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Abstract—External and internal mass-transfer resistances influencing the bioavailability of sorbed naphthalene in a synthetic model
matrix for soil aggregates were investigated in batch experiments in mixed reactors. Amberlitet adsorption resins (XAD4 and
XAD7) were used as the synthetic model for soil aggregates. The effect of hydrodynamic conditions in the slurry phase on the
diffusive transport across a stagnant film surrounding the model particles was studied. In addition, a mechanistic model was developed
based on mass balances, diffusion equations, a nonlinear sorption isotherm, and microbial degradation kinetics. Experimental results
could be explained well with this model. In the absence of external transfer limitations, intraparticle effective diffusion coefficients
of (3.55 6 0.10) 3 1029 m2/s and (5.29 6 0.86) 3 10210 m2/s were determined for naphthalene in Amberlite XAD4 and XAD7,
respectively.
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INTRODUCTION

The biological remediation of soils polluted with polycyclic
aromatic hydrocarbons (PAHs) is considered an attractive al-
ternative to the more destructive physical and chemical san-
itation techniques. The biological value of the soil is preserved
and, therefore, the soil can be brought back into the environ-
ment, whereas soil treated otherwise is often dumped at waste
disposal sites or only has a limited application as construction
material.

However, major drawbacks exist in bioremediation that lim-
it its application. Because biological processes are used to
lower pollutant concentrations, biodegradation of the contam-
inants must be possible by the microbial population present
and environmental conditions have to allow for a sufficient
biodegradation capacity of this population. In addition, bio-
degradation of noncontaminant compounds (soil organic mat-
ter) or the presence of other contaminants should not inhibit
the conversion process. In the case of PAHs that are located
in the soil under former gaswork plants, cyanide pollution, for
instance, may limit the potential of bioremediation.

But even if the pollutants can be metabolized by the bacteria
or fungi and copollution does not affect this conversion, low
degradation rates can occur. The slow release of PAHs from
the soil constituents to the aqueous phase is proven to be
limiting for the overall biodegradation rate in many cases [1].
Low mass-transfer rates caused by strong sorptive interactions
with soil organic matter and intraparticle diffusion limitations
are responsible for the low bioavailability of PAHs in soil [2–
8].

When studying the limited bioavailability of PAHs in soil,
a complex heterogeneous system is under investigation in
which various physicochemical parameters are undefined. This
heterogeneity occurs in both textural as well as in structural
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features of soil material. Therefore, soil matrices should be
well characterized in order to obtain a qualitatively as well as
a quantitatively sound description of the processes involved.
An alternative approach is the use of synthetic matrices as
model constituents of soil that possess defined homogeneous
properties [7,9–14]. Using these model systems, the processes
determining the reduced bioavailability of sorbed PAHs can
be simulated and modeled. Obviously, the physicochemical
properties of the model system must be similar to the soil type
under investigation so that results can be translated to realistic
systems [10].

A reduced bioavailability of PAHs mainly occurs in fine-
textured soils such as silt and clay and in organic matter frac-
tions. This is due to relatively high specific surface areas and
the relatively slow rate of aqueous diffusion through the soil
particle matrix and in water-saturated clay aggregates as a
result of constrictivity and tortuosity effects. Therefore, model
systems must consist of porous matrices in which sorption of
the contaminants to an organic hydrophobic phase is possible
and in which mass-transfer resistances can be rate-limiting to
the overall release rate from the particles.

The particle diameter is an important factor when studying
mass-transfer processes in aggregates. However, because of
the heterogeneity of soil material, employing defined size lim-
its for soil aggregates is impossible. Although literature exists
on particle texture and structure, this literature stems from
agricultural sources and often focuses on macroaggregate
properties [15–18]. However, in bioremediation practice, the
effluent of a classification treatment installation is mainly what
is considered for further clean-up. This effluent consists of
microaggregates [19] that contain high amounts of clay par-
ticles and organic matter.

The purpose of this study was to investigate the mutual
influence of intra-aggregate mass-transfer processes and mi-
crobial degradation of naphthalene in synthetic model soil ma-
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Table 1. Physical properties of the sorbent used as synthetic model
soil (from supplier data unless stated otherwise)

Sorbent

Average
pore

diameter
(nm)

Specific
surface area

(m2/g)

Skeletal
density
(kg/m3)

Porositya

(m3/m3)

XAD4
XAD7

4.0
9.0

725
450

1,080
1,240

0.71
0.78

a [35].

trices. These model soil systems were used to validate a math-
ematical model developed to describe the biological processes
and the mass-transfer phenomena. Although several mecha-
nistic models have been presented earlier in the literature, this
work was aimed at the incorporation of external mass transfer
and internal mass transfer, nonlinear sorption processes, and
nonlinear biodegradation kinetics into one model. The com-
bination of these specific aspects in one model and the ex-
perimental validation with model systems provide a new meth-
odology that can increase the insight in the limited bioavail-
ability of hydrophobic soil pollutants. Because of the mech-
anistic nature of the mathematical model, reasonable
predictions with respect to the fate and behavior of other com-
pounds in soil matrices can be made.

MATERIALS AND METHODS

Bacterial cultures

In previous investigations [7], the isolation of the gram-
negative Pseudomonas strain 8909N (DSM-No. 11634) was
described. This organism can use naphthalene as the sole car-
bon and energy source.

Media and culture conditions

A buffered mineral medium with pH 7.0 was used in the
experiments [12]. Both the physicochemical and the biodeg-
radation experiments were conducted at 308C to ensure similar
conditions.

Synthetic soil matrix

Commercially available Amberlite XAD4 and XAD7 resins
(Supelco, Bellefonte, PA, USA) were used as porous matrices.
The physical properties of these materials are shown in Table
1. The XAD was sieved (Endecotts, Keison Products, Chelms-
ford, UK) and the resulting size fractions (425–500 mm; 500–
600 mm; 710–850 mm; 850–1,000 mm; 1,000–2,360 mm) were
stored at 48C in rubber-stoppered serum flasks. Contamination
of the matrices with naphthalene was performed in 250-ml
serum flasks supplemented with 200 ml of medium and ap-
proximately 50 g of Amberlite resin. Naphthalene was melted
in stainless steel cups with conical-shaped notches [12] at a
temperature of 1008C, after which the melts were cooled at
room temperature. This procedure resulted in smooth melts
with specified surface areas of 3.14 3 1024 m2, which were
amended to the serum flasks. After a certain period, the stain-
less steel cups with the solid PAH were removed and the XAD
particles were separated from the aqueous solution by filtra-
tion.

Sorption isotherms

Adsorption and desorption isotherms were determined un-
der sterile conditions at 308C in 100-ml serum flasks with

Teflont-lined stoppers. Gravimetrically determined amounts
of loaded and unloaded XAD, respectively, were suspended
in 90 ml of medium without naphthalene or in naphthalene
solutions. After a period of 7 d, naphthalene liquid-phase con-
centrations were determined by high-performance liquid chro-
matography (HPLC) analysis. This period was long enough to
assure equilibrium conditions.

Dynamic sorption and biodegradation experiments

Dynamic experiments were performed in slurry reactors of
500 ml (di 5 0.024 m) [12] and of 1,500 ml (di 5 0.045 m;
Applikon, Schiedam, The Netherlands) with disc-mounted flat-
blade turbine impellers at 308C, where di is the impeller di-
ameter (m). Particle-free solutions (stainless steel inlet filter,
10-mm porosity; Alltech, Deerfield, IL, USA) were pumped
through quartz cuvets in which absorption at 276 nm (A276)
and at 540 nm was measured at discrete time intervals (Varian
Cary 1 [500-ml reactor], Palo Alto, CA, USA; Perkin Elmer
Lambda 15 [1,500-ml reactor], Norwalk, CT, USA) with min-
eral medium as reference. Stainless steel and Viton (GLB,
South El Monte, CA, USA) tubing was used to interconnect
the reactor, pump, and spectrophotometer. Before the experi-
ments, the reactors were autoclaved (20 min at 1208C) and
tubing was sterilized by successively recirculating solutions
of 1 M NaOH, 1 M HCl, and sterile mineral medium for 30
min each [12]. At the start of an experiment, XAD particles
were added to the reactor and naphthalene concentrations in
the liquid phase were measured until equilibrium was reached.
In the case of biodegradation experiments, bacteria were sub-
sequently inoculated to these reactors by pipeting 0.5 ml of
an active culture suspension in the reactors. In order to prevent
interference of light scattering by bacteria on the spectropho-
tometric determination of the naphthalene concentration, sam-
ples were drawn from the recirculating fluid by a three-way
valve after inoculation. Samples were filtered over 0.22-mm
rotrand filters (Schleicher & Schuell, Dassel, Germany) to re-
move bacteria and were directly prepared for HPLC analysis.

Analytical procedures

Biomass formation was determined by measuring optical
density at 540 nm (OD540) in the flow-through cuvette. The
OD540 values were converted to biomass concentrations by
determining the protein concentration at a certain optical den-
sity (conversion factor 4.33 3 1021 kg/m3/U OD540) [12]. Dis-
solved naphthalene concentrations were determined by HPLC
(Hewlett-Packard series HP 1050, Avondale, PA, USA) and
by on-line spectrophotometric measurements. The HPLC sam-
ples were 50% diluted with acetonitrile and were injected on
a 20-cm Chromspher C18-PAH column (Chrompack, Middel-
burg, The Netherlands) with a 88:12 (v/v) mixture of aceto-
nitrile and water as eluent. Naphthalene concentrations were
detected by an ultraviolet detector at 276 nm. The experimental
setup used for the on-line spectrophotometric determination
of dissolved naphthalene concentrations was described earlier
[12]. A molar absorption coefficient of 5.45 3 103/M/cm was
determined and used to convert A276 values to dissolved naph-
thalene concentrations. Initial loadings of the resins were de-
termined by extraction with acetonitrile in 100-ml serum flasks
from which HPLC samples were drawn after 24 h. The dry
weight of the XAD was determined gravimetrically after 24
h of drying at 1008C.
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MODELING

The sorption equilibrium of naphthalene to Amberlite resins
is described by the Freundlich isotherm, which gives the non-
linear relationship between the naphthalene concentration in
the sorbed phase and the dissolved naphthalene concentration
in the pore liquid

nQ 5 K CF (1)

where Q is the sorbed naphthalene concentration (kg/kg), KF

is the Freundlich sorption coefficient (m3n/kgn), C is the dis-
solved naphthalene concentration (kg/m3), and n is a dimen-
sionless constant. When the natural logarithm of Q is plotted
versus the natural logarithm value of C, a straight line is ob-
tained with a slope equal to n and an intercept of the vertical
axis equal to the natural logarithm of KF.

The release of contaminant from a porous particle is a dy-
namic process, which can be modeled by setting up a mass
balance for a specific geometry and the substitution of a dif-
fusion equation [20]. Assuming a spherical shape of the Am-
berlite resins, a concentration-independent diffusion coeffi-
cient in the pore liquid, and instantaneous local equilibrium
at a certain location in the porous particle, Equation 2 describes
the variation of concentration in time as a function of the
concentration gradient in the particle at a given location

2]C ]Q ] C 2 ]C
« 1 (1 2 «)r 5 D 1 (2)s eff 21 2]t ]t ]r r ]r

where « is the particle volumetric porosity (m3/m3), t is the
time (s), rs is the skeletal density of the solid phase (kg/m3),
Deff is the effective diffusion coefficient through the porous
matrix (m2/s), and r is the distance from the center of the
particle (m). The effective diffusion coefficient is defined as
the binary diffusion coefficient of the PAH in dilute water
solutions corrected for tortuosity and constrictivity effects im-
posed on this coefficient by the matrix geometry by means of
a lumped matrix factor (k) [8,21]

