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Transport of PAHs from Desmopan polymers to methanol under various mixing condi-
tions and in the presence of ultrasound was analyzed. PAH transport was influenced by
external transport resistances; however, agitation greater than 800 rpm yielded PAH
transport completely limited by internal resistances. Delivery rates of phenanthrene, fluo-
ranthene, and pyrene with ultrasonication were faster than that under any mixing condi-
tion, suggesting enhanced internal transport properties. Ultrasound also induced increased
concentrations of PAHs in solution at equilibrium. The model developed described PAH
delivery under sonicated/non-sonicated conditions, while quantifying diffusive and thermo-
dynamic properties. Diffusivities with and without ultrasound decreased with permeant mo-
lecular size agreeing with coefficients determined for similar aromatic compounds in poly-
mers. Partitioning coefficients under sonicated and non-sonicated conditions conclusively
differed from each other and decreased as a function of PAH molecular size. Quantitative
structure-property relationship data of PAHs yielded factors predicting thermodynamic
and transport behaviors, with polarizability being the best descriptor.VVC 2010 American Insti-

tute of Chemical Engineers AIChE J, 56: 2717–2726, 2010
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are comprised of
two or more benzene rings fused in a linear, angular, or cluster
arrangement and are naturally present at low levels in the envi-
ronment. Industrial processes have resulted in an increased
presence through the burning of gas, oil, coal, wood, garbage,
and other organic substances.1 The need to remove PAHs
from the environment is driven by their carcinogenic nature,
which imposes a human health risk in populated areas. Studies
have shown that although lower molecular weight PAHs are
not acutely toxic, increasing molecular size correlates well
with carcinogenicity, environmental persistence, and chronic

toxicity.1–3 Currently, 16 PAHs are present in the US Environ-
mental Protection Agency priority pollutant list.2

The removal and destruction of PAHs has been studied
through numerous technologies.4–7 Two-phase partitioning
bioreactors (TPPBs) are a technology platform recently
explored for biological degradation of PAHs.8–16 In TPPB
setups, an aqueous phase containing degrading micro-organ-
isms co-exists with an immiscible second phase acting as a
reservoir for high concentrations of hydrophobic pollutants.17

Low levels of contaminants are then transported and parti-
tioned into the aqueous phase, where microbes degrade these
toxic substrates. TPPB fundamental principles of operation
are governed by mass transport, thermodynamic, and biologi-
cal considerations.

A recent study demonstrated that the sequestering phase
of TPPBs was not restricted to immiscible organic solvents
but could consist of solid polymeric compounds.18 This
provided an opportunity for the removal of hydrophobic
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contaminants directly from soil, water, and air, as polymers
have the ability to sorb organic compounds without inducing
further environmental contamination. Once loaded, the poly-
mers can then be introduced into a TPPB where pollutants
would be microbially degraded. Such a remediation strategy
was proposed and demonstrated for treating PAH contami-
nated soil.15

An important aspect of these solid–liquid bioreactors is
inter-phase mass transfer, which has been demonstrated to
restrict rates of degradation in these novel reactors for poorly
water soluble substrates.15 As noted, microbial uptake in
TPPBs requires transport and partitioning of organic sub-
strates into the aqueous phase before degradation.19 Since
polymer-aqueous systems introduce fixed interfacial areas for
transport, it is not surprising that they may be subject to
delivery limitations. Such constraints have been demon-
strated for biphenyl as well as for PAHs.15,20

Potential solutions are present in the field of responsive
drug delivery, which uses a variety of external stimuli to
improve transport within and from polymeric matrices.
These include ultrasonication as well as magnetic and elec-
trical irradiation.21 Sonication presents an interesting option
as it has been shown to improve delivery of compounds hav-
ing both lipophilic and hydrophilic properties.22–25 The pos-
sibility of using ultrasound for improved PAH transport in
polymer-liquid systems has been examined by Isaza and
Daugulis16 and results showed significant enhancements in
substrate delivery and degradation. Although previous results
and conclusions26–29 suggest that sonication enhances inter-
nal and external delivery, as well as partitioning coefficients,
results to date for PAHs16 cannot be adequately interpreted
to identify specific effects in two-phase systems. A mass
transport analysis is, therefore, required to provide such
insight.

The objective of the present study was to examine the
transport of PAHs from a polymer to a surrounding liquid
phase (methanol) in the presence and absence of ultrasonica-
tion. To quantify the influence of ultrasonication on mass
transport, a mathematical model was developed accounting
for the inter- and intra-phase mass transfers and the interfa-
cial chemical equilibrium of PAHs between the polymer and
liquid phase. The model equation was solved numerically,
and the unknown transport and thermodynamic parameters
were obtained by minimization of least squares differences
between model calculations and experimental data. Finally,
predictive knowledge in solid–liquid partitioning systems
was expanded using collected transport and thermodynamic
properties.

