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ABSTRACT

Dense non-aqueous phase liquids (DNAPLs) are considered as priority pollutants in groundwater
systems due to their low solubility and high toxicity even at low concentrations. The impact of their
accidental release is irreversible as they mix with groundwater through dissolution such that com-
plete remediation of the aquifer is nearly impossible. In this paper, the current status of research
and recent developments in the experimental, analytical and mathematical approaches to study
the dissolution of multi-component DNAPL compounds in the saturated, homogeneous/hetero-
geneous porous media are summarised. It is observed that most of the earlier investigations have
been confined to single-component dissolution either in lab-scale or in-situ studies. The existing mass
transfer correlations are insufficient to estimate the dissolution rate of DNAPLs in a multi-compo-
nent system where the velocity and non-aqueous phase liquids saturation are differently influ-
enced by the aquifer heterogeneity. Considering the variability in the distribution pathways, a real-
istic quantification of the morphology and surface area of DNAPLs is quite challenging. Based on
the insights from the recent literature, it is envisaged that a combination of solubility enhancement
and remobilisation techniques can be further expanded to optimally remediate the contaminated
sites.

Keywords: Aquifer remediation; Dissolution; Effective solubility; Mass transfer; Multi-component

DNAPL; Raoult’s law

1. Introduction

Contamination of underground water resources by
accidental spills or leaks of non-aqueous organic liquids is
a common problem observed in most countries. Though
non-aqueous phase liquids (NAPL) generally do not mix
thoroughly with water, most of the NAPLs of concern are
partially miscible and soluble in water [1]. It is of grave con-
cern due to the long-term chemical activity of components
in the subsurface environment giving rise to potential health
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hazards for human beings. Dictated by the pertaining hydro-
geology, these compounds reach the saturated groundwa-
ter aquifers through infiltration, where, depending on the
density, they may prefer to stay at the water table (and light
NAPL pools, for example, petroleum products) or at the
bottom of the aquifer or any low-permeable strata (as dense
NAPL pools, for example, chlorinated solvents) [2,3].

In order to understand the extent of groundwater con-
tamination issues by NAPLs and to suggest/evaluate suit-
able remediation plans, it is important to understand the
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typical hydro-geo-chemical nature of the NAPL compounds
in the heterogeneous subsurface environment. One of the
basic characteristics that determine their fate and transport
in the saturated porous/fractured media is the aqueous sol-
ubility (at equilibrium) where the potentially soluble mass
is partitioned through dissolution. The phenomena of NAPL
dissolution have captured the attention of many hydrogeol-
ogists across the world during the past few decades and a
considerable number of theories and models are developed
distinctly to address various types of complexities in eval-
uating the interphase mass transfer conditions [4-7]. The
basic disparity among the approaches is, however, attributed
to the status of mass transfer, where an equilibrium condi-
tion can be expected only when there are no obvious lim-
itations for dissolution mass exchange [5-9]. On the other
hand, the kinetic (rate-limited) approach is mostly preferred
when the NAPL is present in discontinuous blobs or trail-
ing away from the spilled pool source [10-12]. Therefore,
a conceptual model for a fair geometrical representation
of NAPL distribution in the subsurface in inevitable to
discuss further on the dissolution mechanism (Fig. 1).

As seen in Fig. 1, the amount of spill, the extent of spread,
the quantum of pooling and the residence time of any NAPL
compound can influence the dissolution mass transfer,
which also depends on a number of inherent physico-chem-
ical characteristics of the compound, such as solubility, den-
sity, temperature, viscosity, volatility etc. (Table 1). Most
of the spills are associated with multiple NAPLs together,
causing them to compete among themselves for effective
mass transfer. The equilibrium aqueous concentration of a
particular NAPL thus obtained is termed as effective solu-
bility, which depends on its mole fraction in the mixture of
NAPLSs present together.

The literature to-date shows that most of the theoretical,
as well as experimental research is focused on single-com-
ponent dissolution systems, considering the NAPL as a sin-
gle entity. For modeling the transient dissolution, most of
the widely used correlations use NAPL saturation as a sur-
rogate for the surface area since it was difficult to measure
the surface area experimentally [24,25]. As the NAPL front
travels along some preferential pathways, the residual satu-
ration results in dissolution fingering along those paths that
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Fig. 1. Schematic representation of NAPL partitioning and distri-
bution in the subsurface.

may control the overall rate of dissolution [14]. The problem
is further complicated when there are multiple compounds
having significant differences in their mole fraction, allowing
those compounds having better partitioning coefficients to
preferentially dissolve at a faster rate. However, the overall
rate of dissolution in such cases will be limited by the rate
of the slowest (significant) compound in the NAPL mixture.
It is therefore obvious to consider that NAPL is not a single
entity but is composed of many phenolic and polyaromatic
hydrocarbons, as in the case of creosote [15]. However, as
far as the mas transfer phenomena are concerned, very
little emphasis has been given to the multi-component
dissolution studies in the earlier literature.

The necessity of preparing this review was understood
by conducting a literature survey using the SCOPUS sur-
vey tool with “NAPL” and “Dissolution” as keywords.
There were only about 442 articles published between the
year 1990 to 2021, which include review papers, research
articles and book chapters. There are no recent review arti-
cles focusing on dissolution of multi-component NAPLs.
Also, it is to be noted that the concept of dissolution is not
limited to environmental engineering but has been stud-
ied in various other domains such as chemistry/chemical
engineering, earth and planetary sciences, agricultural and
biological sciences (Fig. 2).

From the literature, it is evident that limited studies have
addressed the problem of multi-component dense non-aque-
ous phase liquids (DNAPL) dissolution during the recent
past decades, despite the advancements in computational
and analytical tools. Considering this research gap, the pres-
ent article aims to discuss recent investigations to update
our understanding of multi-component DNAPL dissolution.
The following sections/review will sequentially emphasis
the (i) limitations in initial approaches, (ii) advancements in
estimating effective solubility, (iii) solubility enhancement
techniques, (iv) combined effects of DNAPL dissolution
with degradation and (v) development of analytical solu-
tions for mass transfer models.

2. Conceptual models of DNAPL dissolution
2.1. Dissolution of single-component DNAPL

Several earlier studies on single-component NAPL dis-
solution are based on a simplifying assumption of a steady
source at a constant equilibrium strength [16]. Siegel and
Pfannkuch [17] derived one of the first empirical mass trans-
fer correlations for dispersed oil globules in typical porous
media based on experimental data [18]. Most of the earlier
studies on NAPL dissolution models were based on concepts
of idealized spheres and cylinders in packed bed columns.
Many researchers have proposed correlations between the
heat transfer coefficient (HTC) and its similar mass transfer
coefficient (MTC) and Peclet number (Pe) [16,17]. NAPL dis-
solution study has been modelled as isolated spheres that
shrink with dissolution as explained by “Two-Film Theory”
as represented in Fig. 3 [22,23].

A few researchers have derived correlations for equi-
librium NAPL dissolution using dimensional analysis
and experimental data to choose the model, which is also
widely used in other studies [19-21]. In the case of DNAPL,
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Table 1
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Important physical and chemical properties of some of the common NAPLs

S. Compound

Solubility@25°C ~ Density@20°C  Molecular mass

Solvent-water partitioning ~ References

No. (mg/L) (g/cc) (g/mol) coefficient (<)
DNAPL
1. Tetrachloromethane 810 1.590 153.82 2.83 [2]
2. Trichloromethane 8,090 1.490 119.38 2.49 [3]
3. Dichloromethane 19,800 1.330 84.93 1.25 [2]
4. Chlorobenzene 500 1.11 112.56 2.64 [4]
5. Trichloroethylene 1,099 1.463 131.4 2.51 [5]
6. 1,1,2-Trichloroethane 1,554 1.34 133.4 2.48 [6]
7. Phenol 82,800 1.07 94.11 1.46 7]
8. Naphthalene 30 1.14 128.17 3.30 [8]
LNAPL
9. Benzene 1,640 0.877 78.11 2.13 [9]
10.  Toluene 520 0.867 92.14 2.75 [10]
11.  Ethylbenzene 184 0.86 106.17 3.14
12.  p-Xylene 171.1 0.89 106.16 3.17
13.  m-Xylene 106 0.86 106.16 3.20 [11]
14.  o-Xylene 180 0.88 106.16 3.13
15. 1,2,4-Trimethylbenzene  65.4 0.87 120.19 3.67
16. 1,3,5-Trimethylbenzene  48.2 0.87 120.19 3.66
17. 1,2,3-Trimethylbenzene 60 0.90 120.19 3.67
18.  Styrene 300 0.909 104.15 3.67
19.  3-Ethyltoluene 40 0.90 120.19 2.95 [8]
20. Indene 20 0.997 116.16 6.70
21. 2-Methylindene 20 0.971 130.19 3.42
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Fig. 2. Application of the concept of NAPL dissolution in diverse fields of study.

say trichloroethane (TCE), a similar approach has been
employed to model the partitioning into various surround-
ing phases such as soil, air, water, suspended solids, biota,
and sediments [22].