«DABD 5 (3)eff k

where DAB is the binary diffusion coefficient of the PAH in
dilute aqueous solutions and k is the dimensionless matrix
factor. By substitution of Equation 1 into Equation 2 the fol-
lowing equation is obtained

2]C D ] C 2 ]Ceff5 1 (4)
(n21) 21 2]t « 1 (1 2 «)r K nC ]r r ]rs F

In most studies that use radial diffusion models to describe
the behavior of hydrophobic compounds in soil particles an
overall effective diffusion coefficient is defined [4,8,22]. Al-
though these overall diffusion coefficients were defined for the
case of a linear isotherm (e.g., n 5 1 in Eqn. 1), we follow a
similar definition

DeffoD 5 (5)eff (n21)« 1 (1 2 «)r K nCs F

where is the overall effective diffusion coefficient (m2/s).oDeff

Equation 4 can be simplified by introducing the following
normalized parameters

r
j 5 (6)

R

tDefft 5 (7)
2R

where j is the dimensionless normalized location in the par-
ticle, R is the radius of the particle (m), and t is the dimen-
sionless normalized time. Substitution of the normalized pa-
rameters (Eqns. 6 and 7) in Equation 4 yields

2]C 1 ] C 2 ]C
5 1 (8)

(n21) 21 2]t « 1 (1 2 «)r K nC ]j j ]js F

The boundary conditions for Equation 8 follow from the def-
inition of a zero concentration gradient in the center of the
particle (boundary condition I [BC I]) and the condition that
the mass flux from the surface of the particle equals the mass
flux through the laminar layer (BC II). In addition to intra-
particle mass-transfer resistances, diffusion across a stagnant
liquid film surrounding the particle influences the overall trans-
fer rate to a well-mixed aqueous phase [20]. This additional
mass-transfer resistance can be modeled by assuming a linear
concentration gradient across the laminar liquid film and thus
defining the mass flux through the film as

N 5 «k (C 2 C ), j51 b (9)

where N is the mass flux through the laminar layer (kg/m2/s),
k, is the mass-transfer coefficient of the naphthalene (m2/s),
and Cb and Cj51 are the concentrations in the mixed bulk liquid
and at the interface of the particle with the laminar layer,
respectively (kg/m3). The boundary conditions (BCs) and ini-
tial condition (IC) for Equation 8 are therefore

]C
5 0 BCI (10))]j

j50

]C
2D 5 «k R(C 2 C ) BCII (11)eff ) , j51 b]j

j51

with

C 5 C for 0 $ j $ 1;i

C 5 0 at t 5 0 IC (desorption) (12)b

C 5 0 for 0 $ j $ 1;

C 5 C at t 5 0 IC (adsorption) (13)b i

where Ci is the initial dissolved naphthalene concentration (kg/
m3). In the case of desorption, this concentration is in equi-
librium (Eqn. 1) with the initial sorbed naphthalene concen-
tration Qi (kg/kg). The magnitude of the mass-transfer coef-
ficient over the laminar film (k,) depends on the flow conditions
imposed by shaking or stirring. The external mass transfer can
be characterized by the dimensionless Sherwood number (Sh)

2Rk,Sh 5 (14)
DAB

The relationship between reactor flow conditions and the ex-
ternal mass transfer is often described as a function of the
dimensionless Reynolds and Schmidt numbers

b gSh 5 2 1 aRe Sc (15)

2r vR,Re 5 (16)
h

h
Sc 5 (17)

r D, AB

where Re and Sc are the dimensionless Reynolds and Schmidt
numbers, respectively. The parameter r, is the liquid density
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(kg/m3), v is the relative velocity of the particle to the liquid
(m/s), and h is the dynamic viscosity of the liquid phase (kg/
m/s). The constants a, b, and g are dimensionless and have
values of 0.60, 0.5, and 0.33, respectively, for mixed slurries
of spherical particles [23,24]. However, determination of the
dimensionless Reynolds number requires information on the
relative velocity of the particles to the fluid (v), which is dif-
ficult to obtain. Although alternative formulations exist for the
Reynolds number as a function of the energy dissipation rate
to the liquid phase by means of mixing, these relations have
a limited applicability [23]. Therefore, in this study, only the
impeller Reynolds number is used to evaluate whether tur-
bulent conditions exist in the stirred vessel [24]

2r S d, i iRe 5 (18)i h

where Rei is the impeller dimensionless Reynolds number, Si

is the rotational speed of the impeller (s21), and di is the di-
ameter of the impeller (m). At high Rei values (Rei . 10,000)
the flow in the vessel is considered turbulent throughout the
entire liquid phase. Between Reynolds numbers of 10 to
10,000, the flow is turbulent at the impeller and might be
laminar at distant locations in the vessel. Below Reynolds
numbers of 10 the flow is considered laminar in the complete
liquid phase.

To determine whether external or internal mass transfer is
limiting the overall release or uptake rate of naphthalene, the
dimensionless Biot number (Bi) can be used [3,24]

k R,Bi 5 (19)
Deff

At high Biot numbers (Bi k 1) external diffusion limitations
can be neglected and intraparticle mass transfer is rate-deter-
mining. At low Biot numbers (Bi K 1) the external mass-
transfer resistances dominate the overall transfer process.

