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Abstract

Herein, an experimental study coupled with a model in order to assess the non-equilibrium and multi-compound dissolution behaviour of a coal
tar containing PAHs and phenols into water, is presented.
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For this aim, two experimental studies has been carried out: (1) coal tar–water partition equilibrium and (2) dissolution dynamics of coal tar
nder controlled hydrodynamic conditions in percolation columns packed with glass beads.

The dissolution amount of the three target constituents (i.e. phenol, naphthalene and phenanthrene) was monitored by UV detection. The
issolution behaviour was modelled using a predictive fraction approach.

The partition coefficients have been estimated from experimental data and the obtained results show that the partition coefficient of each
onstituent between the aqueous phase and the tar depends on the activities of the constituent in both phases and cannot be estimated only from
he solubility of the pure compound in water.

The non-equilibrium dissolution model was established, applied for the experimental conditions and validated for three target compounds
djusting the effective interfacial area between tar and water. This parameter is specific of the experimental set-up. The global behaviour of coal
ar has been modelled taking into account four categories of compounds according to their water solubility and volatilities. The mass transfer
arameters have been estimated using available correlations. The results of this paper indicate that a model based on component fractions can be
sed to assess the non-equilibrium dissolution behaviour of a coal tar.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Non-aqueous phase liquids (NAPLs) are among the most
ommon groundwater contaminants. Due to their low sol-
bilities in water, NAPLs travel through the subsurface as
eparate liquid phases, resulting complex multi-phase clean-
p problems [1–3]. Once this type of hazardous chemical is
eleased into the subsurface environment, its low solubility (and
till lower effective solubility within a multi-component mix-
ure) renders it a long-term source of groundwater pollution
4–7].

∗ Corresponding author. Tel.: +33 3 83 68 52 42; fax: +33 3 83 27 54 44.
E-mail address: khalil.hanna@lcpme.cnrs-nancy.fr (K. Hanna).

Many studies have shown that the dissolution of NAPL phases
in underground water is a non-equilibrium process [7–10], the
main physico-chemical phenomena determining the dissolution
behaviour being: (i) the partition of organic compounds between
the NAPL and aqueous phases; (ii) a limited mass transfer
rate between the phases in contact; (iii) the convective trans-
port with the water flow. The importance of evaluating and
remediating contaminated soils and aquifers still raises many
questions linked to each of these three dissolution steps and
at different scales [3,4]. One of the recent research goals is
the understanding and modelling of the long time dissolution
behaviour of real multi-component NAPL [3,4,11–13]. This
objective needs elucidation of some behavioural aspects as: (i)
how to account for NAPL compositional changes over time and
for the NAPL–water equilibria evolution; (ii) what is the role

304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Nomenclature

as specific interfacial area (m2/m3 aqueous phase)
asb maximum specific interfacial area of glass beds

(m2/m3 aqueous phase)
A total UV absorbency of solution (dimensionless)
A0 total UV absorbency of solution at dissolution

equilibrium (dimensionless)
Ak specific UV absorbency of compounds (mol-1)
cc concentration of a compound in coal tar (mol/m3)
cw concentration of a compound in water (mol/m3)
d glass beds diameter (m)
Dc diffusion coefficient in coal tar (m2/s)
Dw diffusion coefficient in water (m2/s)
f0 standard state fugacity coefficient
fs effective interfacial area fraction
h thickness of coal tar phase (m)
kt mass transfer coefficient (m/s)
K equilibrium partition coefficient (m3 coal tar/m3

water)
Kt mass transfer rate coefficient (s-1)
Kx equilibrium partition coefficient
Mc molar masse of coal tar (g/mol)
Mw molar masse of water (g/mol)
n number of stirred reactors in series
Q volumetric flow rate of water (m3/s)
Re Reynolds number
sw solubility in water of a pure compound (mol/m3)
Sb total surface area of glass beds (m)
Sc Schmidt number
Sh Sherwood number
t time (s)
tdif characteristic diffusion time in coal tar (s)
text characteristic external mass transfer time in inter-

facial film layer (s)
tm characteristic convection time of water (s)
u Darcy velocity (m/s)
v pore velocity of aqueous phase (m/s)
Vc coal tar volume (m3)
Vo aqueous phase volume (m3)
Vp total pore volume in column (m3)
Vt total volume of the column (m3)
x molar fraction in water
y molar fraction in coal tar
z space coordinate (m)

Greek letters
δ thickness of interfacial aqueous film (m)
ε volume fraction of water in column
γc activity coefficient of a compound in coal tar
γw activity coefficient of a compound in water
µw dynamic viscosity of water (kg/m s)
ρc coal tar density (kg/m3)
ρw water density (kg/m3)
τ coal tar saturation in column

Subscripts
i compound
j reactor number
h at the interface

Superscripts
eq equilibrium

of non-ideal behaviour of the NAPL mixtures; and (iii) how the
mass transfer process and their parameters change in time.