Under equilibrium conditions, the pure phase NAPL
dissolves from the available pool of mass to the accompany-
ing groundwater completely up to the limit of its aqueous

phase solubility (which is a function of temperature). The
resulting aqueous phase concentration can be expressed as:

C =K C

a ow sat

)

where C, is the aqueous phase concentration (ML), C_ is the
saturated concentration (at equilibrium partitioning) of the
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compound (ML?), and K, is the organic-water partitioning
coefficient.

However, suppose there are any constraints on the mass
transfer. In that case, the dissolution becomes rate-lim-
ited, and the interfacial area becomes reduced, resulting
in a reduction in NAPL saturation in the available pore
space. A first-order expression can be used to represent the
kinetics of dissolution:

R:lliss = Kr\w (Csat - Ca) (2)

where R is the mass transfer rate (ML>-T™), and K __ is the
transient dissolution mass transfer coefficient from the
non-aqueous phase to the aqueous phase (T™).
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Fig. 3. Mass transfer zones for NAPL dissolution using two-film
mass transfer model [6].

Water Molecule
NAPL Molecule

As evident from the mechanics of mass transfer, one part
of NAPL molecules dissolves in the aqueous phase while
another part of water molecules dissolves in the non-aque-
ous (organic) phase. Due to the hydrophobic nature of the
NAPL molecule, the dissolution is retarded. Fig. 4 could
depict the dissolving process of a single-component NAPL
in water, represented as solid brown circles and blue circles,
respectively in a closed system.

Understanding the mass transfer process when the
NAPL flows through a saturated heterogeneous porous
media is an intricate process [23]. The fate of NAPL within
the porous media involves the following crucial mecha-
nisms such as (a) solute advection, (b) dissolution mecha-
nism and (c) solute diffusion/dispersion. When water flows
through the saturated media, a non-equilibrium state tends
to occur due to the dilution effect, resulting in further NAPL
contamination. To retain the equilibrium state of the solu-
tion, some of the entrapped NAPL mass dissolves into the
water. Further, while the dissolved NAPL is transferred
from one place to another, the advection front of water will
influence the dissolution, making it a key mechanism of the
system. The mechanism of NAPL dissolution serves two
roles in the overall NAPL mass transfer. First, the mecha-
nism causes a reduction of NAPL, and second, it increases
the dissolved concentration throughout the flow pathways.
The former role could aid in removing NAPL from porous
media, while the latter would increase the permeability of
the media. Further, there is a third step, where solute dif-
fusion/dispersion occurs to migrate NAPL from higher
concentration regions to lower concentration regions. In a
nutshell, NAPL dissolution is driven by a combination of
advection components and dispersive components [24].

2.2. Dissolution of multi-component DNAPL

A more realistic approach is the consideration of mul-
tiple NAPL compounds being simultaneously available
for interphase mass transfer. According to Raoult’s law,
the effective solubility of each component in the mixture
depends on the available mass (or mole fraction) and its
pure phase solubility. Multi-component NAPLs are organic
liquids containing more than one chemical entity possessing
similar/dissimilar chemical properties. A multi-component

Fig. 4. Schematic representation of single-component NAPL dissolution.
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batch system is shown in Fig. 5, where the solid circle with
purple (say A) and brown colour (say B) represents two
different NAPLs while the solid blue (say C) represents a
water molecule. A similar investigation on multi-compo-
nent NAPL dissolution can be carried out in continuous
flow system as shown in Fig. 6 [25,26]. During the process
of dissolution, both NAPLs tends to behave ideally (follows
Raoult’s law) if component A and B possess similar chemi-
cal structure, as observed by Banerjee (1984) and the same
was referred to by Chrysikopoulos and Lee [27]. A sum-
mary of the research studies based on the dissolution using
Raoult’s law (Table 2).

On the other hand, if A and B have dissimilar struc-
tures and specific mole fractions, the dissolution phenom-
ena observed are non-ideal [32,33]. Some other reasons for
the non-ideal nature could be attributed to the difference in
molecular structure, polarity, and molar volume [26,34]. This
non-ideal nature of the component in a mixture of NAPL is
generally represented by an activity coefficient term [35]. It
is a dimensionless correction term coefficient where higher
deviations in their values from unity imply higher non-ideal
behaviour [14].

Under equilibrium conditions, the effective solubility of a
component in a DNAPL mixture can be expressed as:

C., =Co X (3)

sat; ‘>,
where C_° is the pure phase solubility of compound ‘i’
in the aqueous phase (ML?) and X is its mole fraction in
the non-aqueous phase (-).
The aqueous phase solubility is also a function of relative
chemical activity of the individual component.

0,,0

X;U — stzls (4)

¥s

where g represents the activity coefficient, o represents
non-aqueous, w represents aqueous phase, and the letter s
represents pure, single-component NAPL. As the contri-
bution of water molecules dissolving in the NAPL phase is
very insignificant, the second term, the numerator of Eq. (4),
approximately equals 1.

‘Water Molecule
NAPL Molecule-1 @
@ NAPL Molecule-2

Mulﬁcom;ﬁ'i@n‘t S gl
NAPL

As observed by Banerjee (1984), NAPL with low solubil-
ity in groundwater depicted the most negligible interaction
with other NAPL components and hence was unaffected by
the presence of co-solute, which makes the NAPL dissolu-
tion ideal. Schwarzenbach found that only 0.008% of mol-
ecules of n-octane participated in the dissolution process
at equilibrium, causing the solvent least interacting with
water molecules [28]. The activity coefficient of individual
elements in multi-component NAPL mixtures composed of
distinct components can be estimated using the UNIFAC
model [35].

cr=C,, Xfyf(xg) ()

The equation for NAPL in which the components are com-
posed of chemically similar structures can be generalized.

(I
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Fig. 6. Schematic representation of multi-component DNAPL
dissolution in column studies.

Fig. 5. Schematic representation of multi-component DNAPL dissolution.
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Table 2
Summary of the works related to Raoult’s law

NAPL used Findings References
Phenanthrene; naphthalene Predicted and experiment data of dissolution followed Raoult’s law. [7]
TCA; TCE Dissolution of mixture of NAPL followed Raoult’s law. In other words, ideal [28]
behaviour of solution was observed with increase in mole fraction of NAPLs
and hence following Raoult’s law. The study fails to consider changes in
activity coefficient while calculating activity coefficient.
BTEX; petroleum hydrocarbons A linear relationship was found to exist between the deviations in aqueous [29]
concentrations and activity coefficients from their Raoult’s law-based values
for all compounds.
Methyl tert-butyl ether (MTBE); MTBE dissolution followed Raoult’s law. Measured activity coefficient for [30]
BTEX benzene in BTEX deviated from Raoult’s law.
Creosote residual amounts Non-equilibrium approach is more suitable. [15]
Toluene/benzene ethylbenzene/ Ratio mass estimation (RME) was used instead of Raoult’s law model. [31]

toluene; ethylbenzene/benzene

Cr=C,X/ (6)

However, such simplifications in case of a complex mix-
ture of petrochemicals can result in errors in estimating
effective solubility up to two-folds (Feenstra 1990). In case
of transient dissolution, the resulting aqueous concentra-
tion also depends on the resistance offered by film at the
interface as well as the composition of NAPL [36].

