrate is limiting. 

One interesting check on the program performance is to reproduce the 
change of the conditions that Hinchee and his collaborators (12,13) em- 
ployed in the field to optimize biodegradation processes in the vadose 
zone during SVE. They reported a sharp increase (from 15-25 to 85-90%) 
in the relative contribution of bioremediation to the overall cleanup pro- 
cess by decreasing the gas flux tenfold. Results of runs identical to those 
presented in Figs. 7 to 1 1 ,  except for the value of the well head pressure 
Pout, are reported in Figs. 12 to 16. (Pout = 0.90 atm for Figs. 7 to 11 
versus 0.99 atm for Figs. 12 to 16.) 

As expected, with large mass-transfer coefficients a tenfold decrease 
in the pressure gradient (which leads to a corresponding decrease in the 
gas flux) leads to a similar decrease in the contaminant stripping rate, 
indicating that the gaseous and aqueous phases are almost in equilibrium. 
For Ac = s- '  the percent of VOC stripped during the first 
300,000 s (3.5 days) decreases from nearly 60% (Figs. 7 and 8) to values 
of approximately 6% (Figs. 12 and 13). A very large increase in the final 
value of the relative contribution of biodegradation (from 8.7 to 88% for 
Ac = lop3 s- '  and from 10 to 85% for Ac = lop4 s - ' )  is also observed, 
while the total cleanup time increases from 581,000 (6.7 days) to 659,000 
s (7.6 days) (A, = lop3 s- ')  and from 639,000 s (7.4 days) to 1,097,000 
s (12.7 days) (kc = lop4 s-'). 

s - '  (Fig. 
12) exhibits exponential behavior up to the point when substrate becomes 

and 

However, while the curve corresponding to A. = 2 x 
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FIG. 12 Percentage of contaminant removal by stripping and biodegradation versus time. 
Ac = lOW3 s- ' ;  A 0  = 2 x 10V3 s - ' .  See Table 1 for parameter values; Po,, = 0.99 atm. 
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FIG. 13 
AC = 

Percentage of contaminant removal by stripping and biodegradation versus time. 
s - ' .  See Table 1 for parameter values; Po,, = 0.99 atm. s - ' ;  A 0  = 2 x 
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FIG. 14 Percentage of contaminant removal by stripping and biodegradation versus time. 
Ac = s - l .  See Table 1 for parameter values; Po,, = 0.99 atm. s - I ;  Xo = 2 x 
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FIG. 15 Percentage of contaminant removal by stripping and biodegradation versus time, 
AC = s ~ l .  See Table 1 for parameter values: Po,, = 0.99 atm. s - ' ;  A 0  = 2 x 
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. -- I: 

-.-.- .... _._______ ..__ 

0 160 260 300 460 560 660 i 10 
t (days) 

FIG. 16 Percentage of contaminant removal by stripping and biodegradation versus time. 
hc = lo-' s-';  ho = 2 x lo-' s - ' .  See Table 1 for parameter values; Po,, = 0.99 atm. 

limiting, the curve obtained for Xo = 2 x s-l  (Fig. 13) shows expo- 
nential behavior only during the first 500,000 s (5.8 days), with a second 
stage of linear removal during which dissolved oxygen is controlling, with 
biodegradation occurring at a rate proportional to the rate of oxygen trans- 
fer from the gaseous phase to the aqueous phase. Then, close to the end 
of the cleanup process, a third stage is seen in which the substrate is 
limiting. 

Obviously, when the pressure gradient is decreased, the same percent- 
age drop in the gas flux will occur no matter what the values of the mass 
transfer coefficients. If, however, very low values (Ac = s P 1 ,  Xo = 
2 x lo-' s -* ,  Fig. 16) are used, the stripping process will be controlled 
mainly by transport from the stationary aqueous phase to the moving 
vapor stream, where contaminant concentration will be very low. There- 
fore, increasing the residence time of the gas in the column (or decreasing 
the gas flow rate) leads to a higher (but still low) contaminant concentra- 
tion in the gas phase, and a smaller than expected decrease in the stripping 
rate occurs. Transport of oxygen from the gas stream to the stationary 
liquid will behave in similar fashion. Dissolved oxygen concentrations will 
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be close to zero in both cases, and a substantial increase in the ratio of 
oxygen utilized to oxygen introduced into the column will occur due to 
the longer gas residence time. As a result, cleanup time increases only 
from 43 to 53 million s (500 to 615 days) while the biodegradation contribu- 
tion shows a slight increase (from 6.7% in Fig. 11 to 8.2% in Fig. 16). 

Comparison of the results presented in Figs. 10 and 15 for mass transfer 
coefficients 10 times higher than those just discussed (XC = s - '  
versus hc = s-l) shows that, although mass transfer is still control- 
ling both the stripping and the biological processes, it is not as stringently 
limiting as before. Therefore a substantial drop occurs in the stripping 
rate on decreasing the gas flow rate, and the overall cleanup time is only 
twice as large for the smaller flow rate [11.9 million s (138 days) in Fig. 
15 versus 5.4 million s (62 days) in Fig. 101. The fraction removed by 
biodegradation is twice as large (14.9%) at the lower gas flow rate as it is 
at the higher gas flow rate (7.6%). 

Results obtained for larger values of the mass-transfer coefficients (in 
the intermediate range hc = lO-'s-', Xo = 2 x IO-'s-', Figs. 9 and 
14) are in agreement with our previous discussion. The stripping rate is 
quite sensitive to the pressure gradient within the range examined, with 
roughly 75% stripped during the first 500,000 s (5.8 days) in Fig. 9 com- 
pared to only 10% for the same period in Fig. 14. On the other hand, 
biodegradation seems to proceed at almost the same rate, removing some 
10% of the contaminant after approximately 1 million seconds ( 1  I .6 days). 
Since the total cleanup time increases when the gas flux decreases, the 
contribution of biodegradation increases, too (from 9.2 to 48%). 

Thus, including mass transfer limitations from the bulk aqueous phase 
to the moving gas stream and vice versa in models describing the biological 
processes occurring during SVE allows one to model the most important 
features that have been described in the literature for field cases. Zero- 
order biodegradation kinetics are associated with control by oxygen trans- 
port from the gas stream to the aqueous solution, and a very important 
increase in the relative contribution of biodegradation results when the 
gas flux through the column is decreased. 

HIGH-SPEED ALGORITHM DEVELOPMENT THROUGH 
APPROXIMATIONS 

Run times with the model described above were determined on an IBM- 
AT clone computer (an MMG 286) with an 80286 processor and 80287 
math coprocessor at 12 MHz. The program was written in TurboBASIC, 
and the integration of the differential equations was carried out by a stan- 
dard predictor-corrector algorithm. As seen in Table 3, with such a ma- 
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chine extremely lengthy computation times are required even with a one- 
dimensional column model. Construction of faster algorithms would be 
helpful in developing practical column models even if faster machines 
were used, and is obviously essential if one is interested in two- or three- 
dimensional models even if one is using a 80386 or a 80486 based machine. 

The most critical run-time problems occur for both the largest and small- 
est values of the mass-transfer rate constants, for different reasons. Very 
small increments of time are needed when using the larger constants, 
leading to a very large number of time steps per run. Larger time incre- 
ments may be used as the mass transfer rate coefficient is decreased; 
however, longer cleanup times are needed, since cleanup times increase 
sharply for extremely low mass transfer rate constants. This, in turn, 
leads to a corresponding increase in the total calculation time. Several 
approximations in the algorithm were explored in order to shorten compu- 
tation times and make the model a more convenient tool. 

Local Equilibrium for the Contaminant Approximation 

With large diffusion mass transfer rate constants, a local equilibrium 
model seems to be reasonable physically. In this section a version of the 
model is developed in which this approximation is made for the contami- 
nant. The equations describing the system are modified as follows. 

The local equilibrium approximation for substrate is given by 

C” = KhcC” (22) 

Khc is the substrate (contaminant) Henry’s constant. This assumption 
permits one to omit Eq. ( 1  l),  since C” can now be obtained from Eq. (22) as 
a function of C ” .  The latter is obtained from the equation for contaminant 
removal: 

aM d(uCu + a C s )  dC” 
= (VKhC + a ) -  

d t  d t  at 
_ -  - 

a(vcz’) 0“ C‘B ) (23) = u (- -) dX + a ( - n , K  KO + O S K c  + C” 

(advection) + (biodegradation) 

Here M is the bulk contaminant concentration in soil. Equation (23) is 
readily transformed to 

0“ C”B 
KO + 0“ K c  + C“ - an,K 

(24) - dC” - -  
at VKhc + w 
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The model incorporating the assumption of local equilibrium for the 
contaminant is achieved by replacement of Eqs. (1 1) and (13) of the rigor- 
ous model with Eqs. (22) and (24). This change permits the use of larger 
time increments in the numerical integration for hc = l op3  s - l  ( A t  = 
40 s versus 0.75 s), and the computer time required to simulate a run is 
decreased from 29 to 1 hour. The results are essentially indistinguishable 
from the exact calculation. However, when this approximation is used 
for values of hc of lop4 s- ' or less, excessively large deviations from the 
rigorous model occur. 