Bacteria have dimensions in the order of micrometers [25]
and, therefore, are unable to penetrate the pores of the porous
particles, which have an average pore size of nanometers, as
is the case for the XAD particles (Table 1). Therefore, bio-
degradation can only occur in the liquid phase. When the bio-
degradation in the stagnant layer is neglected, the following
mass balance can be postulated to describe the change in the
dissolved PAH concentration in time in the bulk liquid phase

dC «k A mXb ,5 (C 2 C ) 2 (20)j51 bdt V Y

where V is the volume of the liquid phase per particle (m3),
A is the particle external surface area (m2), m is the growth
rate of the bacteria (s21), X is the biomass concentration (kg/
m3), and Y is the yield of the organisms on the PAH (kg/kg).
When adsorption or desorption experiments under sterile con-
ditions were modeled, the biomass concentration was set to
zero for the duration of these sterile conditions. The initial
conditions for Equation 20 are given in Equations 12 or 13.
The volume per particle is calculated on the basis of the fol-
lowing equation:

4
3V pR (1 2 «)rR s3

V 5 (21)
ms

where VR is the total liquid volume in the reactor (m3) and ms

is the total dry weight of the particles in the reactor (kg). The

volume of the water inside the pores was neglected. The change
in biomass concentration in time can be modeled by

dX
5 mX with (22)

dt

X 5 0 for t , t (23)I

X 5 X for t 5 t (24)I I

where XI is the biomass concentration (kg/m3) at the moment
of inoculation tI (s). The growth rate of the bacteria is modeled
by assuming Monod kinetics for the growth on dissolved naph-
thalene [12]

C
m 5 m (25)max C 1 Ks

where mmax is the maximum growth rate of the bacteria (s21)
and Ks is the Monod constant (kg/m3). From Equations 22 and
25, zero-order growth can be deduced to occur at relatively
high PAH concentrations compared to the Monod constant,
and that first-order growth occurs at relatively low concentra-
tions. To assess whether the biodegradation in the laminar layer
may be neglected the dimensionless Hatta number (Ha) is
defined at first-order growth conditions [24]

m XmaxDAB1 2! YKs

Ha 5 (26)
k,

At low Hatta numbers (Ha , 0.3) and for a relatively low
volume of the boundary layer compared to the liquid volume
(V), the biodegradation in the laminar boundary layer can be
neglected. At high Hatta numbers (Ha . 3), a significant re-
action rate occurs in the boundary layer and Equation 9 is no
longer valid. This becomes important at high biomass con-
centrations and low mass-transfer coefficients.

In order to calculate the development of biomass (X) and
bulk liquid PAH concentrations (Cb) in time, the set of coupled
differential equations formed by Equations 8, 20, and 22 has
to be solved. Because of the nonlinearity of the bacterial trans-
formation kinetics and of the Freundlich isotherm, the set of
differential equations cannot be integrated analytically and nu-
merical integration methods are necessary to approximate the
solution. A Crank–Nicholson scheme is the recommended dis-
cretization scheme to transform the set of differential equations
into a set of j linear equations with j unknowns [26]. The value
of j is determined by the number of locations at which the
dissolved concentration (C) is evaluated. A Euler integration
method is applied to calculate the evolution of biomass con-
centration in time.

The description of the experimental data by the model was
optimized in a two-step procedure. First, the mass transfer was
quantified by determination of the effective diffusion coeffi-
cient (Deff) and the mass-transfer coefficient (k,) from sterile
desorption and adsorption experiments. In the second step, the
microbial parameters were quantified by determining the max-
imum growth rate (mmax) and the yield (Y) from the biodeg-
radation experiments. The value of the effective diffusion co-
efficient was optimized by minimizing a chi-squared function
[26] at negligible external mass-transfer resistances

Z
2 2x 5 [C z 2 C(t)] (27)O z t

z51
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Fig. 1. Sorption isotherms of naphthalene to XAD4 and XAD7 Am-
berlitet resins. The closed symbols are the natural logarithmic values
of the sorbed naphthalene concentration (Q) and the dissolved naph-
thalene bulk liquid concentration (Cb).

Table 2. Freundlich sorption parameters (KF, n) and intraparticle
effective diffusion coefficients (Deff) and matrix factors (k) for the
Amberlite resins. Calculation of the matrix factor from the value of
Deff, a value of 8.28 3 10210 m2/s, was used for the binary diffusion

coefficient of naphthalene in water (DAB) [40]

Sorbent
KF

(m3n/kgn) n
Deff

(m2/s) k

XAD4
XAD7

2.89
1.93

0.53
0.69

(3.55 6 0.10) 3 1029

(5.29 6 0.86) 3 10210
0.17
1.22

where x2 is a dimensionless parameter, z is the identifier of
the experimental individual data points, Z is the total number
of experimental data points, Czzt is the experimental PAH con-
centration at time t, and C(t) is the concentration at time t
predicted by the model. At low energy dissipation rates, the
value of the effective diffusion coefficient (Deff) as determined
from the above-mentioned calculations was introduced as a
fixed parameter. The value of the mass-transfer coefficient (k,)
was subsequently optimized by minimizing x2 in Equation 27.
Thereafter, the value of the maximal growth rate of the bacteria
was determined from the exponential growth phase by a pro-
cedure that was also adapted in earlier work [12]. In this pro-
cedure the natural logarithm of the ratio of the biomass con-
centration over the initial biomass concentration is calculated.
Then, this logarithmic value is plotted against time. In the
growth phase where zero-order kinetics are valid, a straight
line is obtained and the slope of this line equals the maximum
growth rate of the bacteria. Finally, the value of the yield
coefficient was optimized in the biodegradation phase (t 5 tI)
by minimizing another chi-squared function

Z
2 2x 5 [X z 2 X(t)] (28)O z t

z51

where Xzzt is the experimental biomass concentration at time
t (kg/m3) and X(t) is the concentration at time t predicted by
the model (kg/m3). The values of x2 were minimized by ap-
plying a bracketing method [26].

RESULTS

Sorption isotherms

Sorption isotherms of naphthalene on Amberlite XAD4 and
XAD7 were determined under sterile conditions at a temper-
ature of 308C in mineral medium (Fig. 1) and Freundlich iso-
therms were fitted through the experimental data. Results of
these fits are given in Table 2. Adsorption and desorption
isotherms were identical so the sorption of naphthalene to both
sorbents was reversible.

