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Groundwater Cleanup by In-Situ Sparging. X. Air
Channeling Model for Biosparging of Nonaqueous
Phase Liquid

DAVID J. WILSON, ROBERT D. NORRIS, and ANN N. CLARKE
ECKENFELDER INC.
227 FRENCH LANDING DRIVE, NASHVILLE, TENNESSEE 37228, USA

ABSTRACT

A column model is developed to simulate the removal and biodegradation of
dissolved and nonaqueous phase liquid (NAPL) volatile organic compounds
(VOCs) from contaminated aquifers by biosparging. The model assumes that the
injected air moves through the aquifer in persistent channels and that NAPL must
dissolve and move to these channels by diffusion and dispersion. The dependence
of model results on several of the parameters of the model is investigated, and
suggestions for optimizing biosparging system operations are made. The removal
of NAPL VOC:s of quite low solubility (such as alkanes) from smear zones below
the water is modeled, and is found to be an extremely slow process. Drawing
down the water table to below the smear zone by pumping is suggested as a
possible solution.

INTRODUCTION

In-situ techniques for the remediation of contaminated soil and ground-
water at UST sites and hazardous waste sites have been very helpful in
reducing the massive costs of these cleanups. One of the most common
challenges confronting the environmental engineer is the remediation of
groundwater and associated soils which are contaminated with volatile
and/or biodegradable organic compounds such as chlorinated solvents,
hydrocarbons, and oxygenated compounds such as alcohols and ketones.
Pump and treat methods, the usual prescription in the past, have been
quite ineffective at most of the sites at which they have been tried (1),
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plagued by the slow rate of mass transport by diffusion from porous do-
mains of low permeability and by the slow rate of solution of droplets of
nonaqueous phase liquids if NAPLs are involved.

Sparging and biosparging techniques, in which air is injected into the
aquifer below the zone of contamination, show considerable promise for
further reducing the costs of in-situ remediation of contaminated ground-
water (2, 3). Volatile contaminants are partitioned into the air as it rises
through the aquifer, and are then normally captured by an associated
soil vapor extraction system. If the contaminants are biodegradable, their
destruction by microbial action is greatly enhanced by the increased oxy-
gen concentrations in the aquifer and vadose zone which result from sparg-
ing. When sparging systems are managed to maximize the contribution
to remediation by biodegradation, we describe the process as biosparging.

Biosparging has two advantages over straight sparging if the VOCs to
be removed are biodegradable: 1) The total volume of air required in
biosparging is substantially less than that required for sparging. 2) The
VOC concentrations in the off-gas are reduced, sometimes to the point
where off-gas recovery by soil vapor extraction (SVE) and treatment are
not required. SVE will be required, of course, if nearby buildings, sewer
lines, etc. must be protected from infiltration of explosive or toxic vapors.

The advantages of utilizing microbial activity in SVE have been known
for some time, and bioventing has been employed at a large number of
petroleum-contaminated sites. Hinchee and Ong (4) developed an in-situ
respirometric test for measuring biodegradation rates, and the general field
of bioremediation was reviewed by Hoeppel and Hinchee (5). Kindred
and Celia explored mass transport considerations in connection with bio-
degradation (6), and various mathematical models for bioventing have
been developed (Ref. 7, for example).

The conceptual complexity of bioremediation techniques makes them
a challenge to model. One must include advective transport in the gas and
possibly the liquid phase, and diffusion, dispersion, and possibly desorp-
tion kinetics must be modeled. Sufficient water must be present in the
soil. The dependence of microbial growth and die-off on substrate (and
possibly cosubstrate) concentration), the concentration of dissolved oxy-
gen (or other electron acceptors), and the concentrations of nutrients (ni-
trogen, phosphorus) and toxins contribute to the rate of the overall pro-
cess. Such complexity dictates that models employ simple geometry, that
they be implemented by complex, slow computer programs, and, perhaps
most damaging, that a large number of parameters be evaluated, esti-
mated, or guessed at before the models can be used. Nevertheless, such
models are useful tools to evaluate the relative importance of these param-
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eters and to identify which parameters should be controlled to optimize
performance.