Model Development

Thermo-physical processes considered

The model developed considered two separate phases—a
polymer phase and a surrounding liquid methanol phase.
Methanol was the chosen solvent based on its increased sol-
ubility for the target PAHs relative to aqueous media. Ini-
tially, PAHs were considered to be present in spherical poly-
mer beads. Upon addition of the beads to methanol, transport
of PAHs from the polymeric phase to the methanol phase
occurred until chemical equilibrium was established. The

transport of PAHs within the polymer was described by dif-
fusion while transport into the bulk liquid phase, considered
to be well-mixed, was described in terms of
classical interfacial mass transfer coefficients. PAH concen-
trations in the bulk liquid phase were considered to change
with time and were obtained from a PAH mass balance.
Concentrations of PAHs in the polymer phase varied both
spatially and temporally and the pertinent partial differential
equation subject to appropriate initial and boundary condi-
tions was solved.

Model assumptions

The following assumptions were made during model de-
velopment:

1. Fickian diffusion appropriately described transport
within the polymer (dilute solution assumption). This was a
reasonable approximation since the system temperature at
which transport occurred, was higher than the polymer glass
transition temperature and thereby the rates of polymer chain
relaxation could be assumed to be much faster than permeant
movement, allowing for delivery to progress in a Fickian
manner.30

2. The sole mechanism of transport within the polymer
matrix was diffusion.

3. The system considered had constant thermophysical
properties. That is, the diffusivity was independent of con-
centration, direction (isotropic), and presence of other PAH
species.

4. Spatial distribution of PAHs was symmetric and ini-
tially uniform across the polymer.

5. Partitioning of PAHs between the polymer and metha-
nol phases could be described by Henry’s Law-type relation-
ships. Dilute conditions allowed solid–liquid equilibria to
maintain constant proportionalities.

6. There was negligible change in polymer volume due
to PAH transport or polymer-solvent interactions. The polar-
ity differences between methanol (relatively polar) and the
polyurethane matrix (hydrophobic) discouraged solvent pene-
tration and thus volume changes. The assumption was vali-
dated from manufacturer data, which demonstrated negligible
polymer swelling, in methanol, after 6 months of immersion.

7. The rate of PAH partitioning was faster than Fickian
transport and assumed to be spontaneous under the condi-
tions examined.31

8. Constant temperature was maintained throughout the
transport process.

9. Polymers pellets were approximately spherical and
PAH transport was unidirectional (i.e., radial).

Mass transport equation and boundary conditions

The mathematical equation governing Fickian transport in
the polymer phase was given by the following equation in
one-dimensional spherical coordinates:

1

D

@C

@t
¼ @2C

@r2
þ 2

r

@C

@r
(1)

where, C was the permeant concentration in the polymer
phase, and D was the diffusive coefficient of the permeant in
the polymer matrix.
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The initial condition for polymer phase concentration was
given by:

At t ¼ 0; Cðr; 0Þ ¼ Co (2)

Boundary conditions are described below via Eqs. 3 and 4. A
symmetry boundary condition (Eq. 3) was applied at the centre
of the spherical beads. At the polymer bead surface, the mass
flux out of the polymer sphere was coupled to the mass flux
into the liquid phase (Eq. 4). The liquid phase flux was
described by the product of the liquid mass transfer coefficient
and the difference in PAH concentrations at the polymer-liquid
interface and in the well-mixed, bulk liquid phase.

At r ¼ 0;
@Cð0; tÞ

@r
¼ 0 (3)

At r ¼ rp; �D
@Cðrp; tÞ

@r
¼ klðCl � CbÞ (4)

where, Co was the initial concentration of solutes of interest in
the polymer matrix, kl was the convective mass transfer
coefficient in the solvent (adjacent to the polymer surface,
where the polymer radius is rp), Cl was the concentration in the
solvent at equilibrium with that at the polymer surface, and Cb

was the solute concentration in the bulk liquid phase. By
definition Ks/l ¼ Cl/Cs, where Ks/l described the partitioning or
equilibrium behavior of solutes at the polymer-liquid interface
and Cs was the concentration of solute at the polymer surface.

Liquid phase concentration

Liquid concentrations were determined from the following
material balance.

CbðtÞ ¼
VpCo �

� RVp

0

CðtÞ � dV
�" #

np

Vl

(5)

where Vp was the volume of a single polymer pellet, np the
number of polymer bead pellets present in the liquid phase, Vl

the volume of liquid, and Cb the concentration in the solvent.