Mass-transfer parameters

One of the most important parameters in the current model
is the effective diffusion coefficient of naphthalene in the po-
rous Amberlite matrices. This parameter can be determined by
measuring the amount of naphthalene that is taken up by an
Amberlite particle or the amount that is released from a ho-
mogeneously contaminated particle in course of time. To be
sure that external mass-transfer limitations are negligible dur-
ing these measurements, information must be generated on the
influence of reactor hydrodynamics on these external resis-
tances [27]. Therefore, dynamic sorption experiments were
conducted with the resins at different liquid mixing rates. Ad-
sorption experiments with uncontaminated resins and desorp-
tion experiments with naphthalene-contaminated XAD4 and
XAD7 were performed in two different types of impeller-
mixed reactors under aseptic conditions.

The adsorption tests were initiated by immersing a certain
mass of a sieve fraction of the sorbent in an aqueous naph-
thalene solution. Subsequently, the decrease in the dissolved
naphthalene concentration was followed by means of on-line
spectrophotometric measurements at discrete time intervals. In
the desorption tests, artificially polluted resin was brought into
the water phase of the reactor and the increase in the dissolved
naphthalene concentration was followed in time by the same

analytical procedure. Pilot experiments showed that the loss
of naphthalene due to adsorption to the apparatus was negli-
gible, which was achieved by the use of glass vessels and
Viton and stainless steel materials to interconnect the mea-
suring equipment.

Results of sterile adsorption and desorption experiments
with XAD7 are shown in Figure 2. From this figure, the de-
sorption rate clearly increases with the rotational speed up to
a rate of 1.67/s and then remains constant, indicating intra-
particle diffusion being rate-limiting under those circumstanc-
es. From these and additional experiments, the external mass-
transfer resistances were found to be negligible at rotational
speeds above 1.2/s. In the range of rotational speeds applied,
calculated impeller Reynolds numbers (Rei) ranged from 4.2
3 102 to 3.3 3 104 (r, 5 1 3 103 kg/m3; h 5 8.09 3 1024

kg/m/s [24]). From the desorption and adsorption experiments
at sufficiently high mixing rates, effective diffusion coeffi-
cients were determined for naphthalene in XAD4 and XAD7
pores (Table 2). Matrix factors (k) for both types of sorbents
were calculated on the basis of the effective diffusion co-
efficients according to Equation 3, and these are given in
Table 2.

Desorption and subsequent biodegradation

The purpose of this work was to study the mutual influence
between the mass-transfer processes of naphthalene, initially
sorbed in porous particles, and the biodegradation of desorbed
naphthalene outside these particles by bacteria. In earlier work,
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Fig. 2. Dynamic batch adsorption and desorption experiments with
two different size fractions of Amberlitet XAD7. Experimental data
indicated by symbols; drawn lines are model calculations. Adsorption
experiments were conducted at different rotational speeds to inves-
tigate the presence of external mass-transfer resistances. Experiments
shown were carried out in the 1,500-ml reactors with a 1,000-ml
working volume (VR).

Fig. 3. (A) Desorption of naphthalene from XAD7 (1,000–2,360 mm)
under aseptic conditions and the subsequent biodegradation of de-
sorbed naphthalene by Pseudomonas 8909N. The natural logarithm
plot is provided to illustrate the procedure to determine the maximum
growth rate in the exponential growth phase. Symbols indicate ex-
perimental data and drawn lines are model calculations. The vertical
dashed line indicates the moment of inoculation (tI). The values of
the parameters applied in the model calculations are provided in Table
3. (B) Experimental and calculated desorption rates of naphthalene
from XAD7 particles (1,000–2,360 mm) and experimental and cal-
culated growth rates in the biodegradation phase (Fig. 3A). The con-
ditions of this experiment and the model parameters used to calculate
the model lines are given in Table 3. The vertical dashed line indicates
the moment of inoculation (tI).

a procedure was developed to quantify both the physicochem-
ical process and the biodegradation of the released PAH in
single-run experiments [12]. Although those experiments were
conducted with solid-phase naphthalene, a similar approach
was adapted in the experiments described in this section.

In the experiments the mass-transfer parameters first were
determined in an aseptic phase (e.g., X 5 0). Then the reactor
was inoculated (at t 5 tI) with bacteria (with X 5 XI) to study
the effect of the mass transfer on the biodegradation process.
The aseptic part of the experiments was identical to the ex-
periments described in the foregoing section. In the ideal sit-
uation, equilibrium with respect to the desorption process was
established before inoculation. Thereafter, bacteria were added
and the biomass concentration was measured on-line at discrete
time intervals by a spectrophotometer. Because the biomass
interferes with the spectrophotometric determination of dis-
solved naphthalene in the bulk of the liquid, samples were
drawn from the reactor liquid for HPLC analysis after the
moment of inoculation. Results of such an experiment are
given in Figure 3A, showing the desorption of naphthalene
from XAD7 particles and the subsequent biodegradation by
Pseudomonas 8909N. These data have been described by the
mathematical model and the values for the model parameters
are given in Table 3. The value of the Monod constant (Ks 5
4.0 3 1025 kg/m3) for naphthalene was determined in earlier
reports on Pseudomonas 8909N [28].

Figure 3A shows the two-stage setup of the experiments.
After the preloaded XAD7 was added to the reactor, dissolved
naphthalene concentrations were measured by ultraviolet ad-
sorption at 276 nm. At the moment where equilibrium was
achieved, bacteria were added to the reactor medium and light
scattering at 540 nm was now measured as a measure for the
biomass concentration. Additional HPLC samples were drawn
to determine the decrease in dissolved naphthalene concentra-
tions. The maximum growth rate was determined from the
slope of the ln(X/X0) values at the exponential growth phase
(Table 3). At the end of the experiment some colorization of

the originally white XAD7 was observed. The yellow-brown
color was attributed to sorbed bacteria or metabolites in the
medium. No quantification was performed on the amount of
biomass that was sorbed to the surface of the XAD7.

From the results presented in Figure 3A, experimental de-
sorption rates in the aseptic phase were calculated by dividing
the increase in dissolved naphthalene concentration by the time
interval in which this increase had occurred and multiplying
by the volume of liquid per particle (V). Furthermore, growth
rates were calculated in the biodegradation phase of the ex-
periment by dividing the increase in biomass concentration in
a certain time interval by this interval and by the current bio-
mass concentration (Eqn. 22).