It has recently been demonstrated that the air injected into an aquifer
by a sparging well moves through persistent channels up to the water
table, rather than as isolated, random bubbles (8, 9). This has major impli-
cations for the modeling of sparging and biosparging, in that mass trans-
port of VOC from the aqueous phase to the air channels and of oxygen
from the air channels through the aqueous phase are likely to be important
rate-limiting factors (10) and must therefore be included in such models.
The problem of poor mass transport is exacerbated by demonstrations
that water circulation is enhanced only during the start-up and shut-down
periods, with virtually no water circulation being induced by steady, con-
tinuous sparging (11, 12). A number of workers have suggested that pulsed
operation of sparging wells should result in enhanced dispersive mass
transport of contaminants and oxygen and therefore in improved rates of
remediation (9, 11-14). Movement of water at the onset and termination
of a pulse has been demonstrated (11, 12), and an analysis of the effect
of pulsed operation on the dispersivity has been given (14).

The results of the simple in-situ respirometric test developed by
Hinchee and Ong (4) for bioventing and used at several Air Force bases
were successfully interpreted in terms of a relatively simple model in
which only biomass, substrate, and oxygen were considered (15). This
suggests that one might be able to employ a similar simplification of the
modeling of biological processes in biosparging. We here develop such a
model, using one-dimensional (column) geometry, air channeling, and a
dispersivity which is selected to take into account enhancement resulting
from pulsed operation of the sparging well. The analysis is followed by
results of calculations done with the model to show the effects of the
various parameters.

ANALYSIS

The model includes the following features.

e Air movement is assumed to take place through persistent channels
in the otherwise water-saturated porous medium. One of these chan-
nels and the surrounding porous medium is represented by means of
a cylindrical domain with the air channel located along its axis.

e VOC and oxygen transport in the aqueous phase are assumed to take
place by dispersion, with the dispersivity controlled by the pulse duty
cycle of the sparging well.



11: 48 25 January 2011

Downl oaded At:

1360 WILSON, NORRIS, AND CLARKE

NAPL droplets may be present; if so, they are assumed to be uniformly
distributed throughout the domain of interest. Although uniform distri-
bution is unlikely, one rarely has sufficiently detailed information
about a site to improve on this assumption. The solution rate of the
droplets is controlled by molecular diffusion through a surrounding
stagnant aqueous boundary layer.

Biodegradation and biomass growth are represented by Monod-type
factors in the biomass concentration, the substrate concentration, and
the dissolved oxygen concentration, together with an inhibition factor
to represent possible toxicity of the substrate at sufficiently high con-
centrations. The effects of other nutrients (cosubstrates, nitrate, phos-
phate, etc.) are ignored. Bacterial die-off is assumed to be first order
in the biomass concentration.

Biomass and NAPL droplets are assumed to be stationary.

Mass transport between the vapor and aqueous phases is assumed to
be limited by dispersion in the aqueous phase adjacent to the air/water
interface. Local equilibrium of VOC and of oxygen between the liquid
and gas phase is assumed at the boundary, with VOC and oxygen
obeying Henry’s law.

It is assumed that no longitudinal movement of the aqueous phase
takes place.

It is assumed that, over the range of pressures encountered, air can
be regarded as incompressible.

With these assumptions, the analysis leading to the various terms in

the equations is straightforward, and much of it was presented earlier in
detail (7, 13, 14, 16). Rather than deriving the model equations, therefore,
we simply write them down, identifying the physical or biological process
which generates each term. The system being analyzed is illustrated sche-
matically in Fig. 1; one of the volume elements shown in this figure is
magnified and more detail given about the mathematical partitioning of
the system in Fig. 2.