Pseudostationary-State Approximation for the Vapor 
Phase of the Contaminant (C") 

The bottleneck for quick calculations, once that the problem for large 
values of the diffusion mass transfer rate parameter is solved, is associated 
with much smaller mass transfer rate parameters. In previous work on 
SVE (31) that did not consider biodegradation, it was shown that a pseu- 
dosteady-state (stationary state) approximation allowed the use of sub- 
stantially larger time increments in the numerical integration. Therefore 
the present model was modified to use a pseudosteady-state approxima- 
tion for the vapor phase concentration of contaminant. 

This approximation is indicated in 

in which the rate of contaminant diffusion from the aqueous phase to the 
vapor phase is set equal to the rate at which contaminant vapor is removed 
by advection, so that the vapor-phase concentration remains constant. 
This approximation is frequently used in analyzing complex chemical reac- 
tions in which intermediate species of short lifetime occur. 

Equations (1 1) and ( I  3) of the rigorous model may now be replaced by 

One then forms the finite difference representations of Eqs. (26) and (27). 
This yields 
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Some results obtained with this approximation are shown in Table 4. 
The calculated cleanup times are not included, since the coincidence be- 
tween the rigorous model and the approximation for the worst case is 
better than 0.1%. The most significant reduction in computer time is for 
a mass transfer rate parameter of s- '  where the reduction is 75%. 
The least improvement is seen for Xc = lo-' s - ' ;  the figure here is 
10%. When larger time increments were used, the program crashed, giving 
inconsistent values for oxygen concentrations. 

Pseudostationary-State Approximation for the Vapor- 
Phase Concentrations of Contaminant (C") and 

Oxygen (0") 

In the previous runs, the vapor-phase oxygen concentration was ob- 
served to remain close to that of air for a few minutes after the cleanup 
process was started. The aqueous-phase oxygen concentration was found 
to remain almost constant after a substantial portion of the cleaning pro- 
cess had taken place. Therefore an attempt was made to develop a faster 
algorithm, working along the following lines. One may include the steady- 
state approximation for oxygen in the vapor phase and/or in the aqueous 
phase together with the steady-state approximation for the contaminant 
in the vapor phase. Thus, the next approximation to be examined is that 
in which the steady-state approximation is made for oxygen and contami- 
nant, both in the vapor phase. 

TABLE 4 
Run Time Needed for the Rigorous Model Compared to the Pseudostationary 

Approximation for the Contaminant in the Vapor Phase 

c" 
pseudostationary 
approximation 

Diffusion constants 
A t  Run time (h), 
(S) 99.996% 

No 
Yes 
No 
Yes 
No 
Yes 
No 
Yes 

2 x 1 0 - 7  

2 x 10-7 
2 x 10-6 
2 x 10-6 
2 x 1 0 - 5  
2 x 1 0 - 5  
2 x 1 0 - 4  
2 x 10-4 

10-7 
10-7 

1 0 - 5  
1 0 - 5  
10-4 
10-4 

l o r 6  
10-6 

35 42.48 
4s 37.38 
25 7.42 
4s 4.81 
25 1.69 
4s 1 .OO 

7.5 3.11 
45 0.78 
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The steady-state approximation for oxygen in the vapor phase yields 
Eq. (30): 

which in the finite difference representation yields in turn 

Equation (31) replaces Eq. (12) for the calculation of the vapor-phase 
oxygen concentrations; the other equations are the same as in the previous 
model. 