Coal tar is composed of hundreds of aromatic compounds
(including PAH) exhibiting a wide range of chemical, physi-
cal and toxicological properties. For that reason it is difficult to
characterize and predict its behaviour. The theory of the pseudo-
compound, which considers that the dissolution of coal tar in
water can be described as that of a single compound according
to Raoult’s law was often used [14,15], as well as the lumped
metrics approach, which considers parameters such as total
petroleum hydrocarbons to specify the remediation goals. These
pseudo-compound or lumped parameter approaches are unable
to taken into account the variation in NAPL composition and
then the variation of risk over time. On the other hand, numeri-
cal models were developed for the simulation of the individual
behaviour of each compound in a NAPL by coupling equilib-
rium, transport laws and material balances [1,9,11–14,16,17].
The importance of the non-ideal behaviour of the both aque-
ous and NAPL phases and it’s modelling is argued [9,13,16,18].
Because the most of the published models consider time invari-
ant transfer parameters, the long-term behaviour prediction
needs to consider the ageing of the NAPL–water interfacial
film as done in [9,16,17]. Validation of such elaborated models
needs experimental data obtained by detailed analysis proce-
dures, which are time-consuming and costly.

As an alternative, an approach based on component frac-
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ions was proposed by [19]. The aromatic compounds were
rouped following their normal boiling points and each group
as described by an estimated solubility, volatility, etc. and was

ssimilated with an hypothetic compound. Simulations were
one in the case of two hypothetic PAH NAPLs without exper-
mental validation.

The aim of this study is the experimental investigation and
he modelling of the release of organic compounds (PAH and
henols) contained in a coal tar in contact with water. The sce-
ario considered here is the dissolution of the coal tar dispersed
t the surface of soil particles. A simple monitoring method
as used in order to quantify the dissolved amount and then

he dissolution behaviour was modelled using a predictive com-
ound fractions approach. The main stages of the present study
re:

1) Determination of the phase partition equilibrium.
2) Non-equilibrium dissolution assays in percolation column

under different operating conditions; the coal tar was dis-
persed as thin layer coating on an inert granular support.
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Three target pollutants as well as the tar global release were
monitored.

(3) Modelling of the non-equilibrium dissolution process taking
into account the phase partition equilibrium, the tar–water
mass transfer and the dispersive convection; adjustment of
the ill characterized interphase surface area.

(4) Using the model and a fraction approach to assess the tar
global dissolution behaviour.

2. Materials and methods

2.1. Coal tar

The coal tar used comes from a reservoir situated on an old
manufactured-gas plant site in France. It contains monocyclic
aromatic hydrocarbons, phenols, polycyclic aromatic hydro-
carbons and an important residue fraction (no identified com-
pounds). The concentrations of the identified compounds are
listed in Table 1. The very low content of benzene, toluene and
xylene (BTX) are characteristic of quite an old coal tar. The
HAP amount is characteristic of coal tar as reported by EPRI
[20]. The density is 1.3 and the average molecular weight is
200 g/mol as estimated from the concentration and molecular
weight of the identified constituents. For the residue an average
molecular weight of 300 g/mol was assumed [20].
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were not detected in the aqueous eluates because of their low
content and volatilization during the sample’s preparation. The
global dissolution of the coal tar was monitored by UV detection.

2.2. Partition equilibrium study

The study of partition equilibrium of the organic compounds
between coal tar and water was carried out at controlled tem-
perature (25 ◦C) in glass flasks with teflon-lined caps. Precisely
known masses of the two phases (50 g of coal tar and 200 g
of water) were brought into contact with vigorous shacking for
10 days. The aqueous solution separated by centrifugation was
analyzed by high performance liquid chromatography (HPLC).
The equilibrium time was established by a previous study: essays
were performed for different durations until depletion of the dis-
solved amount.

