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ABSTRACT

Pump-and-treat (P&T) is one of the most common methods for remediation of groundwater contami-
nated by hazardous wastes. However, this method suffers from serious disadvantages, due a series of
subsurface processes. Using experimental data and mathematical model simulations, the role of sorp-
tion/desorption and dissolution of non-aqueous phase liquids on the effectiveness of P&T remediation
was examined. The results showed that the remediation of groundwater depends directly on the phy-
sical/chemical properties of the contaminants and the hydrogeology of the site. With the exception of
water-soluble contaminants occupying relatively small parts of relatively homogeneous and water-per-
meable geologic media, the remediation of groundwater contaminated by hazardous waste using P&T
is, for all practical purposes, impossible and prohibitively expensive.
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INTRODUCTION

Pump-and-treat

Groundwater contaminated with dissolved orga-
nic and inorganic contaminants can be pumped
out of the aquifer and be treated on the surface of
the ground. The treated groundwater can either
be returned to the pumped aquifer, or used, or
discharged. The treatment method depends on
the physical-chemical properties of the contami-
nants to be removed. This remediation scheme is
known as pump-and-treat (P&T).

P&T systems are designed to: (1) Hydraulically
contain and control the movement of contamina-
ted groundwater and prevent continued expansion

of the contamination zone. (2) Reduce dissolved
contaminant concentrations to comply with clean-
up standards and thereby restore the aquifer. (3)
Combine the previous two objectives (EPA, 1994).
The major advantage of P&T is that conventional
technologies for water and wastewater treatment
can be applied for decontamination of the
pumped groundwater. These include biological
treatment, activated carbon adsorption, air strip-
ping of volatiles, and metal precipitation. P&T is
most effective when it is combined with measures
of isolation and/or removal of the contamination
source, in order to prevent further contaminant
introduction into the groundwater.
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The P&T remediation requires the passage of suf-
ficient volume of groundwater through the conta-
minated section of the aquifer, in order to remove
not only the dissolved contaminants, but also the
ones that desorb from the geologic media, diffuse
from zones of low hydraulic conductivity, and dis-
solve from solid phases or non-aqueous phase lig-
uids (NAPLs).

The volume of groundwater contained in a conta-
minant plume is known as pore volume. The total
volume of groundwater that must be treated on the
surface of the ground is determined by the product
of the pore volume and the number of pore vol-
umes, which must be pumped, in order to decrease
the contaminant concentration in the aquifer to a
level equal or lower to the maximum permitted
concentration. This is usually the maximum conta-
minant level (MCL), defined on the basis of toxici-
ty. P&T systems are usually designed to remove
0,3-2 pore volumes of the contaminated section of
the aquifer per year (EPA, 1994). Pumping at
higher rates may be limited by low permeability of
some sections of the aquifer or interphase mass
transfer. The remediation time may be approxi-
mated by the comparison of the contaminant rate
of removal, the initial mass and the mass remain-
ing in the aquifer at any point in time.

Effectiveness of the P&T method

Initially, the objectives of P&T applications were
to reduce contaminant concentrations at levels
not exceeding those of drinking water. It was not
known, however, whether P&T is capable of
achieving such objectives. Real world experience
shows that groundwater remediation by P&T to
drinking water standards may be accomplished,
perhaps only for areas with simple geology and
relatively simple contamination scenarios. In gen-
eral, the effectiveness of P&T systems can be
compromised by a number of factors that are
related to the contaminants of interest and the
characteristics of the site. As a result, it is, usual-
ly, impossible to reduce dissolved contaminants to
below drinking water standards in reasonable
time frames, e.g., less than 10 years at many sites
(Mackay and Cherry, 1989; ERA, 1994).
Monitoring contaminant concentrations with
time at P&T sites reveals “tailing” and “rebound”
phenomena. “Tailing” refers to the progressively
slower rate of dissolved contaminant concentra-
tion decline, observed with continued operation
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of P&T systems. At many sites, the asymptotic,
apparent residual, contaminant concentration
exceeds clean-up standards. Another problem is
that dissolved contaminant concentrations may
“rebound” if pumping is discontinued, after tem-
porarily attaining a clean-up standard.

