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We report sorption isotherms and uptake kinetics for
phenanthrene and pyrene with three organic model
sorbents: polyoxymethylene (POM), coke, and activated
carbon. We combine batch equilibration and kinetic
experiments with the direct observation of the long-term
diffusion of phenanthrene and pyrene as measured within
cross-sectioned particles using microprobe laser-
desorption laser-ionization mass spectroscopy («LZ2MS).
For POM pellets, the intraparticle concentration profiles
predicted from kinetic batch experiments and a polymer
diffusion model with spherical geometry are in agreement
with the independent «L2MS measurements. For coke
particles, the apparent diffusivities decreased with smaller
particle size. These trends in diffusivities were described
by a sorption-retarded pore diffusion model with a particle-
size-dependent solid—water partitioning coefficient
obtained from apparent equilibrium observed in the kinetic
batch studies. For activated carbon, the «L2MS measure-
ments showed faster radial diffusion of phenanthrene and
pyrene into the particle interior than predicted from
diffusion models based on a single sorption domain and
diffusivity. A branched pore kinetic model, comprising
polycyclic aromatic hydrocarbon (PAH) macropore diffusion
with kinetic exchange of PAH between macroporous

and microporous domains, fits the experimental observations
better. Because of parallel macro- and microdiffusion
processes, nonlinear sorption isotherms, and a concentration-
dependent diffusivity, itis not possible to make independent
parameter estimations for intraparticle diffusion in
activated carbon using our present procedures.
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Introduction

Carbon-rich materials are strong sorbents for polycyclic
aromatic hydrocarbons (PAHs) and other hydrophobic
chemicals from aqueous solutions (I). These sorbent ma-
terials play an important role in the natural environment,
where the availability of PAHs and similar hydrophobic
contaminants is critically related to the amount, structure,
and nature of heterogeneous carbonaceous matter (2—4).
The observation of strong contaminant sequestration by
carbon-rich materials results in the use of such materials in
engineering applications in the field, including use as sorptive
walls for groundwater cleanup (5) and as a proposed
amendment to reduce contaminant bio-uptake from sedi-
ment (6—38).

For PAHs and other hydrophobic chemicals, extensive
research has refined the conceptual description of the
distribution equilibrium between the aqueous phase and
carbonaceous sorbents as outlined by Allen-King et al. (9)
and the more than 170 references therein. It is generally
accepted that carbonaceous sorbents may exhibit at least
two distinct sorption domains: an “organic”, “soft”, “soft
polymeric”, or “gel-like” carbonaceous matrix that is as-
sociated with linear sorption isotherms and a “black”, “hard”,
“glassy polymeric”, and/or “microporous” domain that
exhibits nonlinear sorption isotherms (10—14). In the first
case, the carbonaceous material is assumed to be flexible
enough to accommodate a solute in a fashion similar to its
dissolution in a liquid organic solvent, and therefore a linear
sorption isotherm is generally well-correlated with solvent—
solvent partitioning coefficients, e.g., the octanol—water
partitioning coefficient, K,v. In the second case, the car-
bonaceous matrix is perceived to be much more rigid, and
sorption presumably occurs on surfaces and within existing
molecular-sized cavities or micropores. The number of such
sorption sites is limited, and the potential for energetic
interaction is variable, depending on the shape and size of
the molecule and the cavity. Consequently, the measured
sorption isotherms are nonlinear. Furthermore, the sorption
in such molecular-sized cavities appears to be exceptionally
strong, resulting in much higher solid—aqueous phase
partitioning coefficients than anticipated from solvent—
solvent partitioning, especially at low aqueous concentrations
9).

For hydrophobic chemicals such as PAHs and a strong
sorbent, the partitioning between the aqueous and the solid
phase is often controlled by slow sorption kinetics (15, 16).
It is generally understood that the slow sorption kinetics are
caused by rate-limiting diffusive mass transfer (17—19).
Proposed models for the mechanism of slow sorption include
sorption-retarded diffusion in pores (17, 20), surface diffusion
along pore walls (21), or diffusion in a polymeric matrix (18).
Diffusion-based models are widely used to interpret sorption
and/or desorption processes from batch or column experi-
ments with model sorbents and natural sediments (2, 19,
22—27). However, investigations with complex carbonaceous
sorbents reveal significant discrepancies with the predictions
of diffusion-based models, which are attributed variously to
uncertainties about the length scale of diffusion (19) or
different diffusional mechanisms in micro- versus meso- and
macropores (24, 25, 28). These conceptualizations and
interpretations are based on the rate of change of sorbate
concentrations measured in the external bulk phase.

The purpose of this study is to investigate the equilibrium
and kinetics of PAH sorption to organic sorbents. For this
study, we chose phenanthrene and pyrene as sorbates. We
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selected polyoxymethylene (POM) pellets as a model for a
flexible polymeric sorbent matrix, coke breeze as an example
of a thermally altered, black carbon particle, and activated
carbon as a model sorbent comprising a microporous,
carbon-derived material. We combine an array of traditional
batch experiments with the direct observation of the long-
term diffusion inside cross-sectioned particles as measured
at a 40-um scale with microprobe laser-desorption laser-
ionization mass spectroscopy (uL?MS). While our results
confirm many of the qualitative predictions of diffusion-
based sorption models, we demonstrate the complexity of
the actual diffusion process, especially for coke and activated
carbon.