Internal and external mass transfer control

The model consisted of three unknown parameters—poly-
mer phase diffusivity (D), polymer-liquid partitioning coeffi-
cient (Ks/l), and liquid-phase convective mass transfer coeffi-
cient (kl). Depending on the material properties and operat-
ing conditions, the rate of PAH release may be either
dominated by internal mass transport (i.e., low D) or external
mass transfer (kl), or a combination of the two. The external
mass transfer coefficient can be manipulated by various
methods, including mixing of the liquid phase, e.g., by use
of a magnetic mixer. Thus, with increasing mixing, and
thereby increasing kl, the net rate of PAH release from the
polymer phase will become increasingly dominated by the
internal mass transport resistance. If the external mass trans-
port becomes sufficiently high, the internal mass transport
will be the rate controlling step in the overall PAH release.
It is important to indicate that for such a situation, an exact
value of the kl is not required in the mathematical model to

capture the temporal behavior of the system/process. Experi-
mentally, the condition of internal mass transfer control
could be determined by increasing the mixing characteristics
(e.g., rpm) until no changes in the temporal release profiles
are observed with further increases in mixing speed.

In the present study, the model was applied for the condi-
tion of internal mass transport control, which was experi-
mentally verified by confirming the similarity in the PAH
release profile at two high mixing speeds.

Solution method

The partial differential equation (PDE) subject to initial
(Eq. 2) and boundary conditions (Eqs. 3 and 4) must be
solved to obtain the solution. It must be noted that Crank32

has provided an analytical solution for similar systems
wherein the surrounding fluid is of finite volume (thus, sol-
ute concentrations change with time) resulting in time-vary-
ing flux and/or concentration at the spherical surface. How-
ever, the solution to the equation requires determination of
non-zero roots of a non-linear equation, i.e., an iterative so-
lution is required.

In this study, the PDE was discretized both in time and
space using an implicit finite difference scheme. A linear
algebraic equation for each discretized point was obtained.
Thus, for a given time step, a set of linear algebraic equa-
tions representing the system of PDE for each discrete point
in the computation domain was obtained. The solution to
this set of equations was obtained by matrix inversion using
MATLAB

VR
.

For the computation, the model domain was divided into
100 grid points. Doubling the number of grid points resulted
in less than 0.2% change in the solution. Although the
implicit method was inherently stable, a time step of 1 min
ensured accuracy of results (measured via regression) while
reducing computational requirements.

Parameters for numerical solution

The model parameters—diffusivities (D) and partitioning
coefficients (Ks/l)—were estimated using the built in
MATLAB

VR
least squares regression function, lsqcurvefit. This

algorithm used an interior-reflective Newton method to deter-
mine function parameters, which best fit a series of data. Itera-
tions involved the approximate solution to large linear systems
using the method of preconditioned conjugate gradients
(PCG), as described in MATLAB

VR
. Additional polymer prop-

erties used in model developed can be found in Table 1.

Materials and Methods

Materials

Spectrophotometric grade methanol (95þ%) was
purchased from Fisher Scientific (Guelph, Canada).

Table 1. Polymer Properties (Obtained Through
Measurements and/or Manufacturer Information)

Approximate radius per bead, rp, (cm) 0.181
Number of polymer beads, np 140
Desmopan 9370A density (g/L) 1060
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Phenanthrene (98þ%) and fluoranthene (98%) were pur-
chased from Alfa Aesar (Ward Hill, MA) whereas pyrene
(95%) and benzo[a]pyrene (BaP, 99þ%, scintillation grade)
were purchased from Sigma-Aldrich (Oakville, Canada).
Desmopan 9370A (polyurethane elastomer beads) was gra-
ciously donated by Bayer Material Science (Leverkusen,
Germany).

Analytical procedures

Analytical methods were adapted from those described by
Isaza and Daugulis.16 PAH concentrations in methanol were
quantified via fluorescence spectroscopy using a QuantaMas-
ter QM- 2000-6 fluorescence spectrometer (Photon Technol-
ogy International, London, Canada). Samples were held in
quartz cuvettes, type 3H, with a path length of 10 mm,
obtained from NSG Precision Cells (Farmingdale, NY). Syn-
chronous scans were performed to generate unique peaks for
each PAH and the Felix32 software package was used to
collect the data from the device. The detection conditions
for the synchronous scan of each PAH [change in wave-
length (Dk), peak maximum, integration area] were, in nano-
meters: Phenanthrene [53.0, 346.0, 343–351], pyrene [37.0,
371.5, 369–375], fluoranthene [175.5, 460.0, 459–468], and
benzo[a]pyrene [108.0, 404.0, 398–415]. All samples were
diluted in methanol to within the linear range of detection
(0–0.1 mg/L).15

PAH loading in polymer beads

Fifteen grams of Desmopan beads were equilibrated with
a stock methanol solution containing all PAHs, for 24 h at
20�C, to achieve loadings of �1.6, 1.6, 1.8, and 1 mg/g of
phenanthrene, fluoranthene, pyrene, and benzo[a]pyrene,
respectively. Uptake of PAHs was determined through a
mass balance as detailed by Isaza and Daugulis.16 After
uptake, methanol was decanted, and polymer beads were
washed with water for 3 min and allowed to air dry for 24 h
to volatilize residual solvent.15 Loaded polymer beads were
then divided equally into 5 (i.e., 3 g of polymer each) vials
and stored in the dark until further use.