Tailing and rebound may result from several phys-
ical and chemical processes that affect P& T reme-
diation. These processes include (EPA, 1994):

® Contaminant desorption.

® Non-aqueous phase liquid (NAPL) dissolution.
® Precipitate dissolution.

® Groundwater velocity variation.

® Matrix diffusion.

In this paper we use mathematical model simula-
tions and limited experimental data to discuss two of
the most important reasons implicated in the limit-
ed effectiveness of P&T. The discussion is based on
various contamination scenarios, which are consid-
ered likely to occur in the real world. Specifically,
we study the P&T remediation of groundwater lim-
ited: (1) By contaminant desorption from aquifer
solids. (2) By dissolution of NAPLs.

RESULTS AND DISCUSSION

Contaminant desorption

In general, the dissolved contaminants move
slower than groundwater, due to their sorption
onto the geologic media of the aquifer. The retar-
dation due to sorption depends on the
physical/chemical properties of the contaminants,
as well as the characteristics of the geologic mate-
rial. The stronger a contaminant is sorbed, the
slower will move in groundwater and the more
difficult will desorb, resulting in less efficient
removal by P&T. Due to kinetic limitations, the
rate of contaminant desorption is reduced, as
manifested by a pronounced “tailing” effect. This
results in significant increase of remediation time
and of the volume of groundwater, which must be
pumped and treated on the surface of the ground.
Furthermore, if pumping of groundwater is
ceased before the total quantity of the contami-
nant is removed from the aquifer, the contami-
nant concentration in groundwater might be sig-
nificantly increased, due to release by slow de-
sorption. This phenomenon is encountered dur-
ing the pulsed pumping mode of P&T operation.
In order to assess the effect of contaminant des-
orption on the effectiveness of P&T remediation,
we shall consider a shallow homogeneous aquifer
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Table 1.  Input parameters for simulation of P&T remediation limited by contaminant desorption

Parameter Bromacil Lindane DDT
Solubility, mg I'! 815M 70 0,0055®
logk,, 1,85 2,962 4382
. 0,009 0,009 0,009
K, mlg! 0,64 8,2 216
e 0,3 0,3 0,3
0, g cm 1,85 1,85 1,85
R 1,5® 526 13300
Groundwater velocity for remediation, cm d-! 13,7 13,7 13,7
a_,cm 10© 10© 10©
Length of contaminated zone, m 10 10 10
Total width of capture zone, m 100 100 100
Aquifer section pore volume, m? 700 700 700

(@) Worthing (1987)
@ LaGrega et al.(1994)
) Watts (1997)

of small but constant thickness, contaminated by
the pesticides bromacil, lindane, and DDT, which
were disposed of illegally in a waste dump. The
remediation plan of this aquifer includes source
removal, followed by P&T remediation of the
contaminated groundwater, until the dissolved
contaminant concentrations are reduced by 95%),
based on their maximum concentration values
measured. We shall compute the expected reme-
diation time for a contaminated section 10 m
long, 100 m wide, and 2 m thick. This section was
located close to the source and contains the high-
est dissolved pesticide concentrations, C_, uni-
formly distributed.

The P&T remediation is accomplished by
employing a series of fully penetrating wells, posi-
tioned on a straight line and covering the entire
width of the contaminated section. This well
arrangement secures a one-dimensional uniform
flow in the contaminated section of the aquifer.
The contaminant concentration in the wells can
be simulated with the one dimensional advection-
dispersion-sorption equation:

&) Determined experimentally

©) Determined from Equations 2 and 3
©) Gelhar et al. (1992)
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Figure 1.

The simulation parameters are presented in
Table 1. The retardation factors used in the simu-
lation are 1,5 for bromacil, 52 for lindane, and
1330 for DDT (Table 1). Those for lindane and
DDT were computed based on the respective lin-
ear sorption coefficient values and the organic
carbon fraction of the aquifer, . = 0,009, using
Equations 2 and 3 (Karickhoff, 1984). The retar-
dation factor for bromacil was determined exper-
imentally, by comparing elution times of Na*Cl
and [2-'*C]-labeled bromacil, which were added
to the top of the soil column of interest. The soil
column was 30 cm long and 5 cm in diameter.
Eluate fractions were analyzed by Liquid
Scintillation Counting and the constructed eluate
pulse curves for C and 3°Cl” were used to deter-
mine the retardation factor (Figure 1).

The hydrodynamic dispersion coefficient was
determined using:

D=aV+1D, 4)
where: o, = longitudinal dispersivity, L

7 = medium tortuosity

D_ = molecular diffusion coefficient,

m

L2 t!

Estimates of the longitudinal dispersivity, a , were
obtained from Gelhar et al. (1992). During the
remediation phase, the average pore velocity of

Experimental determination of bromacil retardation factor, using a soil column.

groundwater used in the simulation was 50 m yr!
(13,7 cm d1). Due to the relatively high ground-
water velocity during the remediation phase, the
diffusion component of the hydrodynamic disper-
sion coefficient was ignored, because it was three
orders of magnitude lower than the mechanical
dispersion component.

Using the appropriate initial and boundary condi-
tions, the analytical solution of Eq. 1 (van
Genuchten and Alves, 1982) and the input para-
meters of Table 1, we simulated the remediation by
P&T of the aquifer section (Figure 2). The maxi-
mum contaminant level for each pesticide in
groundwater was set arbitrarily at 5% of the
respective maximum concentration value detected.
The remediation time for each pesticide follows
the order of the respective retardation factor and
equals 1 and 14 years, for bromacil and lindane,
respectively. The remediation time for DTT is sev-
eral hundred years, way out of the 25-year simula-
tion range performed for this particular problem.
Considering a total width of the capture zones of
the pumping wells equal to 100 m and aquifer
thickness equal to 2 m, the volume of groundwa-
ter that must be pumped and treated above
ground will be approximately 3500 m® (or 5 pore
volumes) and 49000 m? (or 70 pore volumes) for
bromacil and lindane, respectively. This volume
refers only to the 10 m long aquifer section con-
sidered here and not the entire contaminated
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Figure 2. The effect of sorption-desorption on pump and treat remediation of groundwater contaminated by

bromacil, lindane, and DDT.

area. For comparison purposes, one void volume
(pore volume) of the aquifer section is only 10 x
100 x 2 x 0,35 = 700 m3. Remediation of the
entire plume (up and downgradient of the pump-
ing wells) would require a much larger volume to
be pumped and treated above ground. In general,
for large contaminant plumes, this volume may be
many thousand or million m3, rendering P&T
remediation prohibitively expensive, if not impos-
sible. Increase of organic carbon fraction of the
aquifer material would increase the value of R
and, accordingly, the aquifer remediation time.

NAPL dissolution

Non-aqueous phase liquids (NAPLs) are liquids
immiscible with water. When a NAPL is released
in the vadose zone in sufficient quantity, a portion
of it will become immobilized and the remaining
fluid will continue to move downward. Upon
reaching the water table, NAPLs heavier than
water (DNAPLs, e.g., chlorinated solvents) tend
to move downward, leaving behind “blobs” or
“ganglia” of trapped residual. The movement
continues, until they either encounter an imper-
meable zone or spread out to the point where the
pressure head is depleted and the NAPL becomes
totally immobilized, as residual. The NAPL-
groundwater interface may become unstable, and
this instability is manifested by “fingers” of NAPL
penetrating the aquifer (Schwille, 1988). When

fingers reach an impermeable zone, they can
move laterally and follow the slope of the barrier.
Thus, pools of NAPLs at near saturation will form
on layers of lower permeability media within an
aquifer, or on the bottom of an aquifer, after dis-
placing most of the pore water (Mackay and
Cherry, 1989).

NAPLs lighter than water (LNAPLs, e.g., petro-
leum products) tend to spread laterally and form
a pool floating at the capillary fringe, above the
water table (Schwille, 1988; Voudrias and Yeh,
1994). In addition, the water table moves up and
down in response to seasonal recharge and dis-
charge and local pumping. As a result, a zone con-
taminated by a lighter-than-water NAPL will
extend over the range of water table fluctuation.
When pools or ganglia occur in the subsurface,
groundwater contamination will result from the
NAPL dissolving in the water and being trans-
ported to a well at concentrations exceeding
drinking water standards. Although the NAPL
solubility is, generally, low, it is frequently several
orders of magnitude higher than the maximum
contaminant level for drinking water. Therefore,
a small amount of NAPL may contaminate a large
volume of groundwater. NAPL contamination in
groundwater may last for many years or even cen-
turies (Voudrias and Yeh, 1994).