As in earlier work [12], significant scattering in the values
of the maximum growth rate occurred at low biomass con-



2230 Environ. Toxicol. Chem. 19, 2000 H. Mulder et al.

Table 3. Experimental conditions and values of parameters used in the model calculations. A dash in the cells of the table indicates that these
data are provided in the figure itself. To differentiate between fixed parameter values and parameters that were optimized on the basis of

experimental data, an a or b is added above the parameter values, respectively
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Figure
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Fig. 5. Desorption from XAD7 (425–500 mm) and simultaneous bio-
degradation (tI 5 0) of desorbed naphthalene at low mixing conditions
(Sh 5 1.7) by Pseudomonas 8909N. Symbols represent experimental
data and the drawn lines are model calculations for the bulk liquid
naphthalene concentration (Cb) and the biomass concentration (X).
The dotted lines (for Cb and X; Bi 5 44) are calculated for the case
when external mass-transfer resistances would have been negligible.
The conditions and model parameters are given in Table 3.

Fig. 4. Desorption of naphthalene from XAD4 particles (710–850
mm) and the subsequent biodegradation by Pseudomonas 8909N.
Symbols indicate experimental data and drawn lines are model cal-
culations. The vertical dashed line indicates the moment of inoculation
(tI). The mass fraction of naphthalene present in the particle is cal-
culated in time.

centrations and a moving average method was applied to cal-
culate the results in Figure 3B. In addition to these calculations,
model calculations are given in Figure 3B.

Experiments similar to those with XAD7 were performed
with preloaded XAD4 resins and results are shown in Figure
4. At the end of the experiments with the XAD4 resins col-
orization was also observed, but to a larger extent compared
to the tests with XAD7. Here the resins were colored dark
brown. The dissolved naphthalene concentration and biomass
concentration were calculated according to the mathematical
model and, in addition, the residual mass fraction of the naph-
thalene still present in the particle at a certain moment was
given. For this purpose, the residual mass in the particle was
calculated by multiplication of the dissolved naphthalene con-
centration in the pores of the particle and the concentration of
sorbed naphthalene by the volume of the shells that were de-
fined for the numerical evaluation. The mass fraction was sim-

ply computed by dividing the actual mass in the particle by
the initial mass.

To illustrate the effect of external mass-transfer limitations,
combined desorption and biodegradation tests were performed
at low mixing rates (Sh 5 1.7) and the results are shown in
Figure 5. In this experiment, bacteria were added to the reactor
liquid at the start of the test and the biodegradation capacity
was assumed to be negligible in the first 8 h because of the
low biomass concentration that was present initially. Two types
of model calculations were performed: the parameters were
adjusted to optimize the description of the experimental data
by the model and the situation was simulated in which external
mass transfer is negligible (at a high Biot number). The pa-
rameter values are given in Table 3. Additionally, simulations
have been performed on a hypothetical system (Table 3) in
which the external resistances have been varied over a range
of mixing conditions (e.g., Sherwood numbers; Fig. 6). In this
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Fig. 6. Model simulations to illustrate the effect of external mass-
transfer limitations on the desorption of naphthalene (Cb) from porous
particles and the subsequent biodegradation by the bacteria (X).

Fig. 7. (A) Model simulations showing the effect of the sorption
constant n in the Freundlich isotherm on the removal rate of naph-
thalene from a porous particle (top) and the related biomass formation
(bottom). Furthermore, the effect of the initial biomass concentration
is illustrated for the linear isotherm (n 5 1). The initial mass of
naphthalene was identical for all simulations (Table 3). (B) Model
simulations showing the overall effective diffusion coefficient as a
function of time (bottom) and as a function of the local naphthalene
concentration in the pore liquid of the particles (top). The value of

was evaluated at r 5 0.5R.oDeff

simulated biodegradation experiment the mass-transfer coef-
ficient was very low and, therefore, biodegradation in the
boundary layer might become important. On the basis of Equa-
tion 26 a Hatta number of 0.87 was calculated at the highest
biomass concentration.

An important feature of the current modeling is the com-
bination of the application of Monod kinetics for the descrip-
tion of the bacterial growth and substrate conversion (e.g.,
naphthalene) and the use of the nonlinear Freundlich isotherm
to describe the sorption of naphthalene to the porous solids.
To investigate the effect of the constant n in the Freundlich
isotherm and the initial biomass concentration (X0) on the bio-
degradation of naphthalene, several calculations were per-
formed (Fig. 7A). In this figure, the mass fraction of naph-
thalene present in the particle and the biomass concentration
are given. Figure 7A shows that a decrease in the value of the
Freundlich constant n results in an increased period necessary
for removal of a certain mass fraction from the solid. The
value of the overall effective diffusion coefficient ( ) wasoDeff

expected to possibly be responsible for this effect. Therefore,
the value of this parameter was evaluated as a function of the
elapsed time in the simulations of Figure 7A (at r 5 0.5R)
and as a function of the dissolved naphthalene concentration
(Fig. 7B).

DISCUSSION

Sorption isotherms

In agreement with earlier experiments in which sorption
isotherms of naphthalene on XAD4 and XAD7 resins were
determined, nonlinear sorption behavior was observed (XAD4:
n 5 0.40; XAD7: n 5 0.68; [7]). The XAD4 clearly shows a
more strongly nonlinear behavior than the XAD7 resin (a value
of n 5 1 yields a linear isotherm; the more the value of n
deviates from unity, the more nonlinear the isotherm is). The
Freundlich model has an excellent fit through the experimental
data (Fig. 1) and, therefore, other nonlinear models such as,
for instance, the Langmuir isotherm were not tested.