In such cases, residual saturation will come into the pic-
ture. This represents the multi-component scenario, as all
the compounds can occupy the same pore volume defined
by the residual saturation. Nonetheless, the change in mole
fraction influences the effective solubility as well as the
remaining mass distribution in the NAPL phase, which in
turn affects the dissolution mass transfer coefficient. It is
moreover important to realize that effective solubility can be
an active function of time-dependent mole fraction. Hence,
the temporal change in concentration can be expressed:

i—_FX, (7)

where C, is the concentration of component ‘7', F  is the
flow rate, and X is the mole fraction.

In support of these assumptions, some studies are dis-
cussed. The concentration of 1,1,2-trichloroethane (TCA)
in a mixture of TCA and TCE was found to be less, which
is directly proportional to the difference in their solubili-
ties [42]. A similar investigation was conducted by Lee and
Chrysikopoulos [28] using a semi-analytical procedure. Lee
and Chrysikopoulos [33] studied the combined effect of
transport and pool dissolution of multi-component DNAPL
in a stratified porous (heterogeneous) media. They con-
sidered a layer of sand over the clay to resemble an aqui-
fer layered with an aquitard. The activity coefficient was
observed to increase with a decrease in mole fraction. The
concentration of tetrachloroethene (PCE) increased gradu-
ally while that of 1,1,2-TCA decreased due to the difference
in their effective solubility values. It is also reported that the

distribution of NAPL is greater in statistically anisotropic
subsurface formations than in saturated subsurface (only
sand) formations of homogenous properties.

In case of multi-component light NAPLs such as ben-
zene, toluene, ethylbenzene, xylene (BTEX), tracking one
compound has helped in interpreting the history of other
compounds though the interpretation is complicated. The
results from the study can be used to generalise the process
of dissolution for various hydrophobic organic compounds
present in a multi-component NAPL [37,38].

Dissolution characteristics of an ideal ternary NAPL mix-
ture demonstrated the relative importance of the mixture’s
internal and external mass transfer resistances and ideal-
ity on multi-component NAPL dissolution at the pore and
intermediate scales. Vasudevan et al. [29], investigated the
effect of compositional heterogeneity on the multi-compo-
nent NAPL dissolution and inferred the unique role of the
bulk compound (filler) in driving the non-ideality.

Brahma and Harmon [6] the ideal behaviour of the
mixture of NAPL was studied for TCE, PCE and TCA.
The investigation made use of a diffusion-based dissolu-
tion model based on hydrodynamic theory. This approach
demonstrated intra-NAPL diffusion coefficients for ideal
and non-ideal ternary solvent examples. The results of the
study indicate that the hydrodynamic approach was more
applicable to chlorinated organic solvents (DNAPLs). The
most significant effects of non-ideality were observed for
more soluble components, that is, when considered as an
ideal mixture. These components (TCE and TCA) can be dis-
appeared from the NAPL pool more slowly in the diffusion
model simulation, whereas while including the non-ideality,
the TCE and octanol were able to disappear more quickly.
It is important to note that these simulations employed
unrealistically large and impenetrable blobs to exploit the
potential importance of hydrodynamic diffusion. Thus,
the differences in dissolution times are over-estimated in
the realm of NAPL residual but may represent the magni-
tude of the anticipated effect [6]. A summary of the research
studies based on the experimental as well as analytical
tools is provided herewith (Tables 3 and 4).
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Table 3
Short summary of experimental studies on single and multi-component dissolution
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S.  NAPL type Model type or Experimental conditions/ Major findings References
No. method expressions/assumptions
Single-component studies
. A new mass transfer relation as a power law
Entrapped residual . .
. L . function of Peclet number and the remaining
. Residual/dead-end blobs (gravity fingering),
1. Trichloroethylene . . L. mass percentage was successfully matched [39]
pool dissolution ~ pooling in a dead-end
to the Sherwood number. The lesser mass
fracture .
transfer could be due to low porous media.
Mass transfer coefficient (K,) has a positive
Steadv-stat 3D fractured-rock net-  and significant relation with NAPL-water
eady-state
2. Tetrachloroethylene . y . work, ambient ground-  interfacial area and NAPL saturation. Sim- [40]
dissolution e . . . .
water condition ilar correlations were found for dissolution
carried out in porous media.
The heterogeneous 1D source model was
. validated with the data from column exper-
Heteroge- Column study: inner . .
. . iments. The developed model was relatively
3.  Trichloroethene neous-source diameter: 2.1 cm; . L. . [26]
feasible and successful in simulating mul-
model length; 7 cm . . . .
tistage dissolutions as observed in column
and flow cells set-up.
. Dissolution increased with higher veloc-
Column study: inner . . 9.
. ity and reduced with greater initial MTBE.
Methyl tert-butyl diameter: 3.8 cm; .. . . .
4. 1D model . Smaller the grain size, higher the dissolution [41]
ether length: 40 cm, velocity: . 7 .
. rate. The rate of dissolution is prolonged in
3-4 mL/min .
the presence of trichloroethylene.
Dissolution, partition and degradation
. . of DNAPL were considered. The devel-
. . Coupling of disso- . . .
Tetrachloroethene;  Simulation . . oped framework is suitable for combined
5. . . lution, sorption and . . [42]
trichloroethene analysis . . effects of 3 reactive transport mechanisms
biodegradation L -
and for designing the remediation of the
contaminated site.
Multi-component studies
A numerical model with a variable activity
Phenanthrene; coefficient was developed (by following the
naphthalene; mass balance equation and Raoult’s law).
phenanthrene; Continuously . The actual and predicted profiles of solutes
. Single-compound; . .
1.  2,3-benzofuran; stirred flow- . in the aqueous phase were quite similar. [7]
multi-compound § . .
phenol; m-cresol; through reactor Raoult’s law assumption did not hold good
1-naphthol; phe- for a multi-component system. The numer-
noxathiin ical model is useful for measuring activity
coefficients in complicated organic mixtures.
A few elements of creosote reached equi-
librium in a shorter duration following
Inner diameter: 1.0 cm;  Raoult’s law. To consider complete dissolu-
. Physical and length: 9-15 cm; velocity: tion of creosote, water to creosote volume
Industrial creosote . . . o .
2. . mathematical 3-4 mL/min; contact ratio was supposed to be which is quite [15]
residual-PAH . ) .
model time; groundwater higher. Due to a very high value of water/

velocity

oil ratio (greater than 2,70,000), water flush-
ing cannot be recommended as an economic
remedial measure.

Table 3 (Continued)
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S.  NAPL type
No.

Model type or References

method

Experimental conditions/ Major findings

expressions/assumptions

BTEX; trimethyl-
benzene (TMB)
isomers of LNAPL

Creosote

Methyl tert-butyl
ether (MTBE);
BTEX

Benzene;
trichloroethylene;
chloropropane;
toluene

Trichloroethylene;
perchloroethylene

BTEX

Multi-component  Fresh, weathered, and

solution model synthetic gasoline

Analytical model .
. Fractured environment;
coupled dissolu- .
. . spatially homogeneous
tion with phase
source
transport

Batch and column
1D laboratory L .

studies; inner diameter:
model

4 cm; length: 19 cm

2D dimensional
FEM (extended
multiphase flow

Assumption: Local
chemical equilibrium
Gas pressure gradient:

model) Negligible

Analytical model
inn;gsljjf;;o ¢ Column study (silica
. sand and alkali sand)
media

Numerical model
Homogenous and
and low order . )
. isotropic groundwater
spatial moment

. flow
analysis

In the research, the effect of compositional
change of NAPL (fresh, weathered, and
synthetic gasoline mixtures) on the activ-
ity coefficient was investigated. The fresh
and weathered gasoline had an activity
coefficient between 1.0 and 1.2, depicting
slight ideal behaviour.