Important savings in computation time are achieved when both steady- 
state approximations are used, especially when one uses the very small 
mass transfer rate parameters which caused the greatest difficulties with 
the earlier calculations. Table 5 shows that for hc = lop7 s-I ,  almost no 
deviations from the results of the rigorous model occur when the time 
increments in the numerical integration of the approximate model are 

TABLE 5 
Run Time Needed for the Rigorous Model Compared to That Including Pseudostationary 

Approximations for the Contaminant and Oxygen in the Vapor Phase 

C and O", 
pseudostationary 
approximation 

No 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 

Diffusion constants 
A t  

ho (s- ' )  hc (s- ' )  (s) 

2 x 10-7 10-7 35 
2 x 10-7 10-7 125 
2 x 10-7 10-7 300 
2 x 10-7 10-7 350 
2 x 10-7 10-7 400 
2 x 10-6 10-6 25 
2 x 10-6 75 
2 x 10-6 100 
2 x 10-6 I25 
2 x 10-5 10-5 25 
2 x 1 0 - 5  10-5 50 
2 x 10-5 10-5 75 
2 x 10-5 10-5 100 
2 x 10-4 10-4 7.5 
2 x 10-4 10-4 25 
2 x 10-4 10-4 75 
2 x 10-4 10-4 100 

Run time 
ih) 

42.48 
13.34 
5.72 
4.84 
3.98 
7.42 
2.84 
2.10 
1.63 
1.69 
1.01 
0.70 
0.55 
3.11 
1.15 
0.52 
0.43 

99.996% 
cleanup time 

ih) 

1.2025 X lo4 
1.2024 x lo4 
1.2024 x lo4 
1.1922 x lo4 
1.1158 X lo4 

1.4943 x lo4 
1.4717 X lo3 
1.4093 X lo3 
3.3707 X 10' 
3.3697 X 10' 
3.2383 x lo2 
3.1047 x 102 
1.8463 X 10' 
1.8467 X 10' 
1.8494 X lo2 
1.8364 x lo2 

1.494 x 103 
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below 300 s, and the deviations are below 1% when A t  = 350 s. These 
larger time increments decrease the computation time from 42 hours for 
the rigorous calculation (and 37 hours for the model using the steady-state 
approximation for the vapor-phase contaminant only) to only 4.8 hours 
when both contaminant and oxygen concentrations in the vapor phase are 
calculated by the steady-state approximation. Improvements in computing 
speed were observed for the entire range of mass transfer rate parameters 
for which the local equilibrium approximation was unsatisfactory. 

Pseudostationary-State Approximation for Contaminant in 
the Vapor Phase (C”) and for Oxygen in the Aqueous 

Phase (0”) 
If the steady-state approximation is made for oxygen in the aqueous 

phase, as well as €or contaminant in the vapor phase, the maximum time 
increment in the numerical integration that gives consistent concentration 
values for mass transfer rate parameters in the range to lO-’s-’ is 
40 s. Results are presented in Table 6. The algorithm includes the following 
modified equation: 

“” = 0 (32) 
80”  0” 
at Kho n°K K O  -t- 0” KC + C” 

which yields 

- Of‘ Ao 
Kho 

1 BiCI 
+ A 0  n°K KO + 0: Kc + CI 

(33) 

TABLE 6 
Run Time Needed for the Rigorous Model Compared to the Pseudostationary 

Approximation for the Contaminant in the Vapor Phase and Oxygen in the Aqueous 
Phase Only 

c“ and O”, Diffusion constants 99.996% 
pseudos tationary A t  Run time cleanup time 
approximation Ao (s-’)  Ac (s-’)  (s) (h) (h) 

No 
Yes 
No 
Yes 
No 
Yes 
No 
Yes 

2 x 10-7 
2 x 1 0 - 7  

2 x 10-5 

2 x 10-4 
2 x 1 0 - 4  

2 x 10-6 
2 x 10-6 

2 x 10-5 

10-7 
1 0 - 7  

10-5 

10-4 
10-4 

10-5 

35 
40 
25 
40 
25 
40 

40 
7.5 

42.48 
47.58 
7.42 
5.18 
1.69 
1.23 
3.11 
1.60 

~ ~ 

1.2025 x 104 

1.494 x 103 
1.4955 x 104 

1.2025 x lo4 

3.3707 X 10’ 
3.3758 X lo2 
1.8463 X 10’ 
1.8484 X 10’ 
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This equation is solved iteratively for Of. The improvements in computa- 
tion time were not as large as were found in the earlier algorithms, so this 
approach was not pursued further. 

Pseudostationary-State Approximation for Contaminant in 
the Vapor Phase (C") and for Oxygen in the Vapor (0") 

and Aqueous (0') Phases 

One more attempt to obtain a faster algorithm was made; in this the 
steady-state approximation was made for the three variables 0" (vapor 
oxygen), 0" (dissolved oxygen), and C" (vapor contaminant). The initial 
conditions for all the previous runs included the assumption that the oxy- 
gen concentration in the aqueous phase was zero. Therefore the rate of 
change of this variable with time at the beginning of the run was positive 
and relatively large, making the steady-state approximation for dissolved 
oxygen (0') fail during the initial phase of the run. 