The variables of the system are as follows:

S = NAPL concentration in the kth annulus of the ith volume element,

%%

S

]

kg/m3 of soil

¥ = aqueous VOC concentration in the kth annulus of the ith volume
element, kg/m> of water

¥ = dissolved oxygen concentration in the kth annulus of the ith vol-
ume element, kg/m3 of water

#« = biomass concentration in the kth annulus of the ith volume ele-

ment, kg/m? of soil
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FIG. 1 Geometry of the column model.
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FIG.2 A volume element in the column model, showing the central air channel and annular
volume subelements.
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S€ = gaseous VOC concentration in the air channel of the ith volume
element, kg/m® of gas

OF = gaseous oxygen concentration in the air channel of the ith volume
element, kg/m* of gas

In the model the differential equations controlling the variables (bio-
mass, NAPL, aqueous VOC, dissolved oxygen, gaseous VOC, gaseous
oxygen) involve the processes indicated below. Subscripts are omitted
here for convenience.

dS™/dr. solution of droplets

dS*/dt: solution of droplets, dispersion transport, mass transport be-
tween aqueous and vapor phase, biodegradation

dO»/dr. mass transfer from gas phase (channels), dispersion, biodegra-
dation

dB/dt:  formation from substrate consumption, die-off

dSClde: advection in the channel, mass transfer to the aqueous phase

dO®/dt: advection in the channel, mass transfer to the aqueous phase

We first examine the rate of solution of NAPL droplets. This is assumed
to be controlled by diffusion from the droplet through a quiescent bound-
ary layer into the surrounding dispersing water. The equation governing
the NAPL concentration is then given by

Sy 3SYDAS% — SY)SHISH)” 0
dt B a%pvoc[l - (aO/d)('S‘IIX/AS‘(})V)1/3

where S’ = initial NAPL concentration, kg/m?® of soil
Dy = diffusivity of VOC, m%/s
S¥: = aqueous solubility of VOC, kg/m?
ay = initial NAPL droplet radius, m
d — ao = droplet boundary layer thickness, m
pvoc = density of NAPL, kg/m?

This equation assumes solution of NAPL occurs by steady-state diffusion
of VOC across the boundary layer surrounding the droplet.

If solution kinetics are limiting, S¥ < S¥%,, so can be neglected in Eq.
(1). The resulting equation is readily integrated, and a solution kinetics-
limited lower bound to the cleanup time can be calculated. The result is

pvoca%(3/2 - ao/b)
hie = 3ST.D; (2)

if nonaqueous phase liquid is present in the aquifer.
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The biomass concentration is assumed to be governed by the following
Monod-like equation:

4By _ o Ba OX/0, S¥ISo 1 kB
dt ~ 7“1+ BulBo 1 + O¥/0o I + SWiSo 1 + (SHIS,)yr ~— Mtk

3

The first term on the right represents Monod kinetics with the last factor
corresponding to substrate inhibition; the second term represents die-off.
For later use we abbreviate the first term as

“1+ B,-k/Bol + 0,‘2//001 + S,VIY/S()I + (S,‘Z/Sl)n

where K,, = maximum possible first-order growth rate, s !
By, Op, and Sy = Monod kinetics half-saturation concentrations
S:1 = half-inhibition substrate concentration
n = sharpness-of-onset exponent in substrate inhibition term
kaie = die-off first-order rate constant, s

Growthy, =

All concentrations are in kg/m>.
The equations governing the dissolved VOC concentrations are the fol-
lowing.

asi dS¥  2mAzD,

dr — (1) a T VvAuvRAr
X 1r(SP-1 = S8 + ree 1S — SH] — (ny/v) Growthy,
k=2,3,...,n —1 (5

where R = radius of column, m
n, = number of annuli into which a volume element is partitioned
a. = radius of air channel, m
Ar = (R - a’)/n,, m
L = length of column, m
n; = number of volume elements into which the column is parti-
tioned
Az = Lin,
re = ar + (kK — DAr
Avg = wAZ(r7er — %)