2.3. Dissolution in percolation column

The study of the dissolution dynamics of the coal tar in a
porous medium crossed by a water flow requires assays in per-
colation columns where the hydrodynamic conditions can be
controlled. For these assays, a glass column of internal diame-
ter 26 mm was packed with glass beads 2 or 4 mm in diameter
to a height of 78 mm. The total volume of the packed bed was
m 3
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Among the compounds identified and quantified, three com-
ounds were monitored as target pollutants: phenol, naphthalene
nd phenanthrene. The two PAH chosen are the most abundant
n the studied coal tar and have different volatilities. Phenol
as taken into account because more hydrosoluble. The frac-

ion named here “residue” was considered insoluble. The BTX

able 1
omposition of the studied coal tar

ompound Concentration c g/kg Molar fraction y

onocyclyc aromatic
Benzene 0.920 0.0037
Hydrocarbons
Toluene 1.200 0.0040
Ethyl-benzene 0.047 0.000013
Xylene 1.700 0.0049

olycyclic aromatic hydrocarbons
Naphthalene 17.000 0.038
Acenaphthylene 4.200 0.0079
Acenaphthene 0.720 0.0013
Fluorene 4.900 0.0085
Phenanthrene 14.000 0.023
Antracene 5.700 0.0092
Flouranthene 8.700 0.012
Pyrene 6.100 0.0086
Benzo(a)anthracene 3.600 0.0045
Chrysene 3.300 0.0041

henols
Phenol 1.300 0.0040
Cresol 1.800 0.0047
2,4-Dimethylphenol 0.420 0.00099

esidue
Not identified 924.4
aintained constant (Vt = 41.4 cm ) as well as the total volume
f the pores (Vp = 17 cm3).

Before packing the columns, the coal tar was dispersed using
fine metallic spatula in the inert macroporous medium formed
y the glass beads. This porous medium was doped with different
oal tar contents. Glass beads were chosen as inert non-porous
atrix in order to: (1) maintain a precise granulometric distri-

ution; (2) avoid possible adsorption of compounds disolved in
ater; (3) ensure good reproducibility of assays; and (4) facili-

ate the repartition of coal tar in thin layers on the bead’s surface.
water upflow was used to ensure total saturation of the column

Fig. 1).
The constituents of coal tar dissolved in water were detected

sing a UV on-line detector at the column output. The global
bsorbance of the aqueous solution at 254 nm was monitored
gainst time.

Numerous assays were carried out with various combinations
f flow rates, coal tar saturation levels and glass bead diameters
Table 2, the parameters modified in the various assays are in

Fig. 1. Experimental set up for the column assays.
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Table 2
Experimental parameters of column assays

Parameter Assay 1 Assay 2 Assay 3 Assay 4 Assay 5 Assay 6

Diameter of glass beads, d (mm) 2 2 2 2 2 4
asb (m−1) 4780 4530 5380 8610 4790 4820
Coal tar volume, Vc (cm3) 1.7 0.85 3.4 8.5 1.7 1.7
Coal tar saturation, τ = Vc/Vp 0.10 0.05 0.20 0.50 0.10 0.10
Flow rate, Q (cm3/h) 75 75 75 75 35 75
Darcy velocity, u (cm/h) 14.2 14.2 14.2 14.2 6.6 14.2
Pore volume, Vo (cm3) 15 16 13.2 8.2 14.9 15.2
Mobil water fraction, ε (Vo/Vt) 0.36 0.39 0.32 0.20 0.36 0.37
Pore velocity, v (u/ε) (cm/h) 39.1 36.3 44.2 70.8 18.3 38.6

bold type). Given the low solubility of coal tar in water, its mass
varies only little during the assays. The saturation level estab-
lished at the beginning was therefore considered as constant
during the assays. For assay 1, in addition to the on-line UV
absorbance, the three target compounds (phenol, naphthalene
and phenanthrene) were periodically analyzed in the aqueous
solution sampled at the column output.

The hydrodynamic regime in the column was studied using
a non-reactive tracer. A solution of KCl at 100 mg L−1 was
injected into the column and the response monitored by con-
ductimetry at the column outlet.

2.4. Analytical methods

HPLC analyses of aqueous samples were carried out using
a Shimadzu LP-64 chromatograph equipped with an isocratic
pump, a 20 �L Rheodyne 7010 injection valve, a 3 cm Kro-
masil C18 guard column, a 25 cm Kromasil C18 column and
a Shimadzu SPD-6A UV detector set at 254 nm. Solvent used
as a mobile phase was acetonitrile/water 80/20 (v/v) (HPLC
solvent grade, Prolabo) at a constant flow rate of 1.0 mL/min.
The different peaks were integrated and the sum of their surface
calculated in order to quantify globally all the aromatic com-
pounds dissolved in water. The analytical error varies from 5 to
10% depending on the solution concentrations.
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into account the high non-ideal character of both organic and
aqueous solutions [18,21,22].