Materials and Methods

Chemicals and Sorbents. Phenanthrene and pyrene were
purchased as pure compounds (Aldrich, Milwaukee, WI).
Polyoxymethylene pellets with 2—3-mm diameters were
purchased from Aldrich (Milwaukee, WI). They were used as
purchased without precleaning for physical property mea-
surements. Otherwise, they were boiled in deionized water
for 30 min prior to use. Precleaning using solvent was avoided
because soaking in a solvent swells the polymeric matrix
and may result in matrix heterogeneity if residual solvent is
trapped in the pellets. For kinetic experiments, a number of
pellets were cut with a razor blade into smaller particles (1.5-
mm diameter), and for sorption equilibrium experiments,
they were sliced into disks of approximately 0.25 mm in
thickness. Coke breeze (coke) obtained from Ispat Inland,
Inc. (East Chicago, IN) was crushed, washed, and wet-sieved
into 1-5-,0.11-0.25-, and 0.06—0.11-mm sieve fractions for
kinetic experiments, and coke was pulverized for sorption
equilibrium experiments (particle diameter <0.063 mm). The
10 x 30 MRX activated carbon (AC) was obtained from Calgon
Carbon Corporation (Pittsburgh, PA), crushed, washed, and
wet-sieved into 1—2-, 0.25—0.58-, and 0.06—0.25-mm sieve
fractions for kinetic experiments, and AC was pulverized for
sorption equilibrium experiments. Brunauer—Emmett—
Teller surface areas (BET-SAs), pore size distributions, and
pore volumes were measured with N, adsorption at 77 K
using a COULTER SA 3100 surface area and pore size analyzer
(Coulter Corporation, Miami, FL). The total porosity of the
coarsest sorbent fraction was determined from the water
content of the sorbent after boiling for 30 min in water and
rolling on paper towels to remove external water films (I).
Solid density was determined according to American Society
for Testing and Materials method D854. Total organic carbon
of the various fractions was determined by combustion and
elemental analysis of acidified samples (29).

Sorption Isotherms and Kinetic Experiments. Experi-
ments were conducted in triplicates using previously de-
scribed procedures (15), as outlined in the Supporting
Information. Aqueous phenanthrene and pyrene concentra-
tions in batches with sorbent materials were measured by
fluorescence. The distribution between the solid and the
aqueous phase was calculated based on the total PAH mass
in the batches and monitored as a function of time. For each
batch experiment, triplicate blank control samples with
phenanthrene or pyrene solutions and without sorbent were
prepared and monitored. Initial concentrations were cal-
culated based on these measurements. Triplicate blank
samples with sorbent and synthetic water only were moni-
tored for desorption of natively bound solutes. However, no
measurable concentrations of phenanthrene or pyrene were
detected in the solution.

Sample Preparation for uL>?MS Measurements. In batch
uptake experiments, particles were exposed to either a fixed
amount or an unlimited supply of PAH sorbates. In the first
case, individual sorbent particles were exposed in continu-
ously rotated batches with a nearly saturated aqueous

solution of phenanthrene or phenanthrene and pyrene (0.6
and 0.05 mg/L respectively), as described in the Supporting
Information. In the second case, an air-bridge system
configuration used by Bucheli and Gustafsson (30) was
adapted for the exposure of sorbent particles in a system
with an unlimited supply of PAHs. At sampling times, sorbent
particles were removed from the vials or the air-bridge system
with forceps and dried externally on a paper towel. Samples
for uL?MS analysis were prepared two ways. In the first, coke
and activated carbon particles were embedded in a plaster,
and shavings were cut from the solidified core until a clean
cross section of the particle was exposed. In later experiments,
POM or activated carbon particles were fixed with forceps
and sectioned across the center with arazor blade on double-
stick tape.

Intraparticle xL>MS Measurements. Microprobe two-
step laser-desorption laser-ionization mass spectrometry
(uL*MS), as described in the Supporting Information, was
used to observe the diffusion of PAHs within the interior of
sectioned particles. Clean, razor-cut POM, coke, and AC
particles were scanned for background signals with uL?MS.
Mass spectrometer signals at 178 amu (phenanthrene) and
202 amu (pyrene) could be detected on coke particles, when
the instrument was optimized for sensitivity but were barely
above the detection limit and did not affect interpretation
of our diffusion results. For PAH-exposed and sectioned
particles, laser shots were initiated first off the edge of the
particle to quantify the background chamber signal intensity,
and then shots were moved in 40-um increments toward the
particle center and continued in the same direction until the
opposite edge of the particle was reached. Cross sections
were measured close to the shortest diameter of a sectioned
particle. In addition, signal intensities (50-shot average) were
measured on the outer surface of each particle at different
locations.

