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The rates of cadmium and selenite uptake by porous

aluminas were studied using three porous transition
aluminas. The three adsorbents differed in size and
pore structure, CP-5 and CP-100 being the smallest and
largest particles, respectively, both exhibiting some
microporosity, and C-33 being intermediate-size,
mesoporous particles. The rate data were interpreted
with a diffusion model, assuming solute diffusion

in a sphere from limited volume. The diffusion model
was in fair agreement with the rate data, suggesting
that cadmium and selenite uptake is controlled by
intraparticle mass transfer. Soiute uptake bythe smaller
particies (CP-5) was considerably faster than uptake
by the larger particles {CP-100). The measured
apparent diffusivities for both adsorbates and all
adsorbents were orders of magnitude lower than bulk
aqueous diffusivities, in accerdance with expectations
for highly retarded sorption. The measured effective
diffusivities were substantially lower than agueous
molecular diffusivities, suggesting the presence of strong
hindrance effects in these microporous adsorbents.
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Introduction

Fate and transport of hazardous chemicals in the environ-
ment largely depend on the interaction of these substances
with mineral phases in soils and aquifers. A number of
transport models attempt to incorporate these interactions
by using an equilibrium distribution coefficient, Ky, de-
scribing the partitioning of a substance at the solid—solution
interface. Aswas pointed out, however (I —6), equilibrium
distribution coefficients may not adequately describe the
partitioning of an organic chemical at the solid—solution
interface because of sorption rate limitations. Itis believed
that intraparticle mass transfer is responsible for the
observed slow uptake of organic contaminants by aquifer
material (1).

Inorganic ion fate and transport have received consid-
erable attention because of the implications for radionuciide
migration in subsurface environments. The kinetics of
inorganic ion sorption on mineral surfaces are not well
understood, partly because of the complex processes
occurring at mineral—water interfaces. In the late 1940s,
research associated with the Plutonium Project focused on
the rate ofion exchange of alkali metais on synthetic organic
zeolites (7, 8). They concluded that the rate ofion exchange
was determined either by internal diffusion or by externai
liquid film resistance. Similarly Ogwada and Sparks (9, 10)
more recently recognized the effect of mass transfer on ion
exchange kinetics in ciav minerals. In the majority of studies
of inorganic ion rate of uptake by oxides, however, a distinct
two-step behavior is reported, including a fast initial uptake
followed by much slower gradual uptake that may continue
for a period of days to months ({1—13).

Several mechanisms have been postulated to expiain
this slow uptake, including formation oi binuciear com-
plexes, particle—particle interactions, diffusion into aa-
sorbents, and surface precipitation (11). [n most cases the
slow uptake step was interpreted in terms of intrinsic
chemical reaction rates (mass transfer independent) (/4,
15), which in the case of strongly-binding, inner-sphere
complex-forming ions could be explained by the slow rate
of hydration water loss, a necessary step in the formation
of inner-sphere, surface coordination complexes (18).
Pressure jump studies, however, have shown that ‘on
attachment on mineral suifaces is very iast for a variety of
anions, cations, and mineral surfaces (/7—23). Pressure
jump techniques, using nonporous mineral surfaces, can
eliminate mass transfer imitations and measure intrinsic
rates of fast sorption reactions. A surface precipitation
model (24) was invoked to account for the slow uptake of
cadmium by ferrihvarite at high sorbate/sorbentratios (25,
whereas diffusion inside ferrihvdrite aggregates was invoie:d
1o explain the slow uptake of arsenate by lerrihydrite (2

.

An additionat difficulty in modeling the fate and
transport of inorganic pollutants in subsurface environ-
ments stems Foin the use/misuse of the conditiona
equilibrium distriburion coefficlent, €. The distribution
coefficient concerr has been used extensively o mode:
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partitioning of both organic and inorganic solutes onto
sediments and mineral surfaces. For organic solute par-
titioning on mineral surfaces, Kq is a function of the sorbate
and sorbent, but it generally correlates with the organic
fraction of the mineral phase (27). For inorganic solute
sorption on mineral surfaces, Ky is a strong function of pH,
temperature, and other geochemical conditions (e.g.,
speciation and redox potential) (16).

Use of the distribution coefficient to model solute
partitioning assumes that the sorption isotherm is es-
sentially linear over the concentration range of interest.
Use of K; values to model ion sorption on mineral surfaces
without reference to specific experimental conditions can
lead to gross errors in sorption behavior predictions (28).
It was pointed out that the use of distribution coefficients
to predict the fate and transport of inorganic contaminants
in natural hydrogeological environments requires estima-
tion of the distribution coefficients under, if possible,
identical geochemical conditions to those found in the site
being studied. Failure to do so may result in severe
underestimation of the zone of contamination and the time
required for contaminated aquifer rejuvenation (29).

Unfortunately, the use of distribution coefficients with-
out explicit reference to the specific experimental conditions
used to derive these coefficients is still fairly common in
radionuclide transport models (30—32). Use of equilibrium
distribution coefficients is warranted only if the conditions
(including pH) are maintained constant during the experi-
ment and the equilibrium coefficients are determined under
the same experimental conditions, as was done in this study.
Amorerigorous, but substantially more involved, approach
to the use of distribution coefficients is the use of surface
complexation models (33).

To test the hypothesis that the rate of cadmium and
selenite uptake in porous particles is controlled by intra-
particle diffusion, time-dependent sorption experiments
were conducted with porous alumina particles having
different particle size (CP-5 and CP-100) but otherwise
similar characteristics. Particles with larger dimensions
(ength of diffusion path) were expected to require longer
equilibration times if the rate was controlled by intraparticle
diffusion. To evaluate effects of crystal and pore structure
on trace element uptake, a third transition alumina (C-33)
with a higher degree of crystallinity and wider pores was
also used.

Although the adsorbents used in this study are not
expected to be found in nature (see the following section
for a brief adsorbent characterization), transