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ABSTRACT 
 

Effective remediation of the NAPL contaminated sites entails a detailed 
understanding of the entrapment and subsequent dissolution of the NAPL. Early 
efforts on the dissolution of the NAPL in heterogeneous system have identified that 
initial NAPL saturation and the grain size of the sand have significant impact on 
effluent concentration. The present study focuses on analyzing the system sensitivity 
to the variation of the NAPL configuration, variation of the aqueous flow rate and 
also the dynamic behavior of the system at a different scale of observation. 
O-Toluidine, a chlorinated solvent with density 1.004 g/ml and solubility of 16500 
mg/L was used as the NAPL for Dissolution studies. The result profess that theory 
of equilibrium is independent of scale of observation. Another critical finding is that 
aqueous flow rate and rate limited behavior are directly proportional. For every one 
fold increase in aqueous flow rate, the time of occurrence of rate limited behavior 
was decreased by almost two folds. This finding is crucial in estimating the optimal 
aqueous flow rate that can be applied in any flushing technique. 
Key Words : Aqueous flow rates, Dissolution, Mass flux, NAPL, Flushing technique 

 
INTRODUCTION 

Awareness of the problem of soil and 
groundwater contamination by non aqueous 
phase liquids (NAPLs) began in late 1970s 
and early 1980s. This awareness grew out of 
observation that contaminated site 
remediation were nowhere meeting the 
cleanup goals, even after decades of 
remediation efforts. Many such sites were 
found to be contaminated with essentially 
immiscible organic liquids such as petroleum 
hydrocarbons and chlorinated solvent. It was 
eventually recognized that the uneven 

distribution of the liquids in the subsurface 
coupled with low solubility and relatively 
low flow rates of groundwater not only was 
potent in contaminating very large volumes 
of soil and groundwater but also prolonged 
the time frames of remediation to achieve the 
typical clean up goals. During the decades 
that followed these observations, intensive 
research efforts were dedicated towards 
investigating the flow, transport, and 
interphase mass exchange of NAPLs. Of 
particular concern is the behavior of 
DNAPLs which frequently migrate under 
pressure and gravity forces to depths beneath 
the water table, where a portion of the liquid * Author for correspondence 
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may become entrapped as an immiscible 
residual. The relative inaccessibility and 
difficulty in detection of entrapped organic 
liquids creates a unique obstruction to all 
remedial efforts. Thus due to the low 
solubility of DNAPLs, such entrapped 
liquids represents the most persistent sources 
of environmental contamination. 

In aquifers, the dissolution occurs when 
groundwater dissolves residual components 
of NAPL blobs or a large continuous phase 
NAPL pool. The entire dissolution 
phenomenon is largely dependent on the 
water flow and NAPL saturation that are in 
turn governed by the heterogeneity. 
Heterogeneity can be in terms of independent 
variable like porous media size or the 
dependent variable, like hydraulic 
conductivity. The complexity of these 
distributions is in direct proportion to the 
extent of heterogeneity. Thus, an already 
heterogeneous aquifer with layers of soil of 
different pore sizes becomes even more 
heterogeneous considering the variable 
distribution of NAPL saturation3.  

Although, significant amount of research 
has been done over past two decades on 
dissolution phenomenon, it has mainly 
focused on homogenous porous media3 

overlooking the effect of heterogeneity on 
the flow, transport, and distribution rates of 
NAPLs in real system. In general, 
heterogeneities will have the following 
effects on NAPL movement in the 
subsurface, (i) increase the size of the NAPL 
contaminated zone, (ii) permit deeper 
penetration into the subsurface due to 
preferential flow along fractures or coarser 
grained layers, (iii) pooling on top of fine 
grained or confining layer. These important 
phenomenons affect the overall distribution 
of NAPL in the heterogeneous system. This 
in turn greatly influences the mass transfer 
rate3. Aqueous flow characteristics affected 
by effective permeability of the system were 
identified as the critical parameter 

influencing the mass transfer at high initial 
NAPL saturation3. 

In the present study, the big notch in 
understanding the effect of localized changes 
in aquifer properties and NAPL saturations 
due to the presence of heterogeneities on 
dissolution rates both at local scale and in 
global scale has been addressed through 
conducting the dissolution experiments with 
varying NAPL saturation ranging from low 
to high initial NAPL saturation. The effect of 
varying darcy flux on the dissolution process 
ranging from low to high velocity has also 
been explored through this study. The 
research findings have been discussed in two 
segments, (i) variation in initial NAPL 
saturation (ii) variation in aqueous flow rates.  

MATERIAL AND METHODS 
Laboratory experiments employing a 

simplified heterogeneous system with known 
NAPL saturation and permeability 
distribution were designed in order to isolate 
the dissolution process from entrapment by 
gravity drainage. 
Construction of 2-D Experimental Cell 

Two-dimensional cell as shown in Fig.1 
was designed to meet the objectives of this 
research. The overall dimensions of this cell 
were 38 cm long by 29 cm high by 7 cm 
wide. The flow cell was designed with 
impervious boundaries at top and bottom to 
maintain, on average, one-dimensional 
horizontal flow. A physical model consisting 
of a rectangular coarse sand lens surrounded 
by finer sand was created within the two-
dimensional flow cell. The dimensions of the 
coarse sand lens were 4 cm long by 2 cm 
high by 7 cm width. The cell was packed 
with fine sand of diameter of 0.5 mm and 
coarse lens was created with coarse sand of 
diameter of 2mm. An array of sampling ports 
was provided within the cell, downstream of 
the coarse lens to measure the aqueous phase 
concentrations at different locations as 
shown in Fig. 1. 
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Fig. 1 : Schematic Illustration of 2-D Experimental Cell 
The sampling port immediately down 

gradient of the coarse sand lens, identified as 
local port was located so that water sampled 
from this port would be comprised primarily 
of water that flowed through the NAPL-
contaminated coarse sand lens. The sampling 
ports above and below the local port were 
used to quantify transverse dispersion 
coefficients. A sampling port called as 
effluent port, that collects the combined 
effluent from the outlets of the cell was used 
to provide an understanding of the effect of 
NAPL dissolution, dilution and transport on 
a larger scale. In order to maintain a uniform 
NAPL distribution in its immobile form 
during the entire dissolution o-Toluidine with 
a density of 1.004 g/cm3 and solubility of 
16,500 mg/l was chosen as the DNAPL. This 
minimized gravity drainage and assured 
uniform distribution of NAPL. The NAPL 
was dyed with Oil-Red-O dye (Fisher 
Scientific) to a concentration of 1 g/l to 
enable visual observation of the presence of 
the organic phase. 

Experimental Procedure 
A known amount of NAPL (o – 

toluidine) was injected (  1ml/min) directly 
into the coarse lens  

where it was retained by capillary forces. 
The initial saturation (Sn= 0.19,  Sn = 0.56, Sn 
= 0.76,   Sn = 0.93) was estimated from 
volume injected.  

 N A P L
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                     …. (1) 

Where, nS   is the NAPL saturation, 
NAPLV is the volume of NAPL, manually 

injected into the coarse sand system and 
Void volumeV is the void volume of the coarse 

sand entrapping the NAPL. Changes in the 
NAPL saturation over the course of an 
experiment were estimated by mass balance. 
After the introduction of NAPL, the 
dissolution experiment was initiated by 
pumping de-ionized water into the cell at a 
flow rate of 20ml/min with an average Darcy 
velocity of 1.47 m/day. Samples were 
withdrawn from the spatial array of sampling 
ports at a rate much lower than the water 
flow rate so that the water flow patterns were 
not influenced by the suction from the 
sampling syringe. The experiments were 
continued and samples withdrawn and 
analyzed until the aqueous phase 
concentrations were reduced to the analytical 
detection limits of 5 mg/l.  

Reactor Dimensions: L = 38 cm; W = 7 cm; H = 29 cm 
 
Coarse Lens Dimension: L = 4 cm; W = 7 cm; H = 29 cm 

Outlet sampling point 

Peristaltic Pump  
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Analytical Method 
Effluent samples were collected and 

analyzed by direct aqueous phase injection 
into a Perkin Elmer Gas Chromatograph 
(Clarus 500) with an auto injector and flame 
ionization detector. The capillary column 
(SGE, BP624) was 60m long with an internal 
diameter of 0.53 mm and film thickness of 
0.03mm. The boiling point of O-toluidine is 
2010C, and optimization study involving the 
initial temperature setting indicated that 
distinct separation of the solvents and 
compound peaks were observable at an 
initial oven temperature of 1900C held up to 
5 minutes .  

RESULTS AND DISCUSSION 
The experimental results have been 

discussed in two sections, the visual 
observation which ensured the pre 

establishment of entrapment phenomena of 
NAPL and the analytical observation which 
describd the dissolution process.   

Visual observations  
Due to the negligible density difference 

between o-toluidine and water, the NAPL 
distribution within the coarse lens remained 
spatially uniform and immobile thereby 
ensuring the transport of single dissolved 
species of NAPL as illustrated in Fig. 2. The 
NAPL O-toluidine is represented in these 
photos as dyed areas. As the time progress, 
there is a clear reduction in the overall NAPL 
saturation throughout the coarse sand area 
and the changing hydrodynamics was also 
evident by the peripheral dissolution in the 
initial times and intermediate dissolution at 
later times as shown in Fig. 2. 

 
Analytical measurements  

Two dimensional cell experiments were 
conducted to better quantify experimental 
results and provide visual observations of the 
dissolution process. The experiments were 
designed to isolate processes controlling the 
dissolution of high saturations of NAPL 
entrapped in the coarse sand. In addition to 
isolating these processes, the methodologies 
employed in this set of experiments enabled 
more precise quantification of the initial 
NAPL saturation in the system. The 
dissolution experiments were conducted for 
various experimental conditions to explore 
the influence of various initial NAPL 
saturation and varying aqueous flow rates on 
the overall dissolution process.  

Variation in initial NAPL saturation  
The experimental data presented in Fig.3 

quantify the number of pore volumes 
required to reduce aqueous phase 
concentrations to orders of magnitude below 
their equilibrium concentrations. To satisfy 
aquifer cleanup standards, however, much 
larger concentrations reductions are typically 
required. NAPL dissolution processes in 
heterogeneous media can be predicted based 
on the knowledge of the system 
hydrodynamics and thermodynamic 
equilibrium relationships3. Experiments were 
conducted to test this assumption and 
evaluate the effect of initial NAPL saturation 
on changing system hydrodynamics.  

 

 
 

Fig. 2 : Photographs illustrating the pattern of O-toluidine dissolution. 
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Concentration measured near the 
contaminated source zone 

Data from the dissolution experiments 
can be presented as a plot of aqueous phase 
concentration versus dimension less pore 
volumes of water pumped through the 

reactor. Here a pore volume is defined as the 
total void volume of the reactor. 
Experimental results presented in Fig. 3 
illustrate the overall impact of the 
heterogeneous packing on the time required 
to dissolve NAPL. 

Fig. 3 : Concentration Profile Measured at Local Port  
The Local Equilibrium Assumption 

(LEA) specifies that the solute concentration 
in the aqueous phase in the direct vicinity of 
the NAPL source can be described by the 
thermodynamic equilibrium relationship. 
During the early phase of each experiment, 
effluent concentrations remained near their 
equilibrium concentration and dropped 
rapidly before 5 pore volume except for  
Sn = 0.93. As postulated in the previous 
dissolution experiments available in 
literature, a longer time was required to 
completely dissolve NAPL in experiments 
with a high initial NAPL saturation. The 
reduced effective permeability due to the 
higher NAPL Saturation results in two 
significant changes in the effluent 
concentration profile; there is a longer period 
of relatively constant concentration at the 
beginning of the experiment, and, 
significantly longer period of time is required 
to dissolve the greater mass of NAPL. Long 
cleanup times required for the coarser sand 
attributed to the limited surface area 

associated with the large blobs entrapped in 
this sand.  

A possible explanation for these 
observations is a greater extent of bypassing 
of water around the NAPL contaminated 
region because of its initially lower effective 
permeability. Water flowing through this 
region would reduce the average NAPL 
saturation over time as dissolution occurs 
thus increasing the relative permeability and 
the fraction of water flowing through this 
region. In addition some dissolution would 
be expected to occur around the periphery of 
the coarse sand lens because of transverse 
dispersion. Dissolution of pure phase NAPLs 
also indicate that interphase mass transfer 
become rate limited after NAPL saturations 
are substantially reduced. It is in this period 
of the dissolution of NAPL from low residual 
saturation that may limit remediation efforts 
based on interphase mass transfer process. 
From Fig. 3, it is evident that rate limited 
behavior presumes instantly during 

Concentration Profile measured at Local Port
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dissolution for initial NAPL saturation of Sn 
= 0.19. The increase in the net flux of species 
was due to the more flow through the region 
with the increase in relative permeability of 
water phase. Complying with the 
thermodynamic equilibrium theory, the 
dissolution process at initial NAPL saturation 
of Sn = 0.56 and Sn = 0.76 had a very short 
equilibration time of less than 5 pore 
volumes and thereafter exhibited rate limited 
behavior. Little longer equilibration time 
observed i.e., after about 10 pore volumes 
was natural for high residual initial NAPL 
saturation of Sn =0.93 because of the greater 
mass of NAPL in the system.  

Concentration measured at the down 
gradient of contaminated source zone 

Typically, the concentration profile at the 
outlet shows an initial rise and then a gradual 
decline with tailing concentrations. Different 

mechanisms have been proposed by different 
researchers to explain this phenomenon.. The 
concentrations would average over a larger 
area causing the mass transfer process to be 
rate limited. The observed reduction in 
effluent concentrations over time can be 
explained by the reduction in NAPL mass 
retained within the porous medium and the 
corresponding decrease in total surface area 
across which the mass transfer takes place. 
Results of the experiments indicate that 
interphase mass transfer rates becoming rate 
limited after NAPL saturations are 
substantially reduced. It is in this period of 
the dissolution of NAPL from low residual 
saturations that may limit remediation efforts 
based on interphase mass transfer processes. 
From Fig.4, the initial outlet concentration 
corroborates with the theoretically calculated 
concentrations based on flow balance and 
equilibrium assumptions.  

Fig. 4 : Concentration Profile Measured at Outlet Port 
It deviates from the expected trend at 

intermediate stages where we expected the 
concentrations to increase due to increase in 
relative permeability and hence increased 
flow through the coarse lens. No distinct rise 

in the concentration curve was observed for 
all experiments except at Sn = 0.93. 
Alternatively, a more stable concentration 
plateau was obtained until the point of rate 
limited behavior. In the later part of the 

Concentration Profile measured at Global Port
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concentration profile, NAPL concentrations 
at the outlet showed a similar rate limited 
trend usually observable at later times of the 
experiments and were comparable with the 
previous studies3. 

Variation in Aqueous Flowrates 
The concentration profile for varying 

flowrates measured at both local and global 
port is shown in Fig. 5. 

The concentration profiles measured at 
local sampling port and global sampling port 
revealed that higher darcy flux (3.0 m/d and 
6.0 m/d) along the NAPL water interface 
reduces the mass flux thereby reducing the 
equilibration time. The concentration 
measured at the local port was in compliance 
with the above theory postulated in the 
literature as shown in Fig. 5.  

This reduced mass transfer effect was 
carried over the downstream zone (Fig. 5) in 
which no distinctive rise was observed at the 
outlet port. This may be attributed to the 
increased dilution of contaminated water by 
increase in darcy flux in the downstream. 
This finding was crucial in identifying the 
optimal aqueous flow rates required in any 
flushing technique while remediating the 
groundwater contaminated with NAPL.  

CONCLUSION 
A varied set of experiments were 

conducted to analyze the influence of initial 
NAPL saturation and aqueous flowrates on 
the overall dissolution process. Two critical 
findings which emerged out of these 
experiments were, (1) the critical NAPL 
saturation governing the equilibration time 
was independent of the scale of observation, 
(2) changes in the darcy flux in a 
heterogeneous system significantly 
influences the mass flux across the NAPL – 
water interface thereby controlling the 
equilibration time. The other critical 
parameters influencing the overall 
dissolution phenomenon4 needs to be 
explored explicitly for the heterogeneous 
system which is in close proximity to the 
field conditions than the homogenous 
system.   

 
Fig. 5 : Concentration Profiles at various aqueous flow rate 
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