In a series of experiments designed to study the
removal of petroleum components or products
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Table 2.
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Retardation factors, groundwater volume, and groundwater pore volumes required for removal of

some jet fuel JP-4 components from the contaminated aquifer section.

Contaminant R Solubility® Volume of Number of
' |in water at 20 °C, mg 1! groundwater, m? pore volumes
Benzene 180 1780 18680 180
Toluene 620 515 64360 620
Xylene 1850 172 (at 25°C) 192340 1850
Ethylbenzene | 2100 152 217670 2100
n-Hexane 33540 9,5 3481140 33540
@ Verschueren (1983)
(toluene, toluene-benzene mixtures, jet fuel JP- 0, = aquifer bulk density, M L~
4), an extremely large number of pore volumes K, = linear sorption coefficient of com-
was required (Voudrias et al., 1994). Mass bal- pound i, L?* M"!
ance calculations showed that removal of pure w,0= superscripts for water and oil
toluene by 98,6% by dissolution into groundwa- (NAPL) phase, respectively
ter, required 132 pore volumes of groundwater. In ¢ = porosity for water or oil phase
the case of benzene-toluene mixtures (50% each y; = activity coefficient of compound i,
by weight), 53 pore volumes of groundwater were for water or oil phase
required for 94,6% removal of benzene and 0° = density of oil phase, M L3

88,3% of toluene, by dissolution into groundwa-
ter. The remainder of benzene and toluene would
remain in the subsurface for extremely long times,
due to significant amount of tailing observed.

In the field, the volume of groundwater required
for removal of a specific component from a mixture
of NAPLs would be larger than that determined in
the laboratory, due to significant dispersion, sorp-
tion, and heterogeneity of the aquifer (Voudrias et
al., 1994). One order of magnitude approximation
for the required amount of groundwater for blob
dissolution is given by Equations 5 and 6 (Borden
and Piwoni, 1992; Voudrias ef al., 1994).

Vii = R(PV) %)
0o ,0,,W
R =1+Kg p_vt; + %
e "(MW)Syi (6)
where: V. = volume of water to flush com-
pound i, L?
PV = aquifer pore volume, L3
R, = linear equilibrium retardation fac-

tor for compound i, due to parti-
tioning in the solid phase and oil

MW .=molecular weight of compound i
S. = aqueous solubility of component i
in its pure form, M L3

Prerequisite for using the above equations is that
the organic liquids are always in equilibrium with
groundwater and are easily available for dissolu-
tion into groundwater.

In order to assess the effect of NAPL blob disso-
lution on the effectiveness of P& T remediation,
we shall consider a section of an aquifer with
dimensions 10 m X 10 m X 3 m and with total
porosity equal to 0,35. The section has been con-
taminated with jet fuel JP-4, released from a leak-
ing underground storage tank. The degree of sat-
uration is 0,30. Considering insignificant contam-
yi

o

inant sorption (K, = 0) and =1, the volume
of groundwater and the number of pore volumes
required for removal of some JP-4 components is
presented in Table 2. The number of pore vol-
umes increases significantly with decreasing con-
stituent solubility, ranging from 180 for benzene
to 33540 for n-hexane. Obviously, the required
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Table 3. Input parameters for simulation of P&T remediation limited by a toluene pool dissolution.

Parameter L= 100 cm L = 500 cm L= 1000 cm
a,, cm 0,015M 0,05M 0,10
D,,, cm?sec’! 8,46 x 106 8,46 x 10-6 8,46 x 10-6®
T 0,7® 0,7 0,7®

0, g cm? 0,866 0,866 0,866
C, gem? 515 x 1066 515 x 10O 515 x 10-6©

@ Gelhar et al. (1992)

@ Wilke-Chang equation, cited by Li and Voudrias (1994)

©) de Marsily (1986)
*) Weast (1974)
©) Verschueren (1983)

groundwater volume would be much higher in
case of significant contaminant sorption (K, > 0),
rendering again P&T remediation practically
impossible.

The dissolved phase concentration arising from
dissolution of a NAPL pool in groundwater,
under conditions of uniform and steady flow, is
described by Equation 7:

aC 0°C
V—=D,— i

x 257 with (7)
D,=a,V+1D, (8)

where: IV = average pore velocity in the longi-
tudinal direction, L t!

D, = transverse dispersion coefficient in
the vertical direction, L2 t-!
a, = transverse dispersivity in the verti-

cal direction, L
C = dissolved NAPL concentration,

ML?3
x = longitudinal Cartesian coordinate, L
z = vertical Cartesian coordinate, L

For the proposed boundary conditions:

C0<x=<L z=0)=C, 9)
C(x,z=0) =0 (10)
Cx=02) =0 (11)
where: L = length of the pool, L

c

s

NAPL solubility in water, M L3

The solution to the above equation is (Hunt ez al.,
1988; Voudrias and Yeh, 1994):

;] (12)

C(L,2)= Cserfc[ 200, L/V)O’5

This model was validated with experimental data
by Voudrias and Yeh (1994).

Assuming that the areal dimensions of the pool
do not change during the course of the dissolution
process, i.e., that dissolution leads to a thinning of
the pool, the time to complete dissolution will be:

r=—m with (13)
LWM,,
4DV
M. =C.e z (14)
a S 7'lL
m = LWHpe (15)
where = pool dissolution time, t

T

m = mass of NAPL in the pool, M

L = length of the pool, L

W = width of the pool, L

H = height of the pool, L

M = mass transfer coefficient, M L2 t'!
C. = NAPL solubility in water, M L3

¢ = aquifer porosity

The expression for the mass transfer coefficient
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Figure 3. Simulation of toluene pools removal by dissolution into groundwater, as a function of groundwater

velocity

(Equation 14) is given by Bird ef al. (1960) and
Johnson and Pankow (1992).

In order to assess the effect of NAPL pool pres-
ence on the effectiveness of P&T remediation, we
shall consider the removal of toluene pools floating
at the water table, by dissolution into groundwater.
The original lengths of the pools were 100, 500,
1000 cm. The thickness of all pools was considered

to be uniform and equal to 1% of the respective
length. Using Equation 13 and the input parame-
ters of Table 3, the respective removal time of the
pools was computed. According to Figure 3, the
removal time for groundwater velocities <20 m yr-!
is of the order of several centuries, which renders
the aquifer remediation by P&T, practically impos-
sible. Similar results were also obtained from a

Table 4.  Input parameters for simulation of P&T remediation limited by NAPL pool dissolution
Parameter Benzene Toluene 1,1,2-TCA TCE
a,, cm 0,05M 0,05M 0,05M 0,05M

D, cm?sec’!

9,59 x 100

8,46 x 10-°?

8,11 x 1060

8,43 x 1060

T 0,74 0,74 0,74 0,7¢4)

0, g cm? 0,8790) 0,866 1,446 1,466)
C,gem? 17807 515 x 106 4500 x 10-56) 1100 x 10-6)
L,cm 500 500 500 500

M Gelhar et al. (1992)

@ Wilke-Chang equation, cited by Li and Voudrias (1994)

© Lyman et al. (1990)
*) de Marsily (1986)
) Weast (1974)

© Schwille (1988)

@ Verschueren (1983)
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Figure 4. Simulation of NAPL pools removal by dissolution into groundwater, as a function of groundwater
velocity

series of other NAPLs, occurring, often, in ground-
water. In the latter case, it was observed that the
pool removal time decreased (Figure 4) with
increase of solubility of the respective NAPL:
Toluene  <1,1,2-Trichloroethylene  (TCE)
<Benzene <1,1,2-Trichloroethane (TCA). The
results of Figure 4 were produced from Equation
13, using the parameters of Table 4.

The time required for the removal of a NAPL
pool is always much larger than the time required
when the NAPL is in the form of ganglia. This is
due to the much larger interface and, therefore,
faster mass transport, occurring in the latter case.
For complete NAPL removal, the dissolution
time must be added to the desorption time of the
dissolved contaminants, due to the tailing effects.
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