Amodel on dissolution of components of cre-
osote coupled with transport was developed
and was studied using the analytical solution
and Laguerre series. The constituents of cre-
osote have varied dissolution and diffusion
property, for example, phenol (8.70 x 10* g/
m®) and polycyclic aromatic hydrocarbons
(PAH) (2.54 x 10' - 3.14 x 10" g/m?). The
model is most applicable to screening-level
calculations.

The observed NAPL followed equilibrium
dissolution behaviour over a concentration
range of four to five orders of magnitude. The
requirement of pore volume increased three
times to reduce the MTBE concentration to
less than 100uL. Raoult’s law assumption for
methyl tert-butyl ether (MTBE) in gasoline
mixture holds good.

The mass transfer rate and fluid density
updating have the most negligible impact
during highly transient migration periods.
simulations, cumulative
the
volatilisation to the gas phase account for

For long-term

dissolution to water phase and
more significant proportions of the total
mass.

Dissolution of TCE and PCE possessing
high and low solubility was carried out in 5
sand-packed column setups. TCE and PCE
reached 600 and 110 mg/L on 40th day, which
is less than their saturation concentration.
This may be due to the dominant dilution
effect, differential hydrophobicity, and
density. The analytical model was in good
agreement with the experimental data.

that

sorption retards the dissolution of BTEX

Spatial moment analysis shows
and, mostly, on benzene and toluene due to
their higher solubility. There is an influence
of aerobic degradation in dissolving
BTEX and transport during the early
stages. The temporal distribution shows
that the concentration profile on BTEX
reduced in the presence of sorption and
biodegradation, which can be considered as

interaction factors.

[32]

[43]

(30]

(44]

(45]

(46]
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3. Limitations on the initial approaches of single and
multi-component DNAPL dissolution studies

Most of the DNAPL spills are remote, and it becomes
difficult to study the dissolution which is due to the het-
erogeneity of the strata. In addition, the assumption of

Table 4

local equilibrium being invalid for varied conditions [53].
A similar instance was found in a study where transport
and dissolution of 1,2-dichloroethane (1,2-DCA) were sim-
ulated in a 2D sandbox apparatus. In this study, the size of
the box failed to replicate the scale of the field, resulting in
a limiting correlation from the lab-scale experiment to site

Short summary of analytical/numerical studies on single and multi-component dissolution

S. NAPLstudied Modelused Experimental Equations developed Findings and inference References

No. conditions

Single-component Studies

Trichloro- Empirical
ethylene model

Conceptual
P Fractional wet-

tability, porous

thyl driving f
ethylene riving force ..~

model)

Laboratory
1,3,5-Trifluro- scale: Sher-

land model

Sc — Schmidt number reduction and more

NAPL saturation
reduced from 24.5% to
9.5% in 10 h. After 10 h
of a continuous water
flow, most blobs disap-

Non-destruc- 2D micromodel: Sh = 1.98-Re®” peared, as seen in the
tive visualiza- 3D packed bed: Sh = 11.06-Re®* 2D image and the could [47]
tion technology Sh — Sherwood number be due to dissolution.

MTC was higher for
the packed-bed system
than the micromodel
due to the inherent pore
structure.

Increased tetrachloro-
ethylene wet sand frac-
tion results in extended
dissolution. This was
followed by increased

Tetrachloro- model (linear Sherwood number: Sh = 1.15-Re%®* rates of concentration

[48]

persistent  subsequent
low-concentration
tailing. The proposed
model required addi-
tional data input.

Relative behaviour
of the five models is
demonstrated to be
dependent on  sys-
tem and source zone
features. Through
theoretical analysis,
comparing Sherwood-

KX -d? Gilland type models to [49]

benzene wood-Gil- Sherwood number: Sh{, = ——=

D* a process-based, ther-
modynamic  dissolu-
tion model, it is shown
that the coefficients of
the Sherwood-Gilland
models can be related
to  measurable soil
properties.

Table 4 (Continued)
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Table 4
S. NAPLstudied Modelused Experimental Equations developed Findings and inference References
No. conditions
Mass exchanged per unit time per Dependency on soil
unit volume between the NAPL and  wettability and the
aqueous phases can be expressed as: spatial distribution
-0(eS is-
P ) B (ar, +pac,) ©f NAPL. Large di
ot tribution  results in
) k_, — Film mass transfer coefficient; faster dissolution due
MISER (Mich- 2D, 3D phase A —NAPL-water interfacial area

igan soil-va-

model, inter-

to increased access to

e porentaction meciateand - Napl ot merncnt | OEE B0
remediation) = strong wetta- 55 per unit volume (continuous
model bility condition NPy, phase);
C, - Equilibrium solubility
concentration;
o and B — Parameters to account
for fraction of the interfacial
area is exposed to mobile water
Multi-component studies
Mass  transfer rate
coefficient is directly
Velocity, proportional to the
Organic pollut- Phenomeno- ]:,)NAPL satura- Sherwood number aqueot.ls phase V,EIOGFY'

1. ant (lab study)  logical model Flon (coTlstant), Sh' = 12 Re%. g0 . 505 There is no r.elat.lonshlp [21]
interfacial area, " between grain size and
porous media a parameter as a surro-

gate measure of NAPL
distribution.
The non-ideal mixture
results in significant
2D model, mass loss during dis-
Trichloroethene; Diffusion ternary NAPL, oM, kA (C* —c“) solution due to the
5 tetrachloro- model with pore-scale ot fooe\ T increased effective solu- (6]
ethene; 1,1,2-tri- spherical blob and interme- M, = Mass of NAPL; bility of its components.
chloroethane surface diate-scale K = Mass transfer coefficient; The dissolution time
experiments remained almost the
same for the ideal com-
bination.
The proposed correla-
tion can be used to
assess non-aqueous
phase liquid (NAPL)
Hydroflu- 2D-tank DNAPL satura- Relationship between Sherwood dISS(.)lutIOI’I rates - over
. . , a wide range of satu-
3. oroether reconstructed tion, hydraulic number and Reynold’s number. ration (residual and [51]
(HFE-1700) aquifer condition Sh= (1~Re[31'5m[32-ReB2-(P/A)B3-IV[34 . .
E non-residual) condi-

and different
aqueous phase veloc-
ities within the NAPL
source zone.

tions

Table 4 (Continued)
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Table 4
S. NAPLstudied Modelused Experimental Equations developed Findings and inference References
No. conditions
This modified model
can accurately pre-
dict the dissolution of
microdroplets for the
ethyl acetate/butyl ace-
tate and butyl acetate/
Assumption: aTnyI acetate te,}./stems,
S given the solubility and
Ethyl acetate/ Two-chamber Approximation . . .
. . e diffusion coefficients of
butyl acetate micropi- of reduced sur- Mass flux individual component:
4. each pure component [52]
Butyl acetate/  pette-based  faceareaand  dm 1 1 . L
—t=A Dv(c, —c ) —+ in water initial droplet
amyl acetate method homogeneous dr NS R D IaDt

mixing (ideal)

radius. The
tion of microdroplet

dissolu-

(multi-component
NAPL) was in good
agreement with mod-
ified
model. However, model

Epstein—Plesset

fail for macro-droplets.

conditions [54]. Further, when in case of a saturated porous
media, if the degree of saturation of NAPL is low, it is dif-
ficult for a NAPL capillary pressure-saturation model to
describe the intrusion and emission behaviour of NAPL
[55]. Accordingly, the model needs to be upgraded by con-
sidering transition phenomena in the system. Based on
this update, a new concept which describes the relation-
ship between capillary pressure and degree of saturation
was developed [56]. In a study investigated by Fortin et al.
[112], the dissolving sphere model described the removal
of NAPL from the subsurface by conventional technologies
is difficult. Therefore, to address this issue, a mathematical
technique referred to as the multiple analytical source super-
position technique (MASST) was developed. The approach
is computationally efficient for a uniform flow condition.
However, the major limitation here is that real-time sce-
narios are much more complex than what is accounted for
in the system [57].