The coal tar studied here contains in comparable propor-
tions organic compounds with different physico-chemical prop-
erties such as phenols, relatively volatile polycyclic aromatic
hydrocarbons (naphthalene and substituted compounds) and
very slightly volatile PAH which are practically insoluble in
water. It was already shown that, in this case, the Eq. (1) does
not give satisfactory results [16,23] and the consideration of
the aqueous solution non-ideality is necessary [16,24]. Ther-
modynamic theory of phase equilibria dictates the equality of
fugacities for components across phases. For a given component
“i” this equality may be written in terms of activity coefficient
as:

xiγw,if
0
i = yiγc,if

0
i (2)

where x and y are the respective molar fractions in water and in
coal tar, γ are the activity coefficients in the respective phases
and f 0 are the fugacities under defined standard conditions. For
the usual standard conditions, i.e. pure compound (x = 1, y = 1) in
liquid state at the same temperature and pressure as the mixture,
we obtain:

xi = yiγc,i

γw,i

= yiKx,i (3)
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. Modeling

.1. Coal tar–water partition equilibrium

The aqueous concentration of an individual compound is a
irect function of its relative abundance in the coal tar phase.

detailed discussion of this is presented by [1] and can be
ummarized by:

w,i = yisw,i

(
f L

f S

)
i

(1)

here cw,i is the equilibrium concentration of solute i in water, yi

s the equilibrium molar fraction of solute i in the coal tar, sw,i is
he solubility in water of the pure compound i at the same condi-
ions of temperature and pressure, f L/f S is the liquid–solid refer-
nce fugacity ratio for the pure compound i. This water/organic
hase partition model is usually applied even if it does not take
he partition coefficient Kx depends on the temperature, the com-
osition of the phases (xj, yj) and all the possible intermolecular
nteractions i–j.

Given its composition, the coal tar can be considered as a
iluted solution with respect to each constituent (Table 1). The
ost concentrated constituent analyzed is naphthalene whose
olar fraction is about 0.037. The aqueous solution in equi-

ibrium with the coal tar is also diluted with respect to each
onstituent (experimental results presented in Table 3). In the
ase of diluted solutions, it can be shown [25] that the activity
oefficients γ only depend on interactions between the solute i
nd the solvent (the major constituent) and do not depend on
he complex composition of the solution. Consequently, for real
iluted solutions, the partition coefficient Kx,i of each solute i
s a constant which depends only on the temperature and nature
f the solvents. Then, Kx,i can be determined from a water–coal
ar equilibrium partition experiment.
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Table 3
Equilibrium parameters and mass transfer parameters for the selected compounds

Parameters Phenol Naphthalene Phenanthrene

Pure compound water solubility sw (g/m3)a 82000 31.7 1.29
f L/f Sa 1 3.53 5.65
Diffusion coefficient in water Dw (m2/s) 9.7 × 10−10 6.6 × 10−10 5.0 × 10−10

Batch studies
Equilibrium concentration in water c

eq
w (g/m3) 20.7 (21.44) 11.0 0.210

Partition coefficient K (m3 coal tar/m3 water) 1.4 × 10−2 5.0 × 10−4 1.1 × 10−5

Column study—assay 1
Correlated mass transfer coefficient kt (m/s) 3.8 × 10−7 3.4 × 10−7 3.1 × 10−7

Effective interfacial area fraction fs 0.70 0.65 0.63

aFrom [15].
**Estimated [32].

For practical reasons, the equilibrium relationship (3) has
been used in the form:

cw,i = cc,iKi (4)

where cw,i and cc,i are, respectively the molar concentrations of
solute i in water (mol/m3 water) and in coal tar (mol/m3 coal tar)
and Ki is the partition coefficient of solute i in m3 coal tar/m3

water, defined by:

Ki = Kx,i

Mcρw

Mwρc
(5)

where M and ρ are the respective molar weights and densities
of water (subscript w) and coal tar (subscript c).