PAH release tests

Four different release conditions were examined to address
the nature of PAH transport. 15 mL of fresh methanol were
introduced into the scintillation vials containing the loaded
polymers, and concentrations were monitored as a function
of time. At most, �400 min were required to reach equilib-
rium under all conditions, and duplicate samples were
obtained to address variability. Release conditions examined
were natural convection (no external mixing control), 800
and 1000 rpm mixing, and sonication without additional
mixing. Release tests were all carried out at 20�C and mixed
conditions were achieved as detailed below.

Stirred release conditions were achieved using a Fisher
Scientific Thermolyne Cimarec 3 stir plate. A Fisher Scien-
tific ultrasonic bath (model FS20) with an output frequency
and intensity of 42 kHz and 70 W (nominal intensity) was
used for sonication experiments. Ultrasonic bath volumes
were maintained constant in all sonication experiments by
introducing equal amounts of water. The sample vial (con-

taining the loaded polymer beads and methanol) was placed
in the bath and continuous sonication was triggered while
PAH concentrations, in methanol, were monitored with time.
Temperature was maintained at 20�C via a recirculation loop
detailed by Isaza and Daugulis.16 Note that sample locations
in the bath were maintained utilizing a clamp and retort
stand, which prevented movement.

PAH partitioning coefficients from Desmopan 9370A
and Methanol

Partitioning coefficient procedures were equivalent to
those described by Isaza and Daugulis.16 Equilibrium con-
centrations of PAHs in methanol were determined via spec-
trophotometry and polymer uptakes were calculated via a
mass balance. Partitioning coefficients and confidence inter-
vals, for each PAH, were determined through a least squares
regression.

Results and Discussion

Release of PAHs from Desmopan 9370A into Methanol

The concentration of phenanthrene, fluoranthene, pyrene,
and benzo[a]pyrene in the liquid phase (methanol) as a func-
tion of time is presented in Figure 1 under the different mix-
ing conditions examined. Each plot represents the release
profiles of the individual PAHs. It must be recalled that the
four data sets for each PAH correspond to three sets in the
absence of sonication—no mixing, mixing at 800 rpm, and
mixing at 1000 rpm—and one set in the presence of sonica-
tion but without any additional or external mixing. The
model predictions for the cases of external mixing and soni-
cation are also presented as line plots.

Several noteworthy features can be observed in Figure 1. In
all tests, an equilibrium-like condition was achieved at longer
times. It must also be noted that the release rate was rapid at
early times, when the driving force was large, and nearly 80%
of the equilibrium concentration was attained in �50 min. It
can also be observed that the release rates for 800 and 1000
rpm mixing conditions were similar and can be considered to
be the same. Additionally, for each system (PAH) examined,
the three non-sonicated experiments resulted in the same final
liquid phase concentration, which provided further confidence
that a true equilibrium condition had been attained. One of the
most interesting features of the plots was that the equilibrium
concentration levels observed under sonication conditions, for
all PAHs examined, was higher than those found under non-
sonicated conditions.

PAH release under non-sonicated conditions

As discussed earlier, the PAH release rate for the no mix-
ing (natural convection) condition, displayed for all PAHs in
Figure 1, was slower than that found under any mixed condi-
tion, suggesting that delivery was at least partially externally
controlled (at the polymer-methanol boundary layer). This is
not surprising as PAHs are hydrophobic aromatics and trans-
port into methanol, the more polar phase relative to Desmo-
pan, would likely be restricted at the polymer-solvent bound-
ary. Also, since the release profiles for 800 rpm and 1000
rpm tests were essentially the same, it could be concluded
that under mixing conditions greater than 800 rpm, the
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transport of PAHs was controlled by the internal mass trans-
port resistance. Thus, such experimental data could be fitted
without a need for estimating convective mass transfer coef-
ficients, kl. As an aside, it could be hypothesized that deliv-
ery of PAHs into more polar solvents, such as aqueous
media, would also be externally restricted. Therefore, if soni-
cation could yield internally controlled deliveries, significant
improvements could result. Such a possibility elucidates a
potential reason for the enhancements demonstrated by Isaza
and Daugulis.16

Influence of sonication on PAH release rate and
equilibrium

Data presented in Figure 1 also show that the rates of
release under sonication, for all PAHs, are at least as great
as those obtained for internally controlled conditions ([800
rpm). Therefore, ultrasonic irradiation appeared to remove
the external mass transfer resistance. The role of sonication
can be understood by recognizing that it produces ‘‘micro-
jets,’’26 which generate turbulence at the polymer surface
and in turn, reduce external resistances to the point where in-
ternal mass transport completely dominates PAH release into
the surrounding liquid phase. A closer look at Figure 1 also
shows that rates of release under ultrasonic exposure, for
phenanthrene, fluoranthene, and pyrene were slightly faster
than those obtained under internally controlled conditions,
thus hinting at the possibility of improved diffusive proper-

ties. Enhancements of this nature (i.e., beyond internally
controlled deliveries) would only arise from changes in inter-
nal properties and could be attributed to sonic shockwaves
generating microscopic turbulence within polymer pores.27

Similar results have been observed for delivery of various
drugs from a number of polymers, in which transport
increased as a function of agitation to a certain point, after
which rates became independent of mixing.29 However, as
also seen in this study sonicated deliveries were faster than
those observed under any mixing conditions examined, sug-
gesting that sonic improvements were not solely external.29

Sonication effects on PAH transport were also found to be
a function of structural and chemical solute properties. On
the basis of trends displayed in Figure 1, enhancements in
transport via sonication decreased with increasing PAH mo-
lecular weight/volume (Table 2). This was evident as the
presence of sonication induced a more apparent enhancement
in the rate of phenanthrene delivery followed by fluoran-
thene, pyrene, and BaP. Transport in polymers requires
energy for exchange in positions between solutes and poly-
mer chains.30 Therefore, higher energy requirements for
delivery of larger solutes, such as BaP, would lead to slower
position exchanges and more restricted transport. Further-
more, BaP being the most hydrophobic PAH, likely had the
strongest interactions with Desmopan resulting in reduced in-
ternal movement. Finally, based also on hydrophobicity, BaP
was likely subject to the most restrictive external resistance
due to its delivery into more polar methanol.

Figure 1. Release data of phenanthrene (Top Left), fluoranthene (Top Right), pyrene (Bottom Left), and benzo[a]pyr-
ene (Bottom Right) under non-sonicated (natural convection, 800 and 1000 rpm) and sonicated condi-
tions: dashed lines represent data obtained for non-sonicated and sonicated model predictions of all
PAHs.
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Figure 1 also established that all non-sonicated release
conditions (natural convection, 800 and 1000 rpm) reached
the same equilibrium position as dictated by thermodynam-
ics. However, it is apparent that sonication induced higher
PAH concentrations in methanol at equilibrium with similar
effects reported in previous studies.26–28 During sonication,
bubbles are generated and subsequently collapse, in a pro-
cess termed cavitation, inducing conditions of several thou-
sand Kelvin and a few hundred bar. Near a solid surface,
such as a polymeric matrix, asymmetric bubble collapse
forms ‘‘microjets’’ reaching speeds up to 500 m/s, which
along with sonic shockwaves can break up of interactions
between sorbed molecules and sorbent surfaces.27 This con-
dition leads to increased desorption and higher solute con-
centrations in the solvent, providing one plausible explana-
tion for the phenomenon seen in Figure 1. Additionally, ul-
trasonic waves diffusing through particles or polymers
increase the energy of sorbed molecules at balance sites
causing them to vibrate more violently and desorb,27 thus
providing an additional explanation for the increased end-
point concentrations observed in Figure 1.

Quantification of diffusive and equilibrium properties
for sonicated and non-sonicated systems

The diffusivity and partitioning coefficients of all PAHs
were estimated for internally controlled conditions for sys-
tems not subjected to sonication (i.e., mixing [800 rpm).
Experimental data collected under ultrasonic irradiation were
also fitted assuming internally controlled conditions. Table 2
summarizes diffusive and thermodynamic parameters of best
fit (determined through the minimization of least squares
detailed in the Materials and Methods).

By examining Table 2, it is evident that for the non-soni-
cated case, diffusion coefficients decreased as a function of
PAH molecular size. Such a trend agrees with previous
notions that consider the movement within a polymer matrix
to be more restricted for solutes of increased volume. Diffu-
sivities decreased from smaller sized phenanthrene, followed
by fluoranthene and pyrene, and finally BaP. It is useful to
note that fluoranthene and pyrene have equivalent molecular
weight and, accordingly, reduction in coefficients is further
affected by more subtle property differences. However, it is
clear that a trend was present between diffusivities and pene-

trant sizes. Similar correlations have been shown in a variety
of polymers for similar aromatic compounds (benzene, tolu-
ene, p-xylene, and mesitylene) with diffusivities ranging in
the order of 10�7 cm2/s,30 which validated the range of pa-
rameters estimated in the current study. Additional informa-
tion by Kumar et al.33 also supported the trend of decreased
diffusivity as a function of solute size, with findings showing
decreasing coefficients for benzene, toluene, and xylene,
respectively, in poly(ethylene-co-vinyl acetate) (EVA) matri-
ces, ranging in the order of 10�7 cm2/s.33 In another study,
benzene diffusivities in various polyurethane membranes
were reported to range between 10�5 and 10�7 cm2/s,34

comparable to the order of magnitude of diffusivities pre-
sented in Table 2. It can be hypothesized that correlations
between internal transport restrictions and permeant molecu-
lar sizes are for the most part matrix independent. Such a
pattern agrees with free volume theory (FVT).33

As outlined in FVT, the mobility of polymer segments
and diffusion coefficients of permeants are a function of the
polymer matrix free volume.34 Therefore, larger molecular
size solutes require higher free volumes for efficient trans-
port. Conversely, in the case of a matrix with an established
free volume, the larger the solute the more restricted its
pathway and thus lower diffusion coefficient. Diffusivities
determined under the presence of sonication also decreased
as a function of penetrant molecular size. It appears that
even in the presence of sonication, providing increased ener-
getics, transport of larger solutes was more restricted due to
free volume requirements.

From Table 2, it is also evident that partitioning coeffi-
cients obtained under sonication were significantly larger
than those in the absence of irradiation. Increasing coeffi-
cients represented augmented desorption or higher concentra-
tions of PAHs in methanol at equilibrium (also seen in Fig-
ure 1). Sonically induced shifts of this nature (towards
increased desorption) have been observed for a number of
solute-polymer combinations.26–28 With the exception of
BaP, the percent increase in partitioning coefficient shifts
induced via sonication decreased as a function of PAH
hydrophobicity (displayed in Table 2). This was not surpris-
ing as interactions between non-polar Desmopan (polyur-
ethane) and PAHs, likely increased as a function of permeant
hydrophobicity. Since the sonic energy provided was con-
stant, the magnitude or extent of breakage of interactions

Table 2. Transport and Thermodynamic Properties Estimated in the Absence and Presence of Sonication

Non-Sonicated Sonicated Percent Change*(%)

Phenanthrene (Molecular weight ¼ 178.24 g/mol)
Diffusion coefficient, D, (cm2/s, � 10�7) 4.115 � 0.521 5.012 � 0.674 21.8
Partitioning coefficient, Ks/p (unitless) 0.134 � 0.005 0.153 � 0.006 14.0

Fluoranthene (Molecular weight ¼ 202.26 g/mol)
Diffusion coefficient, D, (cm2/s, � 10�7) 3.747 � 0.347 4.502 � 0.563 20.2
Partitioning coefficient, Ks/p (unitless) 0.105 � 0.002 0.117 � 0.004 11.4

Pyrene (Molecular weight ¼ 202.26 g/mol)
Diffusion coefficient, D, (cm2/s, � 10�7) 2.912 � 0.400 3.471 � 0.464 19.2
Partitioning coefficient, Ks/p (unitless) 0.081 � 0.002 0.087 � 0.003 7.4

BaP (Molecular weight ¼ 252.32 g/mol)
Diffusion coefficient, D, (cm2/s, � 10�7) 1.979 � 0.338 1.722 � 0.306 �14.9
Partitioning coefficient, Ks/p (unitless) 0.036 � 0.001 0.040 � 0.001 11.1

Note that 95% confidence regions are provided for all parameter estimates.
*Percentage change calculated for sonicated case with respect to non-sonicated case.
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decreased as function of attraction strength, which for the
most part followed hydrophobic solute behaviors.

Direct determination of partitioning coefficient data
from batch experiments

Independent equilibrium experiments were conducted
without sonication to directly determine partition coeffi-
cients. The slope of a plot of equilibrium concentration in
the liquid phase vs. corresponding equilibrium concentration
in the polymer phase yielded the partitioning coefficients
shown in Figure 2. By comparing parameters estimated by
the fit of the model (Table 2) with those presented in Figure
2, it is evident that the partition coefficients lie within each
others’ 95% confidence regions. As reported in a previous
study, the partition coefficients decreased as a function of
PAH hydrophobicity.15 This trend was clearly observed in
Figure 2, as most lipophilic BaP, had the highest concentra-
tion in the polymer at equilibrium, relative to methanol. Py-
rene, fluoranthene, and phenanthrene followed, respectively,
with decreasing hydrophobicity and increasing methanol
concentrations (representing higher partitioning coefficients).
As an important aside, all partitioning coefficients estimated
under sonicated delivery (Table 2) were also conclusively
outside confidence regions presented in Figure 2, providing
further evidence that ultrasonic exposure truly shifted equi-
librium positions.

Correlating diffusion coefficients and partitioning
coefficients to permeant structural/chemical properties

It is intuitive, and has been previously discussed in some
detail, that both transport and thermodynamic parameters are
a function of permeant structural and chemical properties.
Polymer characteristics may also play a role, however, in
this study only a single type of matrix was examined (Des-
mopan). Previous research indicated that partitioning coeffi-
cients of PAHs in a Desmopan-aqueous system correlated
well with solute hydrophobicity, measured through octanol-
water partitioning coefficients.15 For the most part, such a
trend was correct in which pyrene (log KO/W ¼ 5.1835) and
fluoranthene (log KO/W ¼ 5.2036), having higher octanol-

water coefficients than phenanthrene (log KO/W ¼ 4.4637),
correlated well with polymer-aqueous thermodynamic pa-
rameters.15 A similar assessment could be made for the coef-
ficients determined in this study. However, the relationship
presented could not be extended to explain the behavior of
pyrene and fluoranthene whose polymer-methanol partition-
ing coefficients differed, but log KO/W values were approxi-
mately equivalent. This demonstrated a limitation in the abil-
ity of log KO/W to predict PAH partitioning coefficients in
polymer-methanol systems. Figure 3 demonstrates such a
correlation for both partitioning and diffusive coefficients.

It is evident from Figure 3 that the overall trend presented
for log KO/W also correlated well with transport parameters.
Since log KO/W is typically proportional to increasing PAH
molecular sizes,38 it is not surprising that the diffusion coef-
ficient trend, discussed previously, could be extended to log
KO/W. Though an overall trend is clear, there is an apparent
discontinuity in Figure 3 where log KO/W fails to describe
differences in thermodynamic and transport behaviors of py-
rene and fluoranthene, which have equivalent molecular
weights. This may be due to log KO/W’s inability to account
for certain chemical and/or attractive effects between pene-
trants and polymer-methanol environments. Recognizing the

Figure 2. Experimentally determined partitioning coefficients in Desmopan 9370A and methanol of all PAHs.

Figure 3. Transport and thermodynamic parameters as
a function of PAH octanol-water partitioning
coefficients.
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aforementioned deficiency, boiling point (BP) was chosen as
a secondary descriptor.

BP is another material property capturing structural and
chemical permeant characteristics of a species, which corre-
lates with thermodynamic and transport parameters. The dif-
fusion coefficient and partitioning coefficients were plotted
as a function of the BP of the PAHs and the results are pre-
sented in Figure 4. From the figure, it is evident that diffu-
sivities and partitioning coefficients estimated correlated well
with BPs (phenanthrene—340�C,38 fluoranthene—383�C,38

pyrene—393�C,38 and benzo[a]pyrene—496�C).38 However,
BP does not provide an indication as to the independent
properties that induce such an accurate correlation. Differen-
ces in BP arise from structural and chemical properties and
need to be dissected as such to provide further insight.

Statistical studies have examined a series of thermody-
namic, electronic, steric, and topological descriptors of
PAHs to develop quantitative structure-property relationships
(QSPR) with BPs, log KO/W and others.38 Figure 5 demon-
strates the correlation between BP and molecular volume
(MV)38 of PAHs examined in this study, which displayed
the same inconsistency discussed for log KO/W. This was due
to the fact that MV is strictly a structural property incapable
of accounting for chemical and/or attractive effects. The
same outcome was observed for the correlation of BP and
molecular weight (MW). As a final measure, a correlation
between BP and Randic index was examined as discussed in
a previous study.38 The Randic connectivity index measures
the sum of relative accessibility areas in the molecule.39

This area represents the total area accessible for molecular

interactions with surroundings. However, based on such a
definition, it is evident that the Randic index is again a struc-
tural property and, therefore, unable to fully account for
chemical/attractive interactions.

A closer examination revealed that polarizability (an addi-
tional descriptor reported by Alves de Lima Ribeiro and Fer-
reira38) provided an accurate correlation for BP. Figure 6
displays such a relationship. It is likely that polarizability is
one of the properties captured by BP, which allowed for its
excellent description of transport and thermodynamic param-
eters of the PAHs examined. Plotting diffusivities and parti-
tioning coefficients, in the absence of sonication, as a func-
tion of polarizability yielded the results shown in Figure 7.
Note that the accuracy of the results was as expected since
the linear correlation between BP and polarizability, seen in
Figure 6, implied an efficient description of diffusion/parti-
tion coefficients.