Some runs were also made with the initial condition that the dissolved 
oxygen in the aqueous phase was at saturation concentration. These re- 
sults indicated slightly more biodegradation but also failed when the 
steady-state approximation for dissolved oxygen was included. This oc- 
curred for the following reason. Because the growth of biomass is con- 
trolled in the early stages of a run by the biomass concentration, biomass 
growth is exponential up to the time at which oxygen consumption in the 
aqueous phase is clearly more rapid than its replacement from the vapor 
phase. At this point a rather high negative slope occurs in the dissolved 
oxygen curve that makes the stationary-state approximation for dissolved 
oxygen invalid, inasmuch as this approximation assumes that the dis- 
solved oxygen concentration is changing only quite slowly with time. 

Therefore, the list attempt at algorithm improvement consisted in the 
implementation of a program with a changing algorithm. The program 
starts out using only the steady-state approximations for oxygen and con- 
taminant in the vapor phase, and then, when the run has progressed to 
the point at which the oxygen concentration in the aqueous phase controls 
the growth of biomass, the third approximation (the steady-state approxi- 
mation for dissolved oxygen) is also used. 

With this method, when the mass transfer rate parameters Xc and Xo 
are extremely low, time increments A t  may be almost one hundred times 
larger than the maximum A t  values which can be used in the rigorous 
model. The resultant computation times for any values of the mass transfer 
rate parameters may be less than 1 hour, permitting the practical applica- 
tion of the model. Computation times are given in Table 7 .  
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TABLE 7 
Run Time and Calculated Cleanup Time Needed for the Rigorous Model Compared to 

the Pseudostationary Approximation for the Contaminant and Oxygen in the Vapor 
Phase and Oxygen in Aqueous Phase from the Moment That Oxygen Concentration 

Controls the Growth of Biomass 

C”, On, and 0” 
(in italics), Diffusion constants Theoretical 
pseudostationary ht Run time cleanup time 
approximation ho (s-’)  hc ( s - I )  (S) (h) (h) 

No 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
No 
Yes 
Yes 

2 x 10-7 10-7 
2 x 10-7 10-7 
2 x 10-7 
2 x 10-7 10-7 
2 x lo-’ 10-7 
2 x 10-6 10-6 
2 x low6 
2 x 10-6 
2 x 10-6 

2 x 10-5 10-5 
2 x 10-5 10-5 

2 x 10-5 10-5 

2 x 10-4 10-4 
2 x 10-4 10-4 
2 x 10-4 1 0 - 4  

35 
600 
900 

1500 
3000 

25 
350 
500 

1000 
25 

125 
250 

100 
200 

7.3 

42.48 
3.32 
2.27 
1.33 
0.67 
7.42 
0.64 
0.47 
0.25 
1.69 
0.41 
0.22 
3.11 
0.32 
0.19 

1.2025 X lo4 
1.2024 x lo4 
1.2024 x lo4 
1.2025 x lo4 
1.2018 x 104 
1.494 x 103 
1.4944 x 103 
1.4835 x lo3 
1.4803 x lo3 
3.3707 X lo2 
3.3701 x lo2 
3.3458 x lo2 
1.8463 x 10’ 
1.8492 x lo2 
1.8533 x 10’ 

Influence of the Number of Compartments into Which the 
Column Is Partitioned 

One more series of runs was made in order to establish the influence 
of the number of compartments on the computations for an intermediate 
value of hc s-’1. Selection of the number of compartments used to 
represent the column relates to numerical dispersion in the advective mo- 
tion of components through the column; the smaller the number of com- 
partments, the greater the numerical dispersion. One uses this numerical 
dispersion to model the axial dispersion actually occurring in the column. 

The results are presented in Fig. 17. As can be seen, when the column 
is partitioned into 10 volume elements, the results differ by about 5% 
from those obtained when 60 volume elements are used. The uncertainty 
introduced by the choice of the number N of volume elements is evidently 
relatively small when compared to the impact of several of the other model 
parameters. Cleanup times always increase slightly with decreasing num- 
ber of compartments used to represent the column, so a low choice of N 
errs on the conservative side. It is also noticeable that as N is increased, 
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FIG. 17 Theoretical cleanup time and computer calculation time needed as a function 
of the number of divisions in the column model for the exact algorithm. h c  = s - ' ,  

xo = 2 x 10-5 s-1. 

the maximum admissible size of the time increment A t  decreases, which 
results in serious increases in computation time requirements. This point 
may also prove troublesome in the development of two-dimensional 
models. 

FUTU RE WORK 

At this point we have developed what we believe to be a reasonably 
realistic, flexible, and usable mathematical model for bio-assisted soil 
vapor extraction. b4athematical modifications have been found which per- 
mit the running of the model on currently available microcomputers with- 
out undue time requirements. The model of necessity involves a rather 
large number of input parameters, the effects of only a few of which 
have been explored in the present paper. In future papers it is planned to  
investigate the impacts of other parameters on model output to determine 
the sensitivity of the modeling results to these parameters and give insight 
into which facets of the process might result in significant improvements 
in speed and efficiency of remediation. It is also planned to  extend the 
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model to include the presence of nonaqueous phase liquid (NAPL) drop- 
lets from which organics must be dissolved before biodegradation can 
take place. The presence of NAPL is a common occurrence at hazardous 
waste sites, so this modification should increase the utility of the model 
significantly. 

CONCLUSIONS 

Soil vapor extraction is a technology that is becoming increasingly used 
for remediation of sites at which the vadose zone is contaminated with 
VOCs. Although it is a conceptually simple technology, optimal site-spe- 
cific design and cleanup time estimation require mathematical modeling. 
Some field results indicate that models using the local equilibrium approxi- 
mation may be overly optimistic, and that nonequilibrium effects may 
need to be considered (see Reference 3 1, for example, for comments on 
this). Such nonequilibrium processes may be responsible for poor im- 
provements in the cleanup time when the gas flux through the soil is 
increased. Furthermore, costs of soil gas treatment may markedly in- 
crease as the contaminant is diluted in larger amounts of gas that must 
be treated before it can be discharged to the atmosphere. 

Biodegradation processes have been observed in field studies during 
soil vapor extraction. These processes may produce important reductions 
in cleanup times, particularly if high percentage removals must be 
achieved, so they should be included in models describing the SVE of 
biodegradable VOCs. Oxygen mass transfer limitations from the gas to 
the aqueous phase may be expected. Inclusion of these kinetic limitations 
within a model, together with use of Monod kinetics for the description 
of the biological processes, permits one to simulate trends which are ob- 
served in experimental studies. Biodegradation rates of zero order with 
respect to contaminant and biomass (reported in the literature; see Refer- 
ence 14) are associated with these limitations. 

Very large increases in the percentage contribution of biodegradation 
to the cleanup process may result from a decrease in the gas flow rate. 
Under some circumstances this may lead to a relatively slight increase in 
the cleanup time, to substantially smaller volumes of exhausted soil gas to 
be treated, and to a substantial decrease in the total amount of contaminant 
which is air stripped (and therefore must be treated) for the same degree 
of remediation. Proper design and operation of such a facility therefore 
have the potential for significant savings. 

The desired large percentage contribution of biodegradation may be 
limited by the availability of other nutrients, competition of other sub- 
strates, and/or toxic effects inhibiting the activity of the biomass. Although 
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the large number of parameters included in these models makes their use 
difficult on a precise predictive basis, sensitivity analysis of the most 
important variables is useful to understand the biodegradation phenomena 
promoted by SVE and to plan experiments to optimize the design of field- 
scale operations. 

In order to develop algorithms of sufficient speed to permit their practi- 
cal use on microcomputers in sensitivity studies and in the planning of 
experiments, several approximations were explored. For those cases in 
which large diffusion mass transport coefficients are expected (i.e., po- 
rous, highly permeable, relatively homogeneous media), the local equilib- 
rium approximation for contaminant partitioning between the aqueous and 
the vapor phases yields results indistinguishable from those obtained with 
the exact algorithm and requires only 5% of the time needed by the exact 
algorithm. If the diffusion mass transport coefficients are expected to be 
small (media of highly heterogeneous permeability, high humic organic 
content, etc.), a variety of steady-state approximations is available. When 
the optimal of these approximations is used, results are obtained which 
are within 1% agreement with the exact calculations, and computer time 
requirements may be lower than 5% of that needed for use of the exact 
algorithm. 
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