3.2. Non-equilibrium dissolution in percolation column

The non-equilibrium dissolution model was established and
applied for the experimental conditions presented in Section 2.
The following hypotheses were adopted:

- The transport of the aqueous solution in the column is
convective-dispersive with a constant flow rate Q. The one-
dimensional flow regime can be modelled by a series of n
identical open continuous stirred tank reactors (CSTR). The
CSTR-series model is equivalent with a advection–dispersion

-

-

- The transfer towards water of tar compounds takes place
across an aqueous film of thickness δ at the tar–water interface.
The thermodynamic equilibrium takes place at the tar–water
interface (local equilibrium assumption, generally adopted
[9,16,17]) and then the water-side concentration of each con-
stituent is calculated in function of the coal tar concentration
(considered homogenous as stated above):

cw|h = ccK (6)

- As explained in Section 3.1 the partition coefficient K is inde-
pendent of the composition of the two phases, it depends only
on temperature.

The diagram of the dissolution model is presented in Fig. 2
(for a reactor j of the series).

The dissolution-convection model contains the mass bal-
ance equations for each constituent of the tar. The equations
below are written for the reactor j with j = 1, . . ., n.

- Depletion of tar is due to the flux of constituents towards the
water:

dcc,j

dt
= −askt

V0

Vc
(Kcc,j − cw,j) (7)

where V0 is the aqueous phase volume and Vc the coal tar
volume.

- In the mobile aqueous phase, the accumulation of a constituent

F

model (many fundamental works like those of Levenspiel [26]
or Villermaux [27]). The application of a CSTR model has
some advantages in the resolution of the system of equations,
which becomes ODE-type. The dispersivity of the porous
medium is then characterized by the number of tank reactors
in the series, n, which value is determined by a tracer response
study.
The constituents diffuse in the coal tar layer towards the
tar–water interface. In the experimental conditions used (thin
tar layer), the internal diffusion in the tar does not constitute a
significant limiting factor for mass transfer towards the aque-
ous phase. This hypothesis has been verified (see Section 4).
In consequence, the composition in the tar layer is considered
homogenous.
The volume of the tar layer remains constant during the exper-
iments because only a very low tar fraction is solubilized.
is due to the flux from the tar and to the convective transport.

dcw,j

dt
= askt(Kcc,j − cw,j) + n

tm
(cw,j−1 − cw,j) (8)

ig. 2. Modelling principle for the dissolution process in percolation column.
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in these equations, kt is the mass transfer coefficient across the
aqueous film for a given compound, as is the specific exchange
surface between tar and water (m2/m3 water), and tm is the char-
acteristic convection time of mobile water defined by:

tm = V0

Q
(9)

the parameter of mass transfer across the aqueous film, kt, is con-
sidered time independent for the duration of our experiments,
75 h. It can be determined by: (i) adjustment to the experimental
data cw,exp(t) for each constituent and (ii) correlations of appro-
priate dimensionless numbers for the experimental conditions
used. The use of empirical correlations in the case of tar disso-
lution has already been reported. Powers et al. [8] and Miller et
al. [28] report the correlations for flow of water through a bed
of soluble particles under different hydrodynamic conditions.
Despite the development of these correlations, the determination
by simulation of the behaviour of tar in a water-saturated porous
medium is difficult, even impossible due to lack of knowledge
concerning the interfacial area. In order to estimate the mass
transfer parameter kt, we used the correlation established by
Nelson and Galloway [29] for a flow through a packed bed. The
dimensionless expression of the mass transfer coefficient is the
Sherwood number (Sh). It is calculated according to the hydro-
dynamic characteristics using the numbers of Reynolds (Re) and
S

S
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w
E
1
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defined below was used in order to fit the model and determine
the unknown parameter fs.

FO =
∑number of data

i [(cexp i − cw i)/cexp i]2

number of data
(13)

where cexp i is the experimental concentration at the data
point i (at the time i) and cw i the corresponding calculated
concentration.

4. Results and discussion

4.1. Partition equilibrium study

The measured equilibrium concentrations in water and the
solubility data of the pure compounds are presented in Table 3.
The composition of the organic phase at equilibrium was esti-
mated by mass balance calculations from the initial composi-
tion of coal tar (Table 1) and the equilibrium composition of
the aqueous phase. The partition coefficients K of the three
target compounds were found to differ by several orders of
magnitude.

4.2. Dissolution in percolation column

Before performing simulations, an evaluation of the main
dynamic processes involved in the non-equilibrium dissolution
(
t
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chmidt (Sc):

h = 0.18

⌊
1

(1 − ε)0.67 − 1

(1 − ε)0.33

⌋
Re Sc0.67 (10)

ith

Re = vρw
d

µw
Sc = µw

(ρwDw)
Sh = kt

d

Dw
(11)

here v is the pore velocity, ρw the bulk density of the aqueous
hase, d the particle diameter, µw the aqueous phase viscosity,
the volume fraction of water, and Dw the diffusion coefficient
f a given compound in water.