Results and Discussion

Sorbent Properties. Table 1 summarizes the physicochemical
properties of the sorbents used in this study. Polyoxymeth-
ylene (POM), a rubbery or “soft” polymer at room temper-
ature, served as a model for an amorphous sorbent that
accommodates the PAHs within its polymeric matrix. POM
pellets have a smooth exterior surface and a few small bubble-
shaped cavities in the particle interior, probably from gas
entrapment during molding.

Coke breeze (coke), a byproduct of coke production, was
investigated as an example for a thermally altered, black
carbon particle. SEM images (Figure Sla in the Supporting
Information) reveal a spongelike structure with large,
bubblelike macropores, while further magnification shows
surface fractures. Most of the available BET-SA is located
internally in the macropore space. The smooth external
surface area of a spherical coke particle with a diameter of
1 mm is 0.005 m?/g and for particles with a diameter of 0.06
mm is 0.09 m?/g, clearly less than the BET-SAs of 0.7—5.8
m?/g reported in Table 1. A particle-size dependency was
observed for the N»-adsorption isotherms (Figure S2 in the
Supporting Information) and thus for the BET-SA as reported
in Table 1. Also, although very small, the meso- and micropore
volumes increase somewhat with particle-size reduction.

Activated carbon (AC) was investigated as a model for a
microporous sorbent with high surface area. SEM images
(Figures S1b and S3 in the Supporting Information) show
some large, fracturelike macropores as well as regions on the
AC particles comprising areas with a comparably compact
matrix and other areas with large fragmentation. Contrary
to the experiments with coke, no particle-size dependency
was observed for parameters derived from the N>-adsorption
isotherms. A more detailed discussion of sorbent properties
can be found in the Supporting Information.
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TABLE 1. Sorhent Properties

grain size solid total pore mesopore micropore
(diameter) foc density? porosity? volume” volume® volume? BET-SAe
(cm) (g/g)  (g/cmd) (cm3/cm3) (cm¥/g) (cm3/g) (cm/g) (m?/g)
POM 0.2-0.3 0.40° 1.3+0.1 0.01+0.01 0.01+0.01 0.01+0.01 =40 (0.0 +£0.1)
coke 0.1-0.5 090 1.7+0.1 0.31+0.04 0.27 +£0.01 0.01+0.01 =40 0.7 £0.2
0.011-0.025 0.01+0.01 10°4+10* 2.24+0.7
0.006—0.011 0.01+£0.01 1074+ 10* 3.0+ 1.0
<0.006 0.02+0.01 3x10*+£3x10* 58+25
activated carbon 0.1-0.2 0.77 1.7+0.1 0.49+0.01 057 +0.03 0.47 +£0.09 0.23 +0.03 754 + 120
0.025—-0.058 0.49 0.23 833
0.006—0.025 0.49 0.22 830

a2 From pycnometry. ® From pore water volume, includes the macropores. ¢ From N, adsorbed at Py/P, = 0.98; includes micropores and does
not include the macropores. ¢ From Ny-adsorption isotherms with t-plot analysis. ¢ From Ny-adsorption isotherms; isotherms were type | for AC,
type Il for coke, and type Il for POM. f Calculated from chemical formula (—CH,0—).

TABLE 2. Isotherm Parameters for POM, Coke, and Activated Carhon

Kpom? £ 95% CIb

(cm¥/g) log Koc° log Kow!
Finely Sliced POM
phenanthrene 4.7 x 103 £ 300 4.1 4.6
pyrene 1.2 x 10* & 1000 45 5.2
KGe e (cm® sorbate PAH/cm® N,
(a/g) (mol/m? BET-SA) adsorbed at P/Py = 0.98) 1/t
Pulverized Coke
phenanthrene 35x10°+6x10* 3.4 x10°6 0.17 0.39 + 0.06
pyrene 1.8x103+£2x 1074 1.5 x 1076 0.11 0.22 £ 0.04
Pulverized AC
phenanthrene 0.26 + 0.02 1.8 x 1076 0.52 0.21 £ 0.02
0.34 £ 0.12/ 0.27 + 0.08/
pyrene 0.11 + 0.02 6.6 x 1077 0.27 0.31 £+ 0.04
0.13 +£0.04/ 0.34 + 0.08/
Literature Values, Lignite Coke (36)
phenanthrene 0.13 2.4 x 1076 0.60 0.24
Literature Values, F100 Activated Carbon (36)
phenanthrene 1.7 1.2 x 107° 3.9/ 0.51
Literature Values, F400 Activated Carbon (32)
phenanthrene 0.30 1.7 x 1076 k 0.41
pyrene 0.17 8.5 x 1077 k 0.39

a Kpom, linear solid—water distribution coefficient for POM. ? Cl, confidence interval based on triplicate samples. ¢ K, organic carbon fractional
content normalized solid—water distribution coefficient. ¢ K,,, octanol—water partition coefficient (32). %9 Kf,, normalized Freundlich sorption
constant for solid-phase concentrations expressed as either g/g, mol/m? BET-SA, or cm? sorbate PAH/cm? N, adsorbed at Py/P, = 0.98; aqueous
concentrations were normalized by the solubility of the solid PAH at 25 °C which is 1.29 mg/L for phenanthrene and 0.135 mg/L for pyrene (32)
and the molar volume is 199 cm3mol for phenanthrene and 214 cm®mol for pyrene (39). "N = 1/n, Freundlich exponent. / Fitted for the lower
concentration range. / The Freundlich isotherm, fitted over a wide concentration range of aqueous phenanthrene concentrations C./S, overestimates

the maximum sorption capacity. ¥ Not available.

Sorption Equilibrium. Figure 1 presents the isotherm
data for phenanthrene and pyrene with finely sliced POM
(Figure 1a), pulverized coke (Figure 1b), and pulverized AC
(Figure 1c). POM isotherms were linear over the whole
concentration range as expected (14, 31). The distribution
coefficient between POM and water, Kpom, was 4700 4 300
L/kg for phenanthrene and 12000 + 1000 L/kg for pyrene.
This is approximately a factor of 2 larger than values reported
elsewhere (14, 31) for similar materials, which is probably a
result of the POM used in this study originating from a
different provider and being molded into resin instead of
sheets.

Sorption isotherms for coke and AC were nonlinear and
were fitted with the Freundlich model, providing the neces-
sary input constants for the sorption kinetic models used.
The Langmuir model with a single affinity did not fit the data
well, as shown in Figure S4 in the Supporting Information,
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indicating that PAHs adhere to heterogeneous sorption sites
with different affinities for the solutes. Aqueous PAH
concentrations (C,) were normalized by the aqueous solu-
bility (S) of the solid PAHs (1.29 mg/L for phenanthrene and
0.135 mg/L for pyrene (32)).

Cw 1/n
=5 ()

where gs denotes the PAH concentration on the solid (g/g),
K}, the normalized Freundlich coefficient, and 1/n the
Freundlich exponent. Figures 1b and 1c present the fitted
normalized Freundlich sorption isotherms, and Table 2
provides the corresponding isotherm parameters. The nor-
malized Freundlich coefficient Kj, is equal to the amount of
solute that would sorb at the solubility limit. Dividing by the
BET-SA shows that the compound-specific K;, values for
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FIGURE 1. Sorption isotherms for phenanthrene (triangles) and
pyrene (diamonds) on (a) polyoxymethylene, (b) coke, and (c)
activated carbon. The fitting parameters for the Freundlich isotherms
are provided in Table 2. For activated carbon, the Freundlich isotherm
was fitted also for the lower concentration range only (broken
line).

coke and AC are comparable within a factor of 2—3. For coke
and AC, the amount of pyrene adsorbed is 50—70% less than
the amount of phenanthrene adsorbed. Apparently, less of
the BET-SA or pore space is accessible to the bulkier pyrene
molecule. The importance of molecular sieving for the
sorption capacity of carbonaceous sorbents has previously
been recognized (33, 34).

The maximum amount of PAHs in a monolayer covering
a smooth surface was estimated from the molecular surface
area of the molecules (35). The estimated monolayer sorption
capacity for phenanthrene and pyrene is 1.7 x 1075 and 1.6
x 1075 mol per m? of surface, respectively, which are within

the range of the Kj, values reported in Table 2. These
estimates suggest that the accessible internal surface areas
of coke and AC are completely covered with phenanthrene
and pyrene at the solubility limit of these PAHs. Furthermore,
a normalization of K}, by the total meso- and micropore
volume show that a significant portion of the total micro-
and mesopore space is filled with PAHs at the solubility limit.
Thus, at the solubility limit of PAHs, the solid—water interface
of coke and activated carbon appears to resemble the pure
PAH solid.

Table 2 contains literature data of isotherm parameters
measured for the same solutes and similar sorbents for
comparison. After normalization by the BET-SA, the various
K;, values agree within a factor of 2—3 for each PAH
compound with the exception of the phenanthrene data
reported by Kleineidam et al. (36) for F100 activated carbon.
The various Freundlich isotherms are compared in Figure S5
in the Supporting Information. Sorption isotherms for PAHs
and other black carbon materials or soots are also reported
in refs 14, 33, and 37.

Sorption Kinetics: Batch Experiments. Figure 2 presents
the time-dependent, apparent sorption distribution coef-
ficient measured as a function of time in batch experiments
as observed for phenanthrene (Figures 2a, 2c, and 2e) and
pyrene (Figures 2b, 2d, and 2f) with two sieve fractions of
POM (1—1.4 and 2—2.8 mm), coke (0.06—0.1 and 0.1—0.25
mm), and AC (0.06—0.25 and 1—2 mm). For POM as a sorbent
and phenanthrene as a solute, the coarser sieve fraction
approaches the same apparent Kqong-term as the finer sieve
fraction after approximately 180 days, and the final Kq ong-
term = 5300 £ 1200 L/kg for the finer fraction is not significantly
different from the Kyeq = 4700 + 300 L/kg derived from the
sorption isotherm. Apparently phenanthrene reaches sorp-
tion equilibrium within 26 weeks in batches with the coarser
POM beads. For pyrene as the solute, the finer POM sieve
fraction reaches a Kqong-term = 12000 =+ 800 L/kg close to the
Kieq = 12000 + 1000 L/kg after 6 weeks, whereas for the
coarser POM the measured K jong-erm Of pyrene approaches
the equilibrium value derived from the sorption isotherms,
although it is not attained during the 30 weeks of the
experiment.

For the experiments with coke, both solutes and both
sieve fractions reached an apparent steady state within the
time frame of the experiment as shown in Figures 2c and 2d.
The Ky ong-term Values from the kinetic sorption experiments
are less than the Kgeq values derived from the sorption
isotherms with pulverized coke as shown in Figures 2c and
2d and reported in Table 3. Furthermore, Kjong-term values
derived from the sorption kinetic tests are particle-size-
dependent with finer-size coke particles showing greater
values of Ky ong-term- Thus, the particle-size-dependent varia-
tion in the BET-SA and the meso- and micropore volume
reported in Table 2 for coke results in a distinct difference
in the observed apparent steady state and the resulting
measured values of Kyong-term in the sorption kinetic tests.
Better agreement between the kinetic experiment and the
isotherm data is obtained if both Kjjong-term and Kyeq are
normalized by the BET-SA for the coarse and fine coke
particles as shown in Table 3.

For AC, none of the sorption kinetic test results with
millimeter-sized AC reached the sorption equilibrium or an
apparent steady state within the time frame of the experiment
as shown in Figures 2e and 2f. The aqueous PAH concentra-
tion fell quickly below the detection limit of the fluorescence
method in the batches with the finer AC, and the apparent
values of Ky in these batches could only be determined for
the first few days. For the coarser AC particles (1—2 mm), the
apparent Ky increases continuously during the 200 days of
the experiment. From the respective sorption isotherms, one
estimates a Kqeq 0f 3 x 101 for phenanthrene and 8 x 101°
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FIGURE 2. Kinetic sorption experiments for phenanthrene (triangles) and pyrene (diamonds) for polyoxymethylene (a and b), coke (c and
d), and activated carbon (e and f). Filled symbols represent data for the finer particle size. The particle diameters were 1—1.4 and 2—2.8
mm for polyoxymethylene, 0.11—0.25 and 0.06—0.11 mm for coke, and 1—2 and 0.06—0.25 mm for activated carbon. Lines through the data
points represent the model fit, where PoD denotes polymer diffusion, PD denotes pore diffusion, and BPK denotes the branched pore kinetic
model. Also shown in the figures are the equilibrium K¢, values for the batch systems calculated from the sorption isotherms, which
for activated carbon requires extrapolation to the sub-ng/L range.

TABLE 3. Kinetic Modeling Results

polyoxymethylene (POM), polymer diffusion model
steady-state

DPOMa KPDM,Iong-term KPOM,eqh
particle size compound (em?s™) (em3g™) (em3g™)
coarse phenanthrene 1x 10710
fine phenanthrene 2 x 10710 5.3 x 108 4.7 x 108
coarse pyrene 2 x 10"
fine pyrene 2 x 10710 1.2 x 104 1.2 x 104
coke, intraparticle diffusion model (79)
steady-state steady-state
Daa Kd,long-(erm Kd,eqb Kd,long-(erm Kd,eqb
particle size compound (cm?s~1) (cm?g™) (cm¥/g) (cm®cm? BET-SA) (cm%cm? BET-SA)
coarse phenanthrene 1.2 x 1071 3.4 x 103 1.7 x 104 0.16 0.28
fine phenanthrene 6.5 x 10712 9.1 x 103 0.30
coarse pyrene 1.2 x 10712 4.5 x 10* 1.2 x 108 2.0 19
fine pyrene 1.4 x 10713 3.9 x 10° 13
activated carbon, branched pore kinetic model (28)
Dsa k’ K?r
particle size compound (cm?s~1) f (s71) (g/g) 1/n
coarse phenanthrene 2 x 10" 0.02 6 x 107° 0.34 0.27
coarse pyrene 3 x 10712 0.03 8 x 10710 0.13 0.34

2 For comparison, diffusion coefficients derived from desorption experiments with petrolatum, transmission oil, and paraffin ranged from 1
x 107°to 1 x 107" for phenanthrene and from 1 x 107"°to 1 x 10~'2for pyrene (40), 6 x 10~">and 3 x 1075, respectively, for solidified tar decanter
sludge (47),and 1 x 107"%to 1 x 107 and 1 x 107" to 1 x 1078, respectively, for coal-derived sediment particles ( 76). ? Calculated from sorption

isotherms for comparison.

for pyrene for the batch systems. This calculation requires, validation. The value of Kyeq was calculated based on the
however, extrapolation of the Freundlich isotherm to aqueous mass balance for the kinetic experiment and the isotherm
solute concentrations far below the range of its experimental parameters obtained at higher concentrations. This value
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was extrapolated to a very low aqueous concentration (e.g.,
approximately 0.1 ng/L for phenanthrene) and it cannot be
used to calculate solid loading at higher concentrations (e.g.,
ug/L) without considering isotherm nonlinearity.

1L?2MS Measurements. These tests were designed to
observe the penetration of the PAH molecules into POM,
coke, and AC. POM particles were harvested after 10 weeks
from 14-mL batches with an initially nearly saturated aqueous
solution of phenanthrene and sectioned across the center
for uL?MS analysis. An example of a sectioned POM particle
(2—2.8 mm) is shown in Figure 3a. The uxl?MS mass
spectrometer signal intensity for the molecular mass of
phenanthrene is shown in Figure 3b as gray symbols, and
average intensities from the particle edge to its center are
shown as white symbols. The signal intensity resembles the
concentration profiles anticipated by spherical diffusion
models in which a concentration wave is migrating to the
particle center from each edge. As observed, the diffusion
front has not yet reached the center of the POM particle.
This finding is in agreement with the results of the batch
experiments in Figure 3a, where the apparent K of coarser
POM is still increasing after 70 days, indicating continued
uptake of phenanthrene into the POM.

Figure 3c shows a razor-cut coke particle (2—3 mm) that
was embedded in cement after 16 weeks of continuous
rotation in a batch with an initially nearly saturated aqueous
solution of phenanthrene. The uI1?MS data show that
phenanthrene was detected throughout this particle. The
data exhibit a significant scattering with no obvious radial
trend in the signal intensity as shown by the gray symbols
and the smoother average signal intensities shown as white
symbols in Figure 3d. Apparently the radial diffusion of
phenanthrene in coke has reached the particle center after
16 weeks. These results are in agreement with the steady-
state Ky long-term Values observed for smaller-size coke particles
within a few days after the start of the batch sorption
experiments (Figure 2c). The image in Figure 3c shows plaster
penetrating the macropores in the interior of the cut coke
particle, which indicates a direct access route for the sorbing
solute. The resolution of the uL?MS laser is insufficient to
distinguish between macroporous and meso- or microporous
regions within the cut coke particle. Thus, the signal
intensities measured by uL?MS represents an average of the
phenanthrene concentration of macroporous, microporous,
and polymeric domains.

Figure 3e shows a razor-cut AC particle (1-2 mm)
embedded in cement after 16 weeks of continuous rotation
in the batch test with an initially nearly saturated solution
of phenanthrene. In this case, phenanthrene was detected
with much higher signal intensity at the edge of the particle
as shown by the gray and white symbols in Figure 3f. As
observed, the radial diffusion of phenanthrene inside AC is
slow compared to that of POM or coke. These results are
corroborated by the continuous increase of the values of
apparent Ky during 200 days of monitoring in the batch kinetic
experiments as shown in Figure 2e.

In a time series of similar experiments, POM and AC
particles were exposed in 40-mL batches to an initially nearly
saturated aqueous solution of both phenanthrene and pyrene.
The particles were razor-cut across the particle center after
exposure without embedment. These data are shown in
Figure 4, which illustrates the average signal intensity in the
radial direction from the particle edge to the particle center
relative to the signal intensity measured on the exterior
surface. For POM, the broadening of the diffusion front is
observed with increasing time, and phenanthrene diffuses
faster than pyrene, as shown in Figures 4a, 4c, 4e, and 4g.
The signal intensity of phenanthrene is nearly homogeneous
throughout the POM particle after 34 weeks, whereas pyrene
clearly has not yet reached sorption equilibrium. These results

are in good agreement with the prior observations in the
batch experiments shown in Figures 2a and 2b. In the
corresponding measurements with AC shown in Figures 4b,
4d, 4f, and 4h, phenanthrene and pyrene were always detected
with higher intensity in the exterior region of the particles
compared to the interior. This behavior indicates that most
of the PAH mass is located within 80—200 4m from the exterior
surface, an area covered by two to five adjacent laser-
desorption measurements. In addition, PAHs are detected
at a low intensity throughout the AC particles without an
obvious radial trend. These smaller signals indicate faster
spreading of a fraction of the total PAHs throughout the
particle center along preferential diffusion pathways.

The concentration dependency of the radial diffusion in
POM and AC (38) was also investigated with ¢1.?MS, and the
air-bridge system and is discussed in Figure S6 in the
Supporting Information. For POM particles, the intraparticle
diffusion appears to be independent of the PAH concentra-
tion. For AC, the radial diffusion of phenanthrene and pyrene
is significantly faster at higher aqueous PAH concentrations.

Modeling Results. The results of our sorption kinetic
experiments with PAHs and POM can be explained by the
classic polymer diffusion model for spherical geometries.
For polymer diffusion, the governing equation of contaminant
diffusion in ahomogeneous spherical particle can be written
in the form

BLOIYZDLMYQ( 2 oo

o0 orl ool ®)

where ¢ denotes the time, r the radial distance from the
particle or aggregate center, gpoly (g/g) is the concentration
of the PAH in the polymer, and Doy, (cm?/s) the diffusion
coefficient of the PAH in the polymer. We neglect external
mass transfer resistance and assume that the PAH concen-
tration gpoly(R) on the external surface of the polymer particle
is in a linear partitioning equilibrium with the surrounding
water phase.