Considering an equilibrium model is quite easy to use
and can account for every NAPL mass but fails to account
for heterogeneity (physical/chemical) by mass transfer lim-
itation causing tailing. Moreover, while considering the two-
site model, the limit could be that it can partially complement
with mass transfer limited region. Further, the multi-site
model, where only one coefficient is considered for each
site, needs optimization by considering many parameters.
[58]. Most of the earlier studies have used simplified models,
whereas the field scenarios are much more complex [59-61].

3.1. Equilibrium and non-equilibrium conditions

Several contrasting reports have been published dis-
cussing whether equilibrium is achieved during DNAPL

dissolution. It was reported that small lengths of NAPL in
the range of few centimeters were sufficient to reach equi-
librium [12]. The time required to reach equilibrium was
around 15 min (Siegel and Pfannkuch [17]). Several studies
have suggested that equilibrium conditions always existed
in columns [21,62]. However, later studies have found that
non-equilibrium conditions could exist for short contact
time, as reported by Garg & Rixey [38] Steefel & Lasaga
[63]. They also theoretically showed that non-equilibrium
conditions could be found for short contact time, mainly
for large NAPL blobs and high velocities, which was fur-
ther proved experimentally in short columns at high veloc-
ity. Several other studies as well reported non-equilibrium
dissolution at high velocities. Equilibrium can be expected
at lower velocities, typically at ~10 m/y, and dilution could
cause an apparent non-equilibrium state. Studies show
non-equilibrium conditions existed in a two-dimensional
tank dissolution experiment [64]. It has further been sug-
gested that much of the apparent non-equilibrium could be
explained using models that account for heterogeneity [65].
Though non-equilibrium is possible at high velocities, most
groundwater conditions could have equilibrium dissolu-
tion, and apparent non-equilibrium could be due to subse-
quent three-dimensional dilutions and mixing. Dissolution
of NAPL can be at steady-state or transient dissolution [13].
When the concentration of dissolved NAPL reaches a con-
stant value, it is called steady-state dissolution, while the
concentration of dissolved NAPL changes with time is called
transient dissolution. Usually, dissolution is a steady-state
for residually saturated NAPL until a critical NAPL satura-
tion (or surface area) is reached. The concentration of NAPL
reduces continuously and may exhibit long tailing. The
transition from steady-state to transient dissolution has not
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been explored and can play an essential role in remediation
modelling.

3.2. Factors affecting mass transfer kinetics

The earlier studies showed that mole fractions of lower
concentration significantly affected mass transfer [66].
Later a significant portion of earlier research, for example,
[12,19,21,67], has shown that groundwater velocity, NAPL
saturation and its distribution in pores, fracture aperture
and length have remarkable effects on mass transfer kinet-
ics [39,68]. A study conducted by Bradford and Abriola
[48] to investigate dissolution in porous media proved
that dissolution behaviour relies on soil parameters such
as wettability and mean grain size distribution. Later, the
results were demonstrated considering the dissolution of
NAPL for the long term. In further studies, it was found
that NAPL volume and surface area was crucial parame-
ter in dissolution kinetics. Furthermore, it was observed
that the ideal mixture of NAPL obeys first-order kinetics
and was function of the solubility of a mixture of NAPL
[69,70]. In another study, a mathematical model was devel-
oped considering the dual porosity concept, which further
illustrated dissolution kinetics of petroleum hydrocarbon
in a saturated aquifer system [71].

3.3. Tools for estimating interfacial area

The surface area of the NAPL-water interface is an
essential parameter that is hard to estimate. Prasad Saripalli
et al. [72] proposed that sodium dodecylbenzene sulfon-
ate can be used as an interfacial tracer material to measure
NAPL-water interfacial area in column experiments called
the “Interfacial tracer technique”. The limitation of this
method is that it is inaccurate, involves many assumptions,
and provides an approximate interfacial area. Later the
investigation was also carried out following mobilisation by
“Chemical Flooding” [73].

Further, the use of synchrotron X-ray micro-tomogra-
phy and interfacial partitioning tracer tests showed that the
values obtained from tracer tests were more significant, as
demonstrated by Brusseau et al. [74]. In their study, micro-
tomography data were collected before and after the tracer
test. Detailed analysis of data depicted that the surfactant
tracer caused the least impact on the fluid-phase configura-
tion and interfacial areas under conditions associated with
typical laboratory applications. The difference between
the tracer test and X-ray microtomography was due to the
failure of the methods to resolve interfacial area associated
with microscopic surface heterogeneity. These techniques
were later extended for residual saturation, vadose zone
with single and multiple component NAPL [25,75].

4. Scope of controlled experiments in estimating effective
solubility

4.1. Effective solubility for ideal and non-ideal mixtures

The chemical similarity of components of NAPL can
cause the dissolution to behave ideally. In a recent study,
Mackay et al. [62] showed that fugacity could be used to
determine the effective solubility of a component within a

DNAPL mixture. Effective solubility of structurally similar
NAPL can be predicted, but in a couple of studies, 10%-30%
of deviation was observed, and for mixtures of aliphatic
and aromatic compounds, a deviation of about 25% to
50% from their ideal concentrations was observed [76,77].
A similar deviation of about 41% in effective solubility can be
observed in a representative gasoline mixture [11,32].

4.2. Variability in experimental conditions as a cause of disparity
in dissolution

As shown in Table 3, the experimental studies on the
dissolution of single and multi-component NAPL are quite
different for different compounds, for example, trichloro-
ethylene, tetrachloroethylene, 1,3,5-triflurobenzene, which
could have led to the disparity in dissolution behavior in
various studies. The studies on these compounds are car-
ried out in batch and column mode to understand the dis-
solution of single and multi-component systems [78-80].
Further, contaminant transport by the dissolution of single
and multi-component DNAPL in mixed porous media was
investigated and modelled in a few studies [75,76]. Lee
and Chrysikopoulos [33] investigated NAPL dissolution in
porous formations. The results illustrate that, pool shrink-
age was time-dependent and accounted for reducing the
DNAPL pool surface area. Further, aquitards reduced dis-
solved NAPL concentrations in aquifers significantly. The
model moreover predicts that the transport of dissolved
NAPL is slower in anisotropic aquifers than inhomogeneous
aquifers.

The dissolution of benzene, toluene, xylene, and naph-
thalene (BTXN) from trapped NAPL was investigated by
Garg and Rixey [38] for a low source length (L) to intersti-
tial velocity (v) ratio. This was to ensure that dissolution
was mass transfer limited (MTL). The toluene dissolu-
tion data was fitted to the model, and the process of dis-
solution can be generalised for components of NAPL. The
study further helped in predicting the dissolution history
of individual compounds of petrochemical hydrocarbons
[38]. Investigation of the dissolution behaviour of non-ideal
gasoline spills was reported by Vasudevan et al. [11]. The
study revealed that lighter aliphatic components present in
gasoline significantly affected effective solubility, resulting
in 20% deviations from the measured values of the batch
study. Dissolution of binary NAPL pool was studied over
a broad range of pore water velocities varying from 0.1 to
60 m/d. Prediction of model were based on local equilib-
rium and mass transfer limited model. The experimental
results depict that the local equilibrium model holds best
fit, the concentration decreased for the pore velocity rang-
ing from 0.01-1 m/d and later the values were constant
for the pore velocity between 1-100 m/d [36].

The solubility of chlorophenols as a function of pH was
investigated by Arcand et al. [82]. It was found that, for an
increase of 1 pH unit from pH 5, solubility increased by
10 times. Also the solubility was constant below pH 4. The
experimental data was in congruent with the literature.
Popp et al. [83] investigated the temperature dependency of
NAPL solubility and its timely emission in the source zone
using a simulation model tool for porous media, OGS which
coupled thermal, hydraulic and geochemical processes.
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The simulation results of GS model showed a good fit for
1D and 2D experiments; nevertheless, were overestimated
for the 1D experiment. This model could be implemented
for studies of varied nature accounting for temperature.
Zhou et al. [84] studied a physical model of NAPL disso-
lution to predict the dissolution rate coefficient in a com-
pletely saturated environment, and it was stated in terms
of the modified Sherwood number (Sh’) and is a function
of Peclet (Pe) number. For forecasting NAPL dissolution
rate coefficients, the model offers an alternative to actual
correlations.