The maximum specific exchange surface (denoted asb) is the-
retically known and given by the total surface of the beads Sb in
he packed bed. Experimentally, it is difficult to achieve the the-
retical maximum exchange surface due to the contact between
he beads and to imperfections in the experimental protocol when
utting the tar layer in position (existence of discontinuities in
he tar film or presence of zones inaccessible to water due to
ormation of tar + beads aggregates). It is therefore necessary
o introduce the effective interfacial area fraction fs as a new
arameter:

s = as

asb
where asb = Sb

V0
(12)

ith these assumptions the model constituted by the balance
qs. (7) and (8) written for each compound and for each of the
0 CSTR, has only one unknown parameter, the interfacial area
raction fs. The model was solved to obtain the concentrations
c and cw in each CSTR and in function of time. An optimiza-
ion method based on the minimization of the objective function
i.e. compound diffusion in tar, interphase transfer, convective
ransport) may be very useful.

The characteristic diffusion time is defined [30] by the equa-
ion (14), applied for the tar thin layer:

dif = h2

Dc
(14)

he typical values of diffusion coefficients Dc for the aro-
atic compounds in coal tar reported in the literature are about
× 10−12 to 2 × 10−11 m2/s [30]. Considering the low thickness
f the tar layers on the glass beads (h = 0.02 mm for a saturation
evel of 10% and a uniform dispersion of coal tar on the bead
urface) the characteristic diffusion time does not exceed 200 s.

The characteristic external transfer time across the water
nterfacial film is defined [31] by:

ext = 1

Kkt

Vc

Sb
(15)

ifferent correlations using dimensionless numbers give values
f kt of about 10−7–10−6 m/s and with the experimental values
or the other parameters in Eq. (14) text takes values greater
hen 3000 s. Finally, the characteristic convection time of the

obile water tm, defined by Eq. (9) is estimated to be greater than
00 s. It is observed that tdif < tm < text. In a consecutive dynamic
rocesses as the diffusion-external transfer, the slower (here the
xternal transfer) determine the compound flux towards bulk
queous phase. This justifies neglecting the internal diffusion in
ar in the non-equilibrium dissolution model.

The hydrodynamic behaviour of the aqueous mobile phase is
haracterized by the number n of reactors (CSTR). This param-
ter has been identified by applying the balance equation for the
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Fig. 3. Column assay 1: concentration of the target compounds at the column
outlet.

transfer of the tracer. For the j CSTR in the series the balance
equation is:

dctracer, j

dt
= n

tm
(ctracer,j−1 − ctracer,j) (16)

a value of n = 10 has been calculated by fitting this model with
the experimental tracer concentrations at the output of the col-
umn (j = n). The tracer method for the hydrodynamic regime
assessment is detailed in [26,27].

The experimental results for the three target compounds, i.e.
phenol, naphthalene and phenanthrene, are presented in Fig. 3.
It can be observed that depletion of phenol is rapid, its aqueous
concentration being no longer detectable after 150 Vo. How-
ever, phenanthrene concentration remains practically constant
and equal to a third of the saturation value. Naphthalene has an
intermediate behaviour with a regularly decreasing concentra-
tion. The experimental data, cw,exp versus time, allow application

of the model individually for each compound and identifica-
tion of the unknown parameter, the fraction of useful surface fs
(Table 3). The proposed model containing an adjusted parameter
gives satisfactory results for the three compounds (Fig. 3) and
for assay 1 with a mean value of fs = 0.66.

4.3. Global dissolution of tar in a column

In the present study the UV absorbance measurements at
254 nm of the aqueous effluent at the column output was used
as a common method for monitoring tar dissolution. The signal
obtained is proportional to the concentration of benzene rings in
the solution. The experimental results obtained for six different
assays are presented in Figs. 4–6. The ordinate axis A/A0 corre-
sponds to the ratio of the absorbance at 254 nm measured at the
column output (A) over the absorbance of the saturated solution
at equilibrium with the tar (A0). The abscissa axis corresponds to
the number of pore volume (V/Vo). The curves obtained reveal
three stages in tar dissolution process: (1) at the beginning (first
ten pore volumes) a rapidly decreasing peak in concentration;

Fig. 4. Column assays 1 and 5: coal tar dissolution using two water flow rates.
Relative UV absorbance (left) and released flux (right). points = experimental
data; lines = simulations.
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Fig. 5. Coal tar dissolution for different saturation levels: τ = 10% assay 1;
τ = 5% assay 2; τ = 20% assay 3; τ = 50% assay 4. points = experimental data;
lines = simulations.