qpoly(R) = Kpolycw (3)
where R denotes the particle radius and Koy (cm3/g) the
linear partitioning coefficient between the polymer and the
aqueous phase. Although the external mass transfer resistance
may be important during initial sorptive uptake, the as-
sumption is considered appropriate because the kinetic tests
were performed over a long-term period of more than 200
days, and the lower Kg.pp values from the early-time data
have less weight in data analysis. The complete boundary
and initial conditions are given as Supporting Information.
We described the POM sorption kinetic data from the batch
experiments with a numerical technique based on the
polymer diffusion model, using in eq 2 the steady-state value
of Kpowm,iong-term from Table 3. Polymer diffusion coefficients
Dyoly were obtained as the fitting parameter from the kinetic
sorption experiment data in Figures 2a and 2b, by minimizing
the squared residuals between model prediction and data.
The fitted Dp,ly values are listed as Dpoy in Table 3. The model
fitis shown in Figures 2a and 2b for phenanthrene and pyrene,
respectively. For phenanthrene, the fitted Dpom values of the
two size fractions agree. The fitted Dpom of the finer sieve
fraction is approximately a factor 2 larger, which could be
explained by a larger external surface to volume ratio of the
cut particles. Razor-cut particles were not as well-rounded
as the original-size resin and had a rough surface because
of some internal, bubblelike cavities in the POM, which could
facilitate the uptake initially. For pyrene, the fitted Dpom values
vary by a factor of 10 for the two size fractions. The value for
the finer POM fraction seems unusually high, especially when
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FIGURE 3. Images and xL?MS measurements for polyoxymethylene (a and b), coke (¢ and d), and activated carbon (e and f) exposed to
an initially nearly saturated phenanthrene solution in a closed batch system. The filled triangles show a concentration profile measured
with #L2MS on an embedded and sectioned particle shown in the adjacent image. Consecutive shots are approximately 40 zm apart and
taken along a line from the particle edge across the particle center to the opposite edge. Empty triangles show average values for shots
equidistant from the outer surface of the particle. Averages were calculated from three cross sections measured on different particles.
Because of the current limitation of the instrument resolution, the first shot of the laser heam is often partially on the particle surface
and partially outside the particle surface resulting in low signal intensity for the first shot.

compared to the respective Dpom of phenanthrene. No

explanation could be found for this observation.

The numerical model was used to predict the radial PAH
concentration profile within the coarse POM particles for
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the batch experiments, and the predicted concentration
profiles are compared with the xL?MS data in Figures 4a, 4c,
4e, and 4g. The concentrations were normalized by the
predicted concentration on the external surface for the
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the predicted PAH concentration profiles and the measured

comparisons, and the distance between data points from
uL2MS data is reasonably good as shown in Figures 4a, 4c,

thelaser shots was set equal to 40 um. The agreement between

VOL. 39, NO. 17, 2005 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 6523



4e, and 4g. The deviation between model predictions and
ul?MS data can probably be explained by scatter in the
experimental data and simplifying assumptions such as the
spherical particle geometry. Note that no fitting to the uL?-
MS data is involved. We conclude that the spherical polymer
diffusion model provides an adequate description for the
sorption kinetics and diffusion of PAHs in a relatively
homogeneous and approximately spherical rubbery polymer
such as POM.

The sorption kinetics of PAHs in batches with coke
particles were interpreted using an intraparticle diffusion
model for porous sorbents described by Ball and Roberts
(19). This model assumes a linear reversible partitioning
equilibrium within the pore space and spherical geometries.
The governing equation of contaminant diffusion in a
homogeneous spherical particle is written in the form

aC D, 5,9
W _Tag(29
ot 72 ar(rzarcpw) @

where D, (cm?/s) denotes an apparent diffusion coefficient
and C,v (g/cm?®) the pore water concentration of the diffusing
PAH. The apparent diffusion coefficient D, accounts for pore
diffusion, and surface diffusion and can be interpreted as
(19)

€ PKy
= +
D, €+ pKde €+ pKdDS

5)

where € denotes the porosity of the sorbent, p the bulk density
of the sorbent, Ky the linear solid—water distribution coef-
ficient, D, the pore diffusion coefficient, and D; the surface
diffusion coefficient. External mass transfer resistance was
neglected. Boundary and initial conditions are given as
Supporting Information.

The distribution of the PAHs between the water and the
solid phase was described by the steady-state K iong-term from
the batch kinetic experiments, Ky = Ky iong-term, Teported in
Table 3. Because the solid—water distribution for coarse and
fine particles could not be predicted from the isotherm data
for pulverized coke, it was important to use the endpoint of
the kinetic experiment, Ky jong-term, to account for the particle-
size dependence on the apparent distribution coefficient at
steady state observed for the batch experiments. The aqueous
PAH concentrations in the batch experiments with coke
particles were observed to decrease by less than an order of
magnitude, and thus the assumption of a concentration-
independent Ky = Kg ong-term 1S @ reasonable first approxima-
tion, despite the nonlinearity of the sorption isotherm in
Figure 1b. The fitted D, values are compiled in Table 3, and
the model fit is shown by the broken or solid lines in Figures
2c and 2d for phenanthrene and pyrene, respectively. The
fitted apparent diffusivity is greater for phenanthrene as
compared to that of pyrene as well as greater for the coarser
coke particle size. This result is explained by the intraparticle
diffusion model if sorption-retarded pore diffusion dominates
and the surface diffusion coefficient is negligible in eq 4. The
apparent diffusivity should then be approximately inversely
proportional to Ky. The ratio of the measured apparent steady-
state Ky ong-term is indeed approximately inversely proportional
to the ratio of the corresponding D, values in Table 3. Thus,
the intraparticle diffusion model for porous sorbents de-
scribed by Ball and Roberts (19) can rationalize the kinetic
sorption data for batch experiments with coke particles if
one allows for a particle-size-dependent sorption capacity
in the pore space. It is possible that sorption to coke occurs
as a two-step process with a comparatively fast initial diffusion
into the readily accessible pore space over 10—30 days, as
observed in Figures 3c and 3d, followed by a secondary, much
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slower uptake, which was not apparent over the time frame
of our kinetic experiments.