At the outer boundary of the volume element,

ds¥, 2wAzD,
dr vAu Ar

ds i w w
= _(1/1)) dt + (S,‘,m-._l - Si,nr - (ns/v)GrOWth,;,,,

(6)
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At the boundary of the channel we have

ds¥; dsM  2mAzD,
) i Zvle [2r1(SE/Ky — SY) + r(S¥ — S
- (nS/V)GI‘OWthH (7)

where Ky = Henry’s constant of VOC, dimensionless
D, = dispersivity, m%/s

The equations for dissolved oxygen are as follows. Fork = 2,3, .. .,
n, — 1:

do}  2mAzD;
G = ohoay H(Otier = OX) + 1Oy = O]

®
— (no/v) Growth;

At the outer boundary of the column:

dol,  2wAzD
dt  vAu,Ar

nr(Ol nr— 1 Oi‘:‘:lr - (nO/v)GrOWthi,nr (9)

At the boundary of the air channel:

dOY  2mAzD,
dt  vAuAr

+ (nov)Growth;

[2r1(Of/Kuo — OF) + (0% — O]
(10)

In the air channel itself the VOC and oxygen concentrations are gov-
erned by the equations

ds¢ 1 2wAzriD;
v m[%ir(s?—l -89 — ‘—A,,/hzl“(SEG/KH —- S ] an
and
dOG 1 ZTFAZI‘ID

. G 006y "% 750G — O
dt V’TTGCAZI:qa".(OI*I 01 ) Ar/2 (01 /KHO Ozl)] (12)
where g.ir = air flow rate, m*/s. The inlet gaseous oxygen and VOC
concentrations OF and S§ are set equal to 0.2786 kg/m? and zero, respec-
tively.

The total residual mass of VOC in the column at time ¢ is given by

7z

M (t) = >, {[2 Av (SY + vS}’X} + va%’n’AzSiG} (13)
k=1

i=1
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The mass of VOC removed by volatilization at time ¢ is accumulated
during the course of the run by means of Eq. (14).

M.o(t + At) = Myoa(t) + qairST(DAL (14)
The mass of VOC destroyed by biodegradation at time ¢ is given by
Muio(t) = Miot(0) — Mioi(t) — Mya(?) (15)

In carrying out computations with the model it was found that rather
small values of Az must be used to avoid numerical instability in the solu-
tions to the differential equations. We therefore used the steady-state ap-
proximation for the gas-phase concentrations, an approach used earlier
by Gomez-Lahoz et al. (16) in a bioventing model. One merely sets the
left-hand sides of Eqs. (11) and (12) equal to zero and solves the resulting
equations for S¢ and OF, respectively. The resulting algebraic equations
are

QairSzG— 1+ (41TAZrle/Ar)Sile

G —
ok dor + @GuAzrDJATK) (16)
and
06 = qai,O,-Cil + (4’TTAZI‘1DS/AI‘)0,"/1V 17
C = g + (GwAzD,IArKeo) an

Use of the steady-state approximation permitted an increase in Af by a
factor of ten, with a corresponding decrease in computer time per run.
In an earlier paper (14) a method was given for estimating the effective
dispersivity resulting from pulsed operation of a sparging well. We present
here an alternative approach which appears equally plausible and gives a
rather similar answer. The argument is as follows.
Let

AL = variation in the height of the water table during the course of a
pulse cycle

At duration of a complete pulse cycle

3 = grain size parameter characteristic of the porous medium

I

When air flow in the sparging well is initiated, the water in the surrounding
aquifer is rising, moving generally parallel to the air channels. A measure
of its velocity is

AL

VT Am

(18)

We are interested in the component of the dispersion which is perpen-
dicular to the air channels, so require the transverse dispersivity, Dr.
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According to Scheidegger (17), this can be estimated as
Dt = Dpyglec + ardu (19)

where Dt = transverse dispersivity
Duolec = molecular diffusivity
ar = 0055

When Diolee IS neglected, this gives for the transverse dispersivity
Dy = 2 x 0.055 3AL/At 20)

We select representative values of the parameters, 8 = 0.1 cm, AL = 10
cm, and A7 = 10 minutes. These yield a value for Dy of 1.8 x 108 m?
s, about 100 times larger than the molecular diffusivity and of the same
order as our previous estimate of the dispersivity. From Eq. (20) we see
that large values of AL (the mounding parameter) and small values of At
(the duration of the duty cycle of the pulsed sparging well) give the largest
values of the dispersivity. This suggests that pulsed sparging wells be run
at relatively high air pressures, a conclusion identical to that reached in
our earlier analysis.