(2) the concentration continues decreasing but more slowly; and
(3) the dissolution rate becomes practically constant after 200
pore volumes.

Given the differences in behaviour of the various constituents
reported above, coal tar cannot be assimilated to a single com-
pound. The experimental results show that the more soluble
compounds are depleted at the beginning of the dissolution pro-
cess and the only slightly soluble compounds are released over
a long period at low concentrations. This observation agree with
the modelling results obtained by [16]. The parameter, which
differentiates tar constituents the most is their hydro-solubility
or partition between tar and water. The transfer parameters
vary little and their values remain in the same order of mag-
nitude whereas the solubility in water is very different from
one compound to another. In the series of PAH for exam-
ple, solubility varies by several orders of magnitude: naphtha-
lene 8.7 × 10−4 mol L−1, phenanthrene 7.2 × 10−6, chrysene
8.8 × 10−9 mol L−1, etc. However, taking into account all of
the constituents in a model is very difficult and requires a large
amount of experimental data. For these reasons, tar has been con-
sidered as a mixture of four equivalent constituents according to
the volatility and solubility of the major compounds detectable
by UV spectroscopy. As the coal tar used did not contain the

F
a

most volatile compounds (monocyclic aromatic hydrocarbons),
the four categories considered are:

(1) The “phenol equivalent compounds”: Phenol, cresols,
dimethylphenol.

(2) The “naphthalene equivalent compounds”: Naphthalene,
acenaphthylene, acenaphthene.

(3) The “phenanthrene equivalent compounds”: Phenanthrene,
anthracene, fluorene, fluoranthene.

(4) The “heavy PAH fraction”: Pyrene, benzoanthracene,
chrysene.

The PAH fractionations used above are the same as those
recommended by [19] while the phenols included here are not
present in previous studies reported in the literature. In the
model, the equivalent compounds are characterized by: (1) their
initial concentration in the tar which is the sum of the molar con-
centrations of the various compounds analysed; (2) the global
mass transfer coefficient; and (3) the partition coefficient. The
latter two were assimilated to the respective parameters of the
first compound in the category. The model has been applied
for the mixture of the four equivalent constituents. The con-
centrations in water obtained by simulation for each equivalent
constituen, cx,k, have then been used for calculating the relative
absorbance A/A0:
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ig. 6. Influence of the glass beads diameter on the coal tar dissolution: d = 2 mm
ssay 1; d = 4 mm assay 6. points = experimental data; lines = simulations.
A

A0
=

4∑
k=1

Akcw

A0
(17)

here Ak denotes the specific absorbance of each equivalent
onstituent. Ak values have been estimated from the absorbance
f the compounds studied individually, determined by UV spec-
roscopy.

The model was firstly applied to assay 1 where the individ-
al behaviour of the major constituents (phenol, naphthalene
nd phenanthrene) has been studied. It was not possible to
etermine experimentally the parameter K of the “heavy PAH
quivalent constituent” because of very low aqueous concentra-
ions of this compounds. This parameter, by the way the only
nknown, was adjusted by fitting the model to the experimen-
al results (expressed as A/A0) of essay 1 (Table 4). The model
as then applied to assays 2–6 maintaining the partition coef-
cient values K of the four categories of compounds. The mass

able 4
odel parameters for column assays 1–6

artition coefficient K in assays 1–6
Phenol equivalent 1.4 × 10−2

Naphthalene equivalent 4.9 × 10−4

Phenanthreneequivalent 1.1 × 10−5

Heavy HAP 1.0 × 10−6

ffective interfacial area fraction, fs
Assay 1 0.66
Assay 2 0.50
Assay 3 1.0
Assay 4 0.85
Assay 5 0.79
Assay 6 1.0
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transfer coefficients kt were estimated using correlation (11) for
the hydrodynamic conditions of each assay. As was explained in
Section 3.2, the effective interfacial area fraction fs is an exper-
imental unknown parameter which has to be adjusted for each
assay (results presented in Table 4).