Polarizability indicates the ease with which a species can
be deformed by an electric field.38 Additionally, one of the
most polarizing influences on a particular species is the pres-
ence of another species in the nearby surroundings. There-
fore, it provides a measure of attraction between PAHs and
their polymer-methanol environment. As discussed in previ-
ous studies,40 interactions of PAHs and polymeric matrices
arise from Van der Waals attractions. The magnitude of this
attraction is dictated by the instantaneous and induced dipole
moments, which depend on the polarizability of the mole-
cule. Therefore, as polarizability increases via increased size
and/or molecular arrangement, so do Van der Waals attrac-
tions, thus explaining the patterns observed for PAHs which
were more efficiently sorbed onto Desmopan by virtue of
their increased Van der Waals attraction for the polymeric
surface. In terms of partitioning coefficient differences
between fluoranthene and pyrene, it seems that polarizability
captures attractive interactions. Pyrene being more polariz-
able, relative to fluoranthene, has a stronger attraction for
the more hydrophobic polymer resulting in its lower parti-
tioning coefficient. As for transport properties, pyrene and
fluoranthene diffusivities vary as a function of polarizability
demonstrating that attractive interactions play a role in deliv-
ery. It can be suggested that stronger pyrene-polymer attrac-
tions significantly delayed its movement through the matrix
and resulted in decreased diffusivities, relative to fluoran-
thene. Overall, it appears that polarizability adequately corre-
lates linearly with transport and thermodynamic properties

Figure 4. Transport and thermodynamic parameters
correlated as a function of PAH Boiling Point.

Figure 5. Boiling Point of PAHs as a function of PAH
molecular volume.

Figure 6. Boiling Point of PAHs as a function of polariz-
ability (converted to SI units from reported
atomic units).
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accounting for both molecular size and chemical/attractive
properties. As a final note, future work will attempt to vali-
date the model, while also deconstructing and including the
polarizability trend discussed. Such an addition would pro-
vide a deeper fundamental understanding of transport and
thermodynamic behaviors of PAHs in solid–liquid systems.

Conclusions

In the current study, it was determined that the transport
of PAHs from Desmopan into methanol was influenced by
external mass transport resistance in the solvent phase.
Enhanced mixing conditions yielded faster release rates of
PAHs to an extent, after which the overall transport was lim-
ited entirely by internal resistances at mixing speeds of 800
rpm or greater. Release rates for phenanthrene, fluoranthene,
and pyrene in the presence of sonication were also slightly
faster than those found under any mixing conditions exam-
ined, suggesting possible improvements in polymer transport
properties. Additionally, the presence of ultrasonic exposure
conclusively shifted thermodynamic positions inducing
higher concentrations of PAHs in solution at equilibrium.
Such an observation is well in accordance with current sono-
chemistry knowledge. Furthermore, the model developed
was capable of describing the transport of all PAHs in the
presence and absence of sonication, as well as quantifying
both diffusive and thermodynamic properties. The diffusiv-
ities of phenanthrene, fluoranthene, pyrene, and BaP, with or
without sonication decreased as a function of molecular size
and were in the order of 10�7 cm2/s. These were in agree-
ment with coefficients of similar aromatic compounds in a
variety of polymer matrices. In addition, partitioning coeffi-
cients estimated with and without sonication conclusively
differed from each other and a trend of decreased coeffi-
cients, and thus affinity for Desmopan, as a function of mo-
lecular size was demonstrated. Finally, thermodynamic and
transport parameters were correlated with a series of perme-
ant properties yielding factors usable for predictive purposes
in polymer-solvent systems. Polarizability was the most
accurate descriptor found in the current study.
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14. Villemur R, Déziel E, Benachenhou A, Marcoux J, Gauthier E, Lep-
ine F, Beaudet R, Cameau Y. Two-liquid-phase slurry bioreactors to
enhance the degradation of high-molecular-weight polycyclic aro-
matic hydrocarbons in soil. Biotechnol Prog. 2000;16:966–972.

15. Rehmann L, Prpich GP, Daugulis AJ. Remediation of PAH contami-
nated soils: application of a solid–liquid two-phase partitioning bio-
reactor. Chemosphere. 2008;73:798–804.

16. Isaza PA, Daugulis AJ. Ultrasonically enhanced delivery and degra-
dation of PAHs in a polymer-liquid partitioning system by a micro-
bial consortium. Biotechnol Bioeng. 2009;104:91–101.

17. Daugulis AJ. Two-phase partitioning bioreactors: a new technology
platform for destroying xenobiotics. Trends Biotechnol. 2001;19:
457–462.

18. Amsden BG, Bochanysz J, Daugulis AJ. Degradation of xenobiotics
in a partitioning bioreactor in which the partitioning phase is a poly-
mer. Biotechnol Bioeng. 2003;84:399–405.
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