RESULTS

The model was implemented in TurboBASIC and run on MMG 386-SX
(16 MHz) and 386-DX (33 MHz) microcomputers equipped with math
coprocessors. A typical 50-day simulation required about 27 minutes on
the faster machine.

The VOCs selected for use in the simulations are toluene, a contaminant
of some concern which is of relatively high solubility in water, and n-
octane, to represent volatile aliphatic compounds, the solubilities of which
are a good deal lower than those of the BTEX compounds (benzene,
toluene, ethylbenzene, xylenes). The properties of these two hydrocar-
bons and their stoichiometric ratios for combustion with oxygen are given
in Table 1.

Typically, the ratio of substrate hydrocarbon mass consumed to bio-
mass formed is around 2. We therefore choose n, = 2. We assume that
the oxygen required per kilogram of biomass produced is equal to that
needed to convert the required mass of substrate (2 kg) to carbon dioxide
and water, permitting us to neglect endogenous respiration. This reasoning
gives np = 6.26 for toluene and ny = 7.00 for n-octane, values which
we regard as reasonable but hardly definitive. Gomez-Lahoz et al. (16)
summarized information on this point. Our values of n, were selected to
provide enough oxygen to permit mineralization of biomass after death,
since we are not including an endogenous respiration term explicitly.



11: 48 25 January 2011

Downl oaded At:

GROUNDWATER CLEANUP BY IN-SITU SPARGING. X 1367

TABLE 1
Properties of Toluene and n-Octane at 15-20°C*

Toluene n-Octane
Molecular weight (g/mol) 92.14 114.23
Density (g/mL) 0.8716 0.7025
Aqueous solubility (mg/L) 515 0.67
Henry’s constant (dimensionless) 0.2081 131
(Mass 0?%)/(Mass VOC) in combustion 3.126 3.502

4 Data calculated from Refs. 18 and 19.

Default values of the parameters used in modeling the biosparging of
toluene and n-octane are given in Table 2. Parameters already listed in
Table 1 are omitted.

The results are presented as individual runs in which the reduced resid-
ual VOC mass [ Moi(1)/ Mo (0), the reduced vapor-stripped mass [ Myap(1)/
M, (0)], and the reduced mass of biodegraded VOC [ My;o(7)/Mo:(0)] are
plotted against time. Curves labeled V refer to vapor stripped VOC; curves
labeled B to VOC destroyed by biodegradation. Unlabeled curves pertain
to residual VOC.

The effects of variations in the dispersion D; on the biosparging of
toluene are seen in Fig. 3. The plots of reduced total residual contaminant
mass M.o:(£)/M:0:(0) show the expected increase in total removal rate as
the dispersion is increased. The effect, however, is not large, leading us
to conclude that dispersion transport is only one of the significant limiting
factors here. The amounts of toluene removed by air stripping are nearly
the same for the four cases shown, but there is a very substantial increase
in the amount of toluene which undergoes biodegradation as increased
dispersion coefficients permit increased oxygen transfer.