The sorption kinetics of PAHs in batches with AC particles
were evaluated with the intraparticle diffusion model and
with a modified version of the pore diffusion model described
by Grathwohl (20), which uses the nonlinear Freundlich
sorption isotherm to describe the local solid—water parti-
tioning equilibrium. These models predicted that diffusion
would occur only within the outermost 40 um (one uL?MS
laser shot) of the AC particle during the entire duration of
the kinetic experiments. These predictions clearly do not
agree well with the 41.>2MS measurements in Figures 3f, 4b,
4d, 4f, and 4h. Therefore, the branched pore kinetic model
of Peel and Benedek (28) was used to interpret the data. The
branched pore kinetic model divides the particle volume
into a macroporous and a microporous domain. Radial
diffusion occurs along the macropore walls by surface
diffusion, and the kinetics of the exchange of chemicals
between the macroporous and the microporous domain is
described by a gradient flux law. The relevant equations are

s Ds d(,09
5 —f7 87('2 P s) — kdq, — qy) (6)
o,
(1 =D, = klas — ay) Q)

where fis the fraction of the particle pore volume filled by
the macropores and (1 — f) is the fraction of the particle pore
volume occupied by micropores, gs (g/g) denotes the solid-
phase PAH concentration in the macroporous domain, gy
(g/g) denotes the solid-phase PAH concentration in the
microporous domain, and ks (s7!) is the kinetic exchange
rate between macro- and microporous domains. This model
neglects an eventual PAH mass in the pore water. External
mass transfer resistance was considered negligible, and the
external boundary condition was determined from the
partitioning equilibrium between the PAH concentration in
the batch water and the solid phase of the macroporous
domain as described by the Freundlich isotherm in eq 1.
Initial and boundary conditions are provided as Supporting
Information. The three parameters f, D, and k; were
determined from a multiparameter fit to the apparent Ky
data in Figures 2e and 2f with a least-squares residuals
procedure. Model input parameters and fitted parameters
are listed in Table 3. The model describes the kinetic data
well, as shown by the solid and broken lines in Figures 2e
and 2f for phenanthrene and pyrene, respectively. The
predicted radial PAH concentration profiles inside AC
particles are compared with the 4L2MS data in Figures 4b,
4d, 4f, and 4h. The branched pore kinetic model predicts a
spreading of the PAHs over a distance of 200—400 ym. This
is in better agreement with the uL?MS data than for
predictions based on the assumption of a single homoge-
neous sorption domain. Therefore, it appears that PAHs
diffuse radially along preferential pathways, presumably
macropores. A kinetic exchange of PAHs between macro-
porous and microporous domains occurs in parallel. While
the branched pore kinetic model is in better agreement with
the experimental data, anumber of parameter combinations
f ks and D could provide a similar fit to the experimental
batch data. There is currently no established procedure for
determining each of these parameters separately and no
obvious way of distinguishing the two sorption domains
within the particles. The fitted volume fraction, f; occupied
by the “macropores” is much smaller than the difference
between the total and the meso- and micropore volume of
AC reported in Table 2. Peel et al. (28) stress for their model
that the regions comprising different diffusion rates should
not be confused with the conventional use of the terms to



define a certain range of pore sizes. The low values for f
determined in this study indicate that this parameter may
represent the fraction of the total sorption capacity in the
macropore region rather than the macropore volume. The
sorption capacity of the macropores is expected to be less
than that of mesopores or micropores, because of the lower
surface area to pore volume ratio. The branched pore
diffusion model does not account for the concentration
dependency of the radial diffusivity Ds, and the fitted
parameter values in Table 3 are only valid for the solute
concentration range used in the experiment.

This work illustrates how physical characteristics, such
as the BET-SA and the meso- and microporosity, of a
carbonaceous sorbent relate to sorption capacity and how
both physical characteristics and the sorption capacity affect
the kinetics of sorption. This work also demonstrates how
techniques such as uI?MS can help confirm modeling
assumptions and model parameters by providing spatially
resolved concentration profiles within particles. While our
results confirm many of the qualitative predictions of
diffusion-based sorption models, we also demonstrate the
complexity of the actual diffusion process, especially for coke
and activated carbon. The reasonably good fit obtained for
many kinetic sorption data by simple diffusion-based models
does not necessarily prove the details of the underlying kinetic
mechanism, and model extrapolations beyond the range of
empirical validation, i.e., estimated times to equilibrium, need
to acknowledge this uncertainty.
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