An investigation on dissolution phenomena of DNAPL
trapped in saturated media for styrene and trichloroeth-
ylene was conducted by Powers et al. [19]. The study indi-
cated that coarser soil traps more NAPL than finer soil and
deviation from equilibrium concentration was found to be
a function of aqueous phase velocity, and its shift varied for
different soils. Yang et al. [85] developed a model for the
multiphase transport of NAPL in the subsurface. The model
simulation results indicate the rate of dissolution as a func-
tion of the size NAPL blob and hydrodynamic conditions.
Moreover, the model was successful in predicting dissolu-
tion for toluene, and the results were in line with available
experimental data. Nambi and Powers [86] investigated a
2D dissolution on entrapment in heterogeneous environ-
ments, and the results demonstrate that the concentration
of effluent was less than equilibrium for a greater NAPL
saturation value. This difference in effluent concentrations
in the system was due to aqueous phase flow patterns
within a heterogeneous system.

5. Analytical solutions in understanding the mechanics of
dissolution

The method to solve the advection-dispersion equa-
tion with dissolution primarily involves Laplace or Fourier
transformation to the dissolution experimental data on sat-
urated porous media. It is evident from the literature that
various studies on single and multi-component dissolution
in saturated media involve ideal and non-ideal conditions
in their investigations. A few studies have also focused on
multi-component dissolution in fractured porous media.
A summary of analytical/numerical studies on single and
multi-component dissolution is given in Table 4.

One of the first analytical solutions for DNAPL disso-
lution in one-dimensional groundwater flow was given by
Leij et al. [87]. The solutions to three-dimensional are com-
plicated to use. Leij et al. [88] developed an analytical solu-
tion for 3D NAPL dissolution using Green’s function method.
Several others used the greens method to account for the
dissolution of NAPL. By using the mass superposition tech-
nique, an analytical solution for NAPL dissolution is devel-
oped [57]. Some of the important studies and their major
conclusions are discussed.

In an earlier study around the 1990s, the dissolution
kinetics of NAPL was studied by Mackay et al. [62] where
they observed that the NAPL component with higher sol-
ubility (hydrophilic), for example, benzene, chlorobenzene
etc. are depleted rapidly and consumed lesser volume of
water. The ones with lower solubility, for example, toluene,
p-xylene etc., depleted slowly after consuming more water

(pore volumes). However, the least soluble (hydrophobic)
NAPL component, for example, biphenyl, did not deplete
within the observed durations. A semi-analytical instead of
a numerical approximation method was used to study the
transport of mixture 1,1,2-TCA and TCE for a hypotheti-
cal contaminated site [27]. Results depict that 1,1,2-TCA
solubilisation was faster as compared to TCE, leading to
lower 1,1,2-TCA mole fractions. The incorporated method
accounts for the change in activity coefficient (non-aque-
ous phase) in multi-component dissolution, making it
more accurate than previous studies.

A semi-analytical method was formulated by Lee [89] to
investigate the dissolution of a multi-component NAPL mix-
ture in the shape of a rectangular prism assuming interac-
tion between the components within the source. The results
indicated that equilibrium aqueous-phase concentrations
could be achieved for individual components as a function
of time. These methods can be used to plan and understand
experiments in homogeneous sub-surfaces in a laboratory
setup. Hansen and Kueper [90] an analytical solution to
predict multi-component NAPL dissolution was investi-
gated. The expression for multi-component NAPL repre-
sented both transient aqueous concentration in equilibrium
and prevailing mass of each NAPL component as it dis-
solves. However, the analysis was restricted to ideal NAPL
mixture only.

In a dissolution experiment conducted by Detwiler et
al. [91] for varying fracture aperture and entrapped NAPL
(TCE) geometry, a computational “Depth-Averaged” model
that incorporates fluid flow, transport of the dissolved
NAPL, interphase mass transfer, and the corresponding
NAPL-water-interface movement as fundamental param-
eters was developed. The digital images from the light
transmission techniques recorded the advancement of
TCE distribution and was comparable with experimen-
tal data. Results suggest that the model can be used to
understand the dissolution relating to aperture, phase and
hydrodynamic.

A 2D analytical model for the dissolution of 1,1,2-TCA
pool in a saturated media was developed in the form of a
single integral for Laplace transforms and Fourier trans-
forms [91]. The solution worked for NAPL pools that were
denser and lighter than water. Under controlled laboratory
circumstances, the model effectively replicated the reactions
of a TCA pool at the bottom of a two-dimensional porous
media. Green’s function method (GFM) was used to solve
the advection-dispersion equation due to because of the
ease of handling initial and boundary conditions and its rel-
ative simplicity in formulating solutions for multi-dimen-
sional problems [92]. The function may be used to solve a
different problem that involves equilibrium and non-equi-
librium transport in semi-infinite and infinite mediums.
Furthermore, very general and concise expressions for the
solute concentration are possible with the GFM, particularly
for multi-dimensional problems [88].

Analytical solutions were derived for 3D transport due
to the dissolution of single-component NAPL pools in fully
saturated and homogenous porous media and were suitable
with unidirectional interstitial velocity. The elongated pool
of NAPL along the interstitial flow direction was shown to
have a greater concentration and was proportional to the
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Sherwood number [93]. Additionally, a finite difference
approach was used to develop an analytical solution for a
3D model of multi-component (1,1,2-trichloroethane and
trichloroethylene) dissolution. The findings were consis-
tent with their past research [28]. Lee and Chrysikopoulos
[28] investigated the multi-component dissolution of NAPL
contaminant pools in saturated porous media and devel-
oped a more efficient semi-analytical method that required
less computation than the previous method. Further, the
model predicts erroneous results if changes in multi-com-
ponent NAPL activity coefficients are neglected [27]. All
these analytical solutions aid in the planning and interpret-
ing experiments in laboratory-packed beds and the verifi-
cation of sophisticated numerical models.

6. Comparative evolution of dissolution enhancement
techniques

The DNAPLSs such as creosote, diesel fuel, coal tar etc.,
generally exist in complex form and the natural dissolu-
tion process of theses contaminants is time-consuming.
Therefore, enhancement of the dissolution rate of DNAPL is
required. With improvement in dissolution rate, there will be
an ample quantity of dissolved NAPL easily available in the
liquid phase, which can further be remediated with appro-
priate technology. Due to the poor solubility of the NAPL
contaminants in subsurface and their comparatively strong
capillary forces in the aquifer, traditional remediation tech-
niques like pump and treat are inefficient and uneconomical
for on-site circumstances [94]. With advances in technology,
researchers have developed different solubility enhancement
techniques. A short summary of dissolution enhancement
techniques for single and multi-component NAPL is given in
Table 5.

6.1. Surfactants for dissolution enhancement

Most of the research has investigated various surfactants
for enhanced dissolution of entrapped NAPL chemicals, for
example, biosurfactant, ionic and non-ionic surfactant, in-situ
flushing using co-solvents etc. The former involves mixing
surfactants of optimum concentration with NAPL, and the
latter requires injection of co-solvent into the contaminant
source zone to enhance the dissolution of the NAPL. Further,
the application reduces its interfacial tension to make it
more mobile. In the 1990s, NAPL dissolution enhancement
was studied for the first time by Chevalier et al. [95] using
a non-ionic surfactant in a saturated soil media. Results of
the investigation depict that the use of surfactant improved
the aqueous phase permeability of the media. Another study
by Liu and Chang [96] investigated the effect of surfactant
(sodium dodecyl sulphate, Triton X-100 and Brij 35) on the
solubility of chlorophenols. It was further learned that the
solubility of chlorophenol was a function of hydrophobic-
ity. The adsorption of chlorophenols onto clayey adsorbent
in the presence of surfactant showed a decreasing trend,
which could be attributed to hydrophobic interaction.