Although in most work on the partitioning of hydrophobic
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compounds to soil materials, linear isotherms were applied to
describe the data [3,4,8,29,30], several reports exist in which
the nonlinear Freundlich isotherm was used [7,31–34]. The
suggestion was made that the linear isotherm is applicable to
soil material polluted at a low level and that the isotherm
becomes nonlinear at relatively high contaminant loadings
[30]. The mobility of pollutants in the soil matrix is strongly
affected by the type of isotherm used to describe the equilib-
rium partitioning [31]. However, because of the nonlinearity
of the bacterial kinetics, numerical techniques are necessary,
and the introduction of another nonlinear process therefore is
a marginal effort.

Mass-transfer parameters

The dynamic adsorption and desorption experiments at dif-
ferent mixing conditions clearly show that quantification of
the external transfer resistances as a function of reactor hy-
drodynamics is important when the intraparticle diffusion is
studied (Fig. 2). The values of the impeller Reynolds number
indicate that the flow is always turbulent in the vicinity of the
impeller [24], but laminar regions may exist at certain locations
in the reactor at the low mixing speeds. This is supported by
the low Sherwood numbers (Sh ; 2 at impeller speeds [Si]
below 0.8/s; data not shown) that were calculated on the basis
of the mass transfer coefficients. From Equation 15, the value
of the Sherwood number becomes 2 at very low relative ve-
locities of the particle to the fluid.

The values of the effective diffusion coefficients show that
the diffusion of naphthalene in the XAD7 matrix is hindered
by the tortuosity and constrictivity effects (Table 2). The matrix
factor of 1.22 is within the range of 1.08 to 1.28 of matrix
factors that are reported on the basis of theoretical and em-
pirical relations that relate the matrix factor to the matrix po-
rosity (« 5 0.78) [21]. However, the effective diffusion co-
efficient of naphthalene through the XAD4 matrix is found to
exceed the water diffusivity. This suggests that surface dif-
fusion occurs, which is probably caused by the strong hydro-
phobicity of the XAD4 material [35]. Because reports on the
significance of surface diffusivity in soil material are lacking,
this material (XAD4) seems to be less attractive as a soil model
system. Therefore, no attempts were made to alter the model
and incorporate surface diffusion processes.

Desorption and subsequent biodegradation

The single-run tests that were developed in earlier work
with solid naphthalene to study the mutual influence on mass-
transfer and biodegradation processes [12] are also applicable
to the current system with porous sorbents (Figs. 3 and 4). In
the first stage of the experiment unambiguously quantifying
the mass-transfer processes is possible because biodegradation
of the substrate is prevented. After inoculation the bacteria
consume the desorbed naphthalene and biomass is generated
as a results of this conversion. As long as the dissolved naph-
thalene concentration is far above the Monod constant (Ks),
zero-order growth occurs and an exponential growth phase is
observed. The maximum growth rate can be determined from
this exponential increase in the biomass concentration and the
logarithmic plots in Figures 3A and 5 show the good corre-
lation between the experimental data and the linear relation.
When the potential biodegradation capacity exceeds the max-
imum desorption rate, the dissolved naphthalene concentration
drops to a very low value. From that moment onwards, the

biodegradation of naphthalene is no longer microbiologically
limited but becomes mass-transfer limited.

This can also be deduced from Figure 3B, where the ex-
perimental desorption and growth rates are compared with
model calculations. In the aseptic desorption phase, the de-
sorption rate decreases from the maximum value at the start
of the test to zero when equilibrium is established. When bac-
teria have been added and start to convert the substrate the
concentration of dissolved naphthalene decreases. Hereby, the
driving force for transfer of naphthalene from the particles is
increased and the desorption rate increases.

At the transition point of exponential growth and mass-
transfer–limited growth, the dissolved concentration becomes
virtually zero and the desorption rate is maximum. Meanwhile,
the average naphthalene concentration in the particle has de-
creased compared to the initial concentration and the maximum
desorption rate is significantly lower than the rate at the start
of the test. This is different from the systems with solid naph-
thalene [12] where the maximum dissolution rate remains con-
stant. Because the biodegradation is mass-transfer limited from
the transition point onwards, the desorption rate remains max-
imal. However, the concentration of naphthalene in the particle
decreases and, therefore, the maximum desorption rate also
decreases. The growth rate of the bacteria decreases drastically
from the maximum value in the exponential growth phase to
a very low value when the naphthalene concentration decreases
to a level far lower than the Monod constant under mass-
transfer–limited conditions. Because the biomass concentra-
tion still increases because of the conversion of desorbing
naphthalene and the desorption rate decreases in time, the
growth rate decreases continuously.

Figures 3A, 4, and 5 illustrate the good agreement between
the calculated concentrations of dissolved naphthalene and bio-
mass. However, in Figure 3A, and more pronounced in Figure
4, deviations occur between the experimental biomass con-
centration and the model prediction for this concentration.
These experiments were terminated because the decline in the
slope of the biomass curve was explained as the depletion of
naphthalene from the XAD particles. However, the model cal-
culations show that a considerable amount of naphthalene is
still present in the particles at the termination of the tests. In
both the experiments with XAD7 and XAD4 biomass or me-
tabolites (or both) were observed to be sorbed to the surface
of the Amberlite resins. Given the above-mentioned differ-
ences between experimental biomass concentrations and model
predictions, significant sorption of biomass to the hydrophobic
resins might occur. This was reported earlier [7] and Pseu-
domonas 8909N is known to attach to hydrophobic surfaces
[13]. Analysis of whether this attachment affects the analysis
of the biomass concentration and whether the mass transfer of
naphthalene is influenced might be interesting in future work.

The model prediction for the desorption of naphthalene
from the XAD7 particles in the fraction 2,360 , dp , 1,000
mm was observed initially to be poor when an average particle
radius (R) of 840 mm was used. Furthermore, a yield of 1.2
kg/kg was determined, which is not a realistic value. Given
the wide range of particle diameters in this fraction and the
fact that the product specifications of the XAD7 indicate a
diameter range of 850 to 250 mm (20–60 mesh), a smaller
average radius was assumed to be reasonable. Therefore, a
yield of 0.93 kg/kg was assumed, which was determined earlier
[12], and the particle radius (R) was optimized and determined
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at 610 mm. This clearly stresses the importance of narrow sieve
fractions during the preparation of the material.