Firstly, the influence of operating conditions on the disso-
lution behaviour and the model capability will be discussed.
The water-flow rates influence may be assessed by compar-
ing the experimental results of assays 1 and 5 (Fig. 4). It can
be seen that the compound concentrations were higher for a
lower flow rate. In fact, a more adequate parameter for compar-
ison is the flux released by the tar. The right hand side graph
of Fig. 6 shows that the flux released for higher flow rates
is greater. This dependence can be explained by the variation
of the transfer coefficient kt, which increases with the increas-
ing flow rate in the column. The result obtained confirms the
fact that mass transfer across the interfacial film is the limit-
ing factor of tar dissolution in porous medium. Fig. 5 shows
the experimental and simulated curves of global dissolution for
four different saturation levels of tar. It can be observed that
for saturation levels τ going from 5 to 20%, dissolution of tar
into water is increased with the tar content. However, for a level
of 50%, dissolution is less pronounced than for τ = 20%. The
first observation is logical as a higher coal tar content leads to a
reduced pore volume and therefore higher flow rates with accen-
tuated dissolution. Furthermore, a high saturation level implies
a
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Fig. 7. Comparison of three models for the coal tar dissolution in porous
medium.

(1) The tar is considered as a pseudo unique compound. Its solu-
bility in water, equal to the global concentration of dissolved
compounds, remains constant during dissolution (as those
of a pure compound). The external transfer parameter kt has
an average value. Fig. 7 shows that modelling of coal tar as
a single compound is not appropriate. The simulated con-
centration remains constant and becomes nil when the tar is
totally dissolved. Furthermore, the total dissolution of tar is
an event, which does not occur in reality or takes place in the
very long-term due to the presence of practically insoluble
constituents.

(2) In the model the tar–water partition model was replaced
with the Raoult’s law expressed by Eq. (1) to calculate the
equilibrium concentration for each of the four fractions; the
other parameters are unchanged. The use of Eq. (1) gives
rise to an overestimation or underestimation of the concen-
tration in water. The behaviour of tar is described only in a
qualitative manner. The thermodynamic approach applied in
this study allows enhancement of the non-equilibrium dis-
solution model and a better estimation of the tar behaviour.

5. Conclusions

A simple experimental procedure coupled with a fraction
approach modelling is presented in order to assess the non-
e
t

(

(

greater exchange surface due to the spatial distribution of
ar in the column. In fact, the value of the effective interfacial
rea fraction fs increases with τ (Table 2). This interpretation
s not suitable for the assay with τ = 50% where it is likely that
art of the tar is not accessible to the flowing water (formation
f aggregates with the beads). The simulation in the case of
ssay 4 was successful assuming that only 25% of the tar vol-
me was accessible to water during the time of the experiment
short-term).

Comparing assays 1 and 6 we cannot observe significant dif-
erences between assays performed with different bead’s diam-
ters. Two factors are involved here:

The flow regime in the porosity and its influence on the transfer
coefficient: as predicted by correlation (10), the diameter of
the beads does not influence the value of kt as the parameter
plays the same role in Re and Sh.
The specific exchange surface: the maximum exchange sur-
face asb is higher for assay 1 (smaller bead diameter) but
the effective interfacial area fraction seems to be lower (0.66
against 1). The experimental results in fact demonstrate a
slightly accentuated dissolution for assay 1. This result is due
to the more uniform dispersion of tar on the surface of beads
with diameter of 4 mm.

The proposed model represents well the evolution of the dis-
olution process, the simulation results are even quantitative
hen an adjusted parameter is used (the effective interphase

urface).
Finally, the proposed model was compared with two models

ased on the following hypotheses:
quilibrium and multi-compound dissolution behaviour of a coal
ar. The main conclusions are summarized below:

1) In the case presented here, i.e. multi-compound equilibrium
between two non-ideal phases, it can be shown that the
partition of each constituent can be treated independently
and characterized by a constant partition coefficient. How-
ever, this partition coefficient depends on the activities of
the constituent in the aqueous phase and the tar and cannot
be estimated only from the solubility of the pure compound
in water.

2) A simple non-equilibrium dissolution model was used and
validated for three target compounds (phenol, naphtha-
lene and phenanthrene). Only one parameter was adjusted,
the effective interfacial area, which is characteristic of the
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experimental set-up and independent of the chemical com-
position or other tar’s properties.

(3) A fraction approach was used for a real coal tar containing
PAHs and phenols. The compounds were grouped follow-
ing their solubilities and volatilities in four fractions, each
of them being modelled by an equivalent constituent. The
model requires two parameters for each equivalent con-
stituent, i.e. the partition coefficient, which may be experi-
mentally determined and the transfer coefficient, which may
be calculated using available correlations. The model was
applied for different operating conditions giving reasonable
good results.

(4) A simple monitoring method (UV detection) can be used to
measure the dissolution amount and a fraction-based model
can be used to assess at least semi-quantitatively the non-
equilibrium dissolution behaviour.
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