In a study carried out by Mccray and Brusseau [97],
cyclodextrin (a non-toxic sugar-based molecule) was
used for in-situ remediations of multi-component NAPL

pollutants. According to the findings, the pollutants that
are most soluble in the cyclodextrin solution would have
high initial aqueous concentrations. These will be the ones,
which gets quickly dissolved from the NAPL. This finding
was supported by an investigation carried out by Carroll
and Brusseau [70]. In their study, they demonstrated sig-
nificant solubility improvement and a rise in mass-removal
rates for multi-component NAPL for 10% cyclodextrin solu-
tion. The increase in multi-component solubility was how-
ever, inversely related to the increase in single-component
aqueous solubility. In some cases, hydroxypropyl-beta-cy-
clodextrin has enhanced the solubility of organics, heavy
metals, and radioisotopes. The major hindrance in this tech-
nique was the choice of appropriate cyclodextrin type and
the limited availability of cyclodextrin, which makes it a bit
expensive.

6.2. Co-solvents for dissolution enhancement

Alcohol groups of lower and higher molecular weight,
say ethanol, 1-propanol, and 2-propanol, are widely used
as co-solvents. The reason being their higher solubility and
water-miscibility. This leading to improved solubilisation
and mobilisation of chlorinated solvents trapped in the sub-
surface. Before beginning the remediation operation, select-
ing the proper flushing agent is a crucial step. This is because
the removal behaviour of each pollutant varies significantly
depending on the flushing agent utilised [98,99]. Several
other studies have demonstrated the efficacy of in-situ co-sol-
vents flushing as a technique for improved NAPL removal
from the subsurface. The in-situ flushing can effectively
help in the design of remediation technologies [99-102].

6.3. Advanced methods for dissolution enhancement

There are few evidence on usage of ultrasonic waves
for NAPL removal from the subsurface zone by means of
enhancing solubility. However, more research is needed in
this area. Further, the enhancement of NAPL dissolution as
a function of soundwaves also need to be studied. NAPL
Kim and Wang [103] carried out an investigation to study
the impact of ultrasound on NAPL/oil removal. The results
indicate that there was significant influence of waves on pol-
lutant removal and the degree of reduction was a function
of sonication power, flow rate, and type of soil. Sonication
power directly correlated with pollutant extraction for high
flow rates and was limited until cavitation was achieved. The
effectiveness of sonication decreases with the flushing rate
but eventually becomes constant under higher flow rates.

Microbial or biological enhancement of solubility of tet-
rachloroethene was studied by Glover et al. [104] in a lab-
oratory-scale experiment. The findings of investigation
suggest that solubility was inverse function of flow rate
and got enhanced by factor of 1.5 and so is the mass trans-
fer rate. Few more studies investigated impact of sound/
acoustic waves on enhancement of dissolution are also found
and is represented in Table 5 [105]. New technologies such
as steam flooding, air sparging, and soil vapour extraction
have been developed in response to the demand for alter-
nate NAPL remediation approaches [47,106].
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Table 5
Short summary of dissolution enhancement techniques for single and multi-component NAPL

NAPL used Enhancement method Experimental conditions/ Findings/inferences References
parameters
Under dynamic conditions and in the presence
TCE; 1,2.DCA Dissolution and Column study: inner diame- of microbial consortium, the dechlorination pro- [107]

dechlorination ter: 4.8 cm; length: 60 cm cess resulted in the bio-enhanced dissolution
of tetrachloroethylene.
The

increased 3-folds for 75 Hz due to the oscillatory

dissolution of perchloroethylene was

. Pore-water veloci
Acoustic enhance- ty

PCE measurements at a motion of pore water velocity. The sound waves [108]
ment . o
frequency of 75 Hz also immobilized the perchloroethylene, thus
affecting the dissolution mass transfer.
The steady-state concentrations were lesser than
p-Xylene Tween-80 Heterogeneous media the aqueous (equilibrium) solubility, indicating [109]
rate-limited mass transfer.
Zero-valent iron nanoparticles (nZVI) could not
cause DNAPL dissolution/mass-depletion rate
for a concentration of 10 g/L. The rate of reaction
Dissolution with Batch reactor with zero-va- . 8/ .
TCE . . . was found to be inversely proportional to lon- [110]
dechlorination lent iron nanoparticle . . . ’ .
gevity. With the increase in the rate of reaction,
there was an increase in the dechlorination rate
and hence a reduction in pollutant concentration.
Co-solvent/air flooding with a higher airflow rate
resulted in higher perchloroethylene removal,
Ethanol with water as Ethanol/water co-solvents in ) . & p L .y
PCE . attributed to improved distribution of co-solvent [102]
co-solvent the presence of airflow rate . .
in the pore network. The reduction was more
significant with a higher co-solvent/water ratio.
. . Batch reactor (biotic and Dissolution of TCE was enhanced 4-folds in
Dissolution by biotic) at T =20°C and biotic reactor with bacteri d to abi
abiotic) at T = an iotic reactor with bacteria as compared to abi-
TCE dechlorination bac- P [111]

using dechlorination bac- otic reactor. The mass transfer coefficient (K ) is

teria K
teria

found to be a function of temperature.

The change in density of benzene/TCE at a
ratio of 25:75 leads to natural remobilisation.
For TCM/DCM, there was no natural remobil-
Binary mixture isation as their densities had not made much
of benzene and difference. For DCM/toluene, difference in den-
TCE; TCE and
DCM; DCM

and toluene

Natural remobilisa-

Natural remobilization sity has induced downward displacement. The [9]

tion/mixing results indicate that natural remobilisation may
be an active mechanism with implications for
site evaluation and remediation. The ultimate
transformation from a DNAPL to an LNAPL
may induce an upward displacement.

A significant quantity of metabolites related

Dissolution and

to the degradation of phenanthrene (styrene,

Aromatic
hvdrocarb microbial degrada-  Density and viscosity diethyl, triethyl benzene, etc.) was reported at [8]
rocarbons
y tion the contaminated tar site, indicating the exis-
tence of suitable microbes.
Maximum contaminant concentration in the
e elution curves coincides with the occurrence
. Equilibrium aque- . . .
Mixture of Surfactant (cyclodex- . of maximum concentration of cyclodextrin,
. ous concentration . [97]
NAPL trin) followed by a gradual decline. The results

0A
cl=c". xV. in~[¥[ ]'E, indicate enhanced dissolution behaviour of

multi-component organic pollutants.

Table 5 (Continued)
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NAPL used Enhancement method Experimental conditions/

parameters

Findings/inferences References

Multi-component NAPL

lia; Col :
1,1,2-TCE; PCE Acoustics waves Ganglia; Column study

inner diameter: 2.5 cm;
length-30 cm

o-Xylene; o-di- Expression for the NAPL

Ethoxylated alcohol ~ mass dissolution (macro-
chlorobenzene i0) on ) (C . C)
scopic): p — =—k -(C*—
pic): p, — =k,
Batch and column study in
A bic mixed
PCE, TCE nacrobic mixe presence of methanogens

culture
and homo-acetogens

Dissolution with
Ethyl acetate;

librium and linearization
butyl acetate

growth (multi-com-

ponent system) models

Hydroxypropyl-p-cy-

1,2-DCA; TCE; clodextrin; sodium Column study: inner diame-
PCE. dodecyl sulfate; ter: 2.2 cm; length: 7 cm
ethanol

Local thermodynamic equi-

Enhancement in dissolution was found to be
directly proportional to the frequency of the
acoustic wave. The NAPL mixture with less

. L [105]
solubility had a more significant enhancement
in the presence of square waves instead of
sinusoidal or triangular sound waves.

The use of surfactant (ethoxylated alcohol)
resulted in 90% removal of chemicals in the first
10 PV in a column experiment, followed by a [112]
steady removal efficiency for the next 20 PV. The
dissolution of 0-Xylene and o-dichlorobenzene
increased by a factor of 30 and 55, respectively.
DNAPL dissolution rate was

enhanced when directly coupled with biological

significantly
[113]
de-halogenation.