Although the effective intraparticle diffusion coefficient
was determined in several separate adsorption and desorption
experiments and was a fixed parameter in the description of
the biodegradation experiments, optimizing this parameter in
the aseptic phase of the experiment is possible. External mass-
transfer resistances must then be assured to be negligible by
sufficient mixing. Although the value of the mass-transfer co-
efficient was optimized in the first part of the experiments,
this was only important in the test described in Figure 5, where
external resistances limited the rate of naphthalene release. In
Figure 3A and B, intraparticle diffusion was rate-limiting for
the transfer of naphthalene from the particles to the mixed
bulk, as indicated by Biot numbers of 1.6 3 103 and 46, re-
spectively.

The effect of the external resistances is illustrated in Figures
5 and 6. Figure 5 shows the biodegradation of naphthalene,
desorbing from XAD7 particles, at low mixing intensities. Al-
though the model calculations show excellent agreement with
the experimental data, this situation is not optimal. The porous
sorbents were intended to function as a matrix from which
slow diffusion of the pollutant occurs. However, model cal-
culations at higher mixing conditions (Bi 5 44) show that
intraparticle mass transfer limits the biodegradation only for
a short period (from t 5 1.27 3 105 s onwards). However, by
choosing larger particles (Fig. 3A) this problem can be cir-
cumvented.

The simulations that are shown in Figure 6 are calculated
with the same value for the effective diffusion coefficient. In
fact, the properties of the hypothetical sorbents are almost
identical to those of XAD7, to increase the relevance to the
current experimental systems. However, in real soil systems
porosities («) will be much lower and this will cause a strong
decrease in the effective diffusion coefficient (Eqn. 3). Fur-
thermore, relative velocities of soil aggregates compared to
the fluid will most likely be higher because of larger differ-
ences between the particle density and liquid density. The
importance of external diffusion limitations therefore will be
less pronounced.

The simulations that have been performed to illustrate the
effect of the Freundlich sorption constant n (Fig. 7A), clearly
demonstrate that deviation from the linear isotherm causes
longer biodegradation periods necessary to reduce the contam-
inant concentration in the particle to certain levels (at equal
initially sorbed concentrations [Qi]). From Equation 5 and Fig-
ure 7B, the value of the overall effective diffusion coefficient
can be deduced to decrease with a decreasing dissolved naph-
thalene concentration. This results in lower desorption rates
from the particles and consequently in lower biomass for-
mation rates in the mass-transfer–limited part of the simula-
tion. Even in the case of a linear isotherm (n 5 1.0) the overall
effective diffusion coefficient is orders of magnitude lower
than the effective diffusion coefficient. This is the reason for
the relatively slow release of more hydrophobic soil contam-
inants in comparison to pollutants that show less sorption to
the soil material. In most studies on the sorption of pollutants
to soil material, the sorption constant is related to the octanol–
water partitioning coefficient of the compound. This quantity
is a measure of the hydrophobicity and the interactions with
the soil organic matter have been shown to be proportional to
this parameter [30].

The calculation at different initial biomass concentrations

indicates that the microbiologically limited phase can be short-
ened by altering the biological parameters. In fact, the kinet-
ically limited phase can be prevented if the potential biodeg-
radation capacity exceeds the maximum desorption rate. In
that situation, bioremediation periods can simply be calculated
on the basis of a zero bulk liquid concentration when sorption
is described by a linear isotherm (n 5 1.0) [36]. However, as
the biomass formation rate becomes zero order at microbio-
logical limited conditions and the desorption rate is limited to
a certain maximum value, mass-transfer–limited conditions
can be expected eventually to be inevitable. The sufficient
supply of other nutrients (e.g., oxygen, nitrogen) is of course
a prerequisite to achieve zero-order biodegradation.

CONCLUSIONS

The purpose of this work was to validate a mechanistic
model that incorporates both external and intraparticle mass-
transfer processes, nonlinear sorption, and nonlinear biological
degradation kinetics. The foregoing has showed that the model
can adequately describe the sorption, mass transfer and bio-
degradation processes of naphthalene, initially sorbed in a po-
rous particle. Because the model parameters can all be deter-
mined seperately, a mechanistic framework is available with
which predictions can be made about the behavior of hydro-
phobic soil pollutants in systems with nonlinear sorption and
Monod bacterial kinetics.

The use of synthetic model soil matrices eliminates the soil
heterogeneity that complicates the research for the rate-lim-
iting processes in the biodegradation of PAHs and other hy-
drophobic soil pollutants. Because the Amberlite resins pos-
sess well-defined and constant properties, validation of the
model was possible and experimental results were reproduc-
ible. For instance, the size of the model soil particles was
within defined limits, which is often a problem in real soil
slurries. Furthermore, the particles have homogeneous prop-
erties, which is not the case for real soil particles wherein
heterogeneities occur at all scales. The use of naphthalene as
a model PAH is very convenient because the time scales of
the experiments are short and analytical difficulties are pre-
vented.

However, the application of these types of soil model sys-
tems has drawbacks. In general, two types of disadvantages
occur. The occurrence in model matrices of processes that are
absent in real soil systems is undesirable. The surface diffusion
of naphthalene in the XAD4 resins and the possible sorption
of biomass to the Amberlite resins are examples of such pro-
cesses. However, with respect to the latter, it must be stressed
that the major part of the soil biomass is attached to particulate
matter. On the other hand, relevant processes for natural sys-
tems possibly are impossible to mimic in artificial systems.
The formation of bound residues or the aging of pollutants in
the soil organic matter are important processes that cannot be
simulated in the current model system [37,38]. However, some
interesting reports exist on the use of humus-coated silica gels
to predict the environmental fate of hydrophobic contaminants
[39]. Provided that the properties are reasonably reproducible,
these might be soil model systems that will overcome some
of the disadvantages of the present system. In addition, the
partitioning characteristics will be similar to those of real soil
organic matter.
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