The effects of increases in the diffusivity of toluene in the boundary
layer surrounding the NAPL droplets are seen in Fig. 4. Experimentally,
one has no control over the diffusivity, but the model permits one to vary
it to explore the extent to which diffusion-limited droplet solution rate
controls the rate of NAPL removal. The total rate of cleanup [measured
by Mo (£)/M:0:(0)] undergoes a very marked increase as Dy increases from
0.51t0 2.0 x 107'°m?/s, as does the rate of toluene removal by stripping.
The rate of biodegradation appears to be less affected. Evidently under
these conditions the rate of solution of NAPL toluene is a major limiting
factor for remediation. As Dy increases from 2.0 to 8.0 x 107! m?%/s, the
total rate of cleanup and the rate of air stripping increase somewhat, but
in this range the rate of NAPL droplet solution is sufficiently rapid that
it is no longer the major rate-limiting step.
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TABLE 2

Default Values of the Parameters Used in Modeling the Sparging of Toluene

and n-Octane

Length of column

Diameter of column

Diameter of air channel

Soil porosity

Soil density

K., rate constant for biomass generation

kgie, die-off rate constant

By, Monod biomass parameter

0o, Monod oxygen parameter

So, Monod substrate parameter (toluene, n-octane)
§1, substrate inhibition parameter (toluene, n-octane)
n, exponent in inhibition term

n,, mass substrate/mass biomass

np, mass oxygen/mass (toluene, n-octane)

Dy, substrate diffusivity

D, dispersivity

aq, initial NAPL droplet diameter (toluene, n-octane)
b, droplet boundary layer thickness (toluene, n-octane)
Initial NAPL concentration (toluene, n-octane)
Initial dissolved VOC concentration (toluene, n-octane)
Initial biomass

Initial dissolved oxygen concentration

Kyo, Henry’s constant of oxygen

Gair, air flow rate

n,, number of volume elements representing column
n,, number of annular domains

At

Imax

4m

0.2 m

1.0 cm

0.4

1.7 glem?®

1 x 1075s!

1 x 107 857!

100 mg/kg of soil

1 mg/L of water

100, 1 mg/L of water
2000, 5 mg/L of water
3

2

6.26, 7.00

2 x 10719 m%s

2 x 1077 m¥s

0.1, 0.0l cm

0.5, 0.05 cm

200, 1 mg/kg of soil
100, 0.5 mg/L. of water
0.005 mg/kg of soil
0.0 mg/L of water

33

10 mL/min

4

6

100 seconds

50 days

Figure 5 shows the effect of the air flow rate through the channel, g, .

At the lower air flow rates (2 and 5 mL/min) both biodegradation and
stripping are limited by the air flow rate, so they increase with increasing
air flow. At the higher air flow rates (10 and 20 mL/min) the effect of a
doubling of g.i; is very markedly reduced, indicating that at these air flow
rates the system is limited only slightly by the air flow rate. At the higher
air flow rates the fraction of the toluene which is biodegraded decreases,
as expected. Evidently, excessively high air flow rates should in general
be avoided to reduce the costs for air pumping and for removing a larger
quantity of VOC from a larger flow of gas in the off-gas treatment system.

In Fig. 6 we see the effect of increasing K., the effective first-order
rate constant for biomass formation. As K, increases, the rate of cleanup
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25 days 50

FIG.3 Biosparging of toluene; effect of dispersivity D;. Plots of reduced residual contami-

nant mass, vaporized contaminant mass, and biodegraded contaminant mass. D, = (a) 0.25,

(b) 0.5, (c) 1.0, and (d) 2.0 x 10~7 m?/s. Other parameters as in Tables 1 and 2. B and V

refer to the masses of contaminant removed by biodegradation and volatilization, respec-

tively. The curve which decreases with increasing time is a plot of the reduced total contami-
nant mass in this and all subsequent figures.

of the system increases and the fraction of the toluene which is removed
by biodegradation increases very substantially. At the air flow rate used
in these runs (10 mL/min) the system is not oxygen-limited even at the
highest rate of biodegradation. At the higher biodegradation rates the
quantity of VOC in the off-gas which must be treated is very markedly
reduced, so such increased rates are generally highly desirable. Possible
means of achieving higher biodegradation rates include addition of nu-
trients such as fixed nitrogen and phosphorus, inoculation with special
strains of microorganisms, and warming of the system. Unfortunately,
some of these approaches present problems which have not yet been
solved, although addition of nitrogen and phosphorus is not difficult.
We next turn to the biosparging of n-octane, the aqueous solubility of
which is 0.67 mg/L (about 1/770th that of toluene), and the Henry’s con-
stant of which is 131 (about 630 times that of toluene). The large Henry’s
constant of n-octane makes its stripping an easy matter, provided that
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1.0