Ideal components behave similarly, whereas
non-ideal constituents show a significant [114]
difference in solubility as well as diffusivity.
Raoult’s law was applicable for elution of
multi-component DNAPL under lower power
enhanced-solubilisation agents such as water,
HPCD, MCD, while the results were errone-

ous with high power enhanced solubilisation

[115]

agents such as ethanol and sodium dodecyl
sulfate.

6.4. Limitations of dissolution enhancement

The observed main limitations while using surfactant
solutions for in-situ soil washing are that there is no accu-
rate method to quantify the required surfactant. Inaccuracy
will lead to excess surfactant usage, causing pores to clog
due to the dispersion of soil particles by surfactant solution.
To avoid the issue of clogging, some studies used electron
donors. Further, it will result in high energy consump-
tion and lower soil permeability. In addition, low surfac-
tant recovery adds to the operation’s cost and can create
further contamination of the soil with the surfactant.

7. Critical challenges in understanding DNAPL dissolution
with degradation

NAPL degradation is found in field conditions due to
microbial action. The dissolution coupled with degradation
in these cases is more complex and there are several chal-
lenges in understanding DNAPL dissolution with degra-
dation. The daughter products of degraded halogenated
NAPL can repartition back into the NAPL phase and can
also influence the dissolution of the parent NAPL [116]. The
effect of daughter products on the dissolution of NAPL could
be significant but has been less investigated so far. The for-
mation of daughter products by microbial degradation can
potentially enhance the rate of dissolution of NAPL and
can deplete the aqueous-phase concentration of the parent

NAPL, as well as increase the concentration gradient for dis-
solution, as represented in Fig. 7 [117]. For example, a study
carried out by Carr et al. [117] showed that the formation
of daughter products by microbial degradation enhanced
the dissolution of PCE by a factor of 16 times [118] and
increased the PCE removal rate by approximately 14-fold.

The dissolution characteristics of a NAPL mixture con-
taining methyl tert-butyl ether (MTBE), BTEX, 1,2,4-trimethyl
benzene, and octane were studied [10,30,38,119]. They found
that MTBE dissolved in an ideal manner (i.e., followed
Raoult’s law). However, other NAPLs (BTEX, 1,2, 4 trimethyl
benzene and octane) dissolved non-ideally to some extent
[120]. The effect of repartitioning of hydrocarbons during
the dissolution of NAPL was studied [121]. They also inves-
tigated the in-series interactions of DCM (dichloromethane)
and TCE (trichloroethane) during dissolution. Further, they
found upstream DCM can repartition into the downstream
TCE and thereby delay the dissolution of TCE. The DCM
plume, therefore, can get retarded due to its repartitioning
into the downstream NAPL (TCE) [121]. Ignoring the daugh-
ter product repartition in NAPL could cause significant
laboratory and field prediction errors.

Researchers suggest that up to 60% of the product mass
could be repartitioned into NAPL even at a modest NAPL
saturation of 2% [122]. The daughter products can also repar-
tition themselves back into the NAPL phase and influence
the dissolution of the parent compound. There have been
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Ground level
AL

Low permeability strata

Fig. 7. Formation of daughter products in the degradation of a
typical DNAPL (PCE).

limited studies on the effect of repartitioning of daughter
products on the dissolution of NAPL. Ramsburg et al. [122]
quantified the dissolution and partitioning of DCE (dichlo-
roethane) and VC (vinyl chloride) between NAPL and water
in batch experiments. They found that the partitioning could
be approximately described by Raoult’s law analogy (RLA).
Ramsburg et al. [123] also studied the partitioning of DCE
into PCE using column experiments. They modeled kinetic
mass transfer during multi-component DNAPL dissolu-
tion using correlations developed in previous studies by
Imhoff and Powers [63,124] for single-component dissolu-
tion. However, the model does not consider the change in
the constitution of NAPL during dissolution and assumes
a constant NAPL constitution during dissolution. Several
other studies have focused more on the biological aspects
of daughter product formation and not on the physical dis-
solution and repartitioning [104,125,126]. The influence of
daughter products on the dissolution of NAPL is a prom-
ising research area that needs further understanding to
investigate the efficacy of remediation plans.

8. Conclusions and future scope

This review attempts to provide a brief overview of
the single and multi-component dissolution mechanisms
carried out in different conditions and to study their mass
transfer limitations. The dissolution of NAPL has continued
to attract contemporary researchers in the field of environ-
mental, biological, and petrochemical fields. Still, there are
significant areas which require further advancement in order
to optimize the field applications of various remediation
techniques.

A fundamental method to estimate the NAPL surface
area has not emerged so far. The effect of NAPL architec-
ture and heterogeneities on the dissolution must be further
investigated. Studies on the investigation of the influence
of coupled physical and chemical heterogeneity on the
entrapment and dissolution behaviour of residual NAPL
are required.

Equally, there is a need to quantify wettability param-
eters in natural soils and subsurface formations and inves-
tigate dissolution behaviour in heterogeneous natural

environments. Further study is required in NAPL source
zone detection, modeling heterogeneity, etc.

It is difficult to quantify the extent of mass transfer lim-
itations for in-situ dissolution and effective solubility of sin-
gle and multi-component NAPL. A model that can simulate
the change from steady-state to transient dissolution is yet
to be developed. Understanding multiple-stage dissolution
from a complex source with greater heterogenic structure
is challenging research. A robust method that can predict
the dissolution of NAPL for such conditions is the need
of the hour.

Knowledge of the movement and dissolution mech-
anisms of pure-phase DNAPL and the migration of the
aqueous-phase plumes are comparatively limited in frac-
tured geologic media. The extension of the dissolution
model presented in all systems, as well as to media con-
taining entrapped and pooled NAPL, warrants further
examination. Novel solubility enhancement techniques for
improving dissolution and natural remobilisation can be
discovered.

Further, more research is to be focused on understand-
ing the kinetics of multi-component dissolution. Most of the
remediation plans for the contaminated sites include only
one of the available techniques depending upon the budget,
soil type, site requirements etc. Hence studies on the com-
bination of techniques to remediate the contaminated sites
can also be further expanded.

Symbols

P, —  Peclet number

C, —  Aqueous phase concentration, mg/L

C.. —  Saturated concentration, mg/L

K, —  Organic-water partitioning coefficient

R —  Mass transfer rate, g/m*min

K., —  Transient dissolution mass transfer
coefficient

C.t —  Pure phase solubility, mg/L

X, —  Mole fraction in the non-aqueous phase

g —  Activity coefficient

C —  Concentration of component, mg/L

K, —  Mass transfer coefficient, cm/min

Sh —  Sherwood number

Re —  Reynold’s number

Sc —  Schmidt’s number

E, — Mass exchanged per unit time per unit
volume, g/m*min

k.. —  Film mass transfer coefficient, cm/min

Al — NAPL-water interfacial area per unit
volume, cm™

A — NAPL-water interfacial area per unit
volume, continuous NAPL phase

Abbreviations

NAPL —  Non-aqueous phase liquids

LNAPL — Light non-aqueous phase liquids

DNAPL  —  Dense non-aqueous phase liquids

HTC —  Heat transfer coefficient

MTC —  Mass transfer coefficient

TCE —  Trichloroethane/Trichloroethylene
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TCA — 1,1,2-Trichloroethane

BTEX —  Benzene, toluene, ethylbenzene, xylene

PCE —  Tetrachloroethene

MTBE —  Methyl tert-butyl ether

PAH —  Polycyclic aromatic hydrocarbons

TMB —  Trimethylbenzene

MISER —  Michigan soil-vapor extraction remediation

HFE-1700 —  Hydrofluoroether

DCA — 1,2-dichloroethane

MASST —  Multiple analytical source superposition
technique

BTXN —  Benzene, toluene, xylene, and naphthalene

MTL —  Mass transfer limited

DCM —  Dichloromethane

VC —  Vinyl chloride
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