0.5

Mx (%)

0 25 days 50

FIG. 4 Biosparging of toluene; effect of diffusivity Dy of toluene. Dy = (a) 0.5, (b) 2.0,
and (c) 8.0 x 107 ' m%s. Other parameters as in Tables 1 and 2.

c
a v
\ \J
B
d v
B
25 days 50

FIG. 5 Biosparging of toluene; effect of air flow rate. g.;: = (a) 2, (b) 5, (¢) 10, and (d) 20
mL/min. Other parameters as in Tables 1 and 2.
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FIG. 6 Biosparging of toluene; effect of biodegradation rate parameter K,. K, = (a) 1.0,
(b) 2.5, (c) 5.0, and (d) 10.0 x 10~% s~ 1. Other parameters as in Tables 1 and 2.

one is dealing only with dissolved VOC. On the other hand, inspection
of Eq. (1) (which controls the rate of solution of NAPL droplets in water)
or of Eq. (2) (which calculates the cleanup time for NAPL solution rate-
limited systems) shows that this rate of solution is roughly proportional
to the aqueous solubility of the VOC being dissolved. We therefore expect
the very low solubility of n-octane to make the removal of NAPL by
sparging and also by biosparging a very slow business.

The runs simulating the biosparging of n-octane shown in Fig. 7 show
the magnitude of this effect. In these runs the NAPL droplet diameter
and the boundary layer thickness are 0.1 and 0.5 cm, the same as used
in the above toluene simulations. The diffusivity, Dy, is given values of
2 x 107192 x 1072, and 2 X 10~% m?/s, equal to the default value used
in the toluene simulations, ten times this value, and onec hundred times
this value. In all cases we see an initial very rapid rate of removal as
dissolved VOC is stripped and biodegraded. In Figs. 7(a) and 7(b) this is
followed by a long plateau region in which the rates of n-octane stripping
and biodegradation are extremely slow, limited by the very low rate of
solution of the NAPL droplets. Only when the diffusivity has been in-
creased 100-fold above what are reasonable values do we see acceptable
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FIG. 7 Biosparging of n-octane; effect of diffusivity of n-octane. Dy = (a) 2.0 x 10710,
(b)2.0 x 107%, and (¢) 2.0 x 10~° m%s; initial NAPL droplet diameter = 0.1 cm; boundary
layer thickness » = 0.5 cm. Other parameters as in Tables 1 and 2.

cleanup rates for these systems. Obviously there is no hope of achieving
such diffusivities.

This leads us to the unpleasant conclusion that it will be extremely
difficult to remove or biodegrade alkanes (which are of quite low solubil-
ity) from smear zones which are beneath the water table at the time that
sparging or biosparging is done. A possible solution to the problem is to
draw down the water table in the vicinity of the sparging well by pumping
to permit direct vaporization of the contaminant without the interposition
of an aqueous boundary layer. Fortunately, the regulations are such that
it is the BTEX and Total Petroleum Hydrocarbon concentrations which
generally drive a remediation, and the BTEX compounds are relatively
soluble. The problem is not so readily solved if one is dealing with
DNAPLSs such as tetrachloroethylene (solubility approximately 150 mg/
L) or the dichlorobenzenes (solubilities in the 70-130 mg/L range), but
these, although of relatively low solubility, are far more soluble than the
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alkanes. The problem is exacerbated by the very low maximum concentra-
tion limits which have been set for most chlorinated solvents.

The effect of dispersivity on the biosparging of n-octane is seen in Fig.
8. The NAPL droplet size is 0.01 cm and the boundary layer thickness is
0.05 cm in these runs and those shown in Fig. 9. These were chosen to
obtain illustrative displays, and are probably unrealistically small in most
instances. The effect of dispersivity on the rate of cleanup is relatively
slight, an expected result in view of the extent to which the rate of NAPL
droplet solution is the limiting factor here. The rate of biodegradation is
seen to increase somewhat with increasing D, presumably due to the
increased dispersive transport of oxygen. It is apparent that efforts to
increase the dispersivity by pulsed operation or any other technique will
have little benefit if the VOC is below the water table and has a quite
limited solubility. The very rapid removal of n-octane seen at the begin-
nings of these runs represents removal of the initially dissolved VOC.

a
v v
1 1 1 1
1.07
c
B
0.5
Mr(t) v
0 25 days 50

FIG. 8 Biosparging of n-octane; effect of dispersivity. D, = (a) 1.0, (b) 2.0, and (c) 3.0
% 1077 m?¥s; initial NAPL droplet diameter = 0.01 cm; boundary layer thickness b = 0.05
cm. Other parameters as in Tables 1 and 2.
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FIG. 9 Biosparging of n-octane; effect of initial NAPL droplet size g and boundary layer
thickness b. [ao, b} = (a) [0.0050, 0.0250], (b) [0.0075, 0.0375], and (c) [0.0100, 0.0500] cm.
Other parameters as in Tables 1 and 2.

The importance of NAPL droplet solution rates in the biosparging of
n-octane is illustrated again by the simulations plotted in Fig. 9. In these
runs the impact of droplet diameter/boundary layer thickness on cleanup
rate is explored. Boundary layer thickness is assumed to be five times
the initial droplet diameter, which is 0.0050, 0.0075, and 0.0100 cm. As
droplet size increases, the water/NAPL interface decreases and the
boundary layer thickness increases. Both of these cause a decrease in the
rate of solution of the NAPL droplets, and a large decrease in cleanup
rate results since the process is limited by the rate of droplet solution.
These results suggest that one investigate techniques by which NAPL
droplet size could be reduced. Speculative methods include 1) the use of
ultrasonic energy to mechanically break up the droplets, and 2) the use
of surfactants to reduce the surface tension of the NAPL—water interface,
thereby making it easier to break up droplets by the shearing forces result-
ing from fluid flow during pulsed sparging.
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CONCLUSIONS

The following conclusions can be drawn from our modeling work on
biosparging.

¢ Dispersivities in the vicinity of a sparging well can be increased greatly
by pulsed operation of the well. Short pulse cycles and high air injec-
tion pressures (limited by concern about blowout) yield the greatest
increases in dispersivity, as shown by the arguments leading to Eq.
(20).

o In situations involving relatively soluble VOCs such as BTEX, efforts
spent enhancing the effective dispersivity of the system (by pulsed
operation of the sparging well) are likely to markedly increase the rates
of biodegradation and air stripping of VOC contaminants.

e Excessively low air flow rates result in excessively prolonged clean-
ups. Excessively high air flow rates result in excessive air pumping
costs and off-gas treatment expenses, since large volumes of gas must
be treated and relatively little VOC is biodegraded. ‘

e The biosparging of NAPL VOCs of very low solubility (such as al-
kanes) which are trapped in smear zones below the water table is an
extremely slow process due to the very slow rate of solution of the
NAPL in the surrounding water. A possible solution is the lowering
of the water table by pumping and by taking advantage of the annual
water table fluctuations.

e The biosparging of NAPL VOCs of low solubility is accelerated if the
size of the droplets is decreased. One speculates that sonication and/
or surfactants might be effective for this.

e The biosparging of NAPL VOCs of very low solubility will not be
significantly enhanced by pulsed operation of the sparging well unless
the energy input and water currents induced are sufficient to break up
the NAPL droplets. The prospects for this appear slim.

e Moderate increases in temperature, of the order of 10°C, would accel-
erate both the rate of solution of NAPL. VOCs and the first-order rate
constants for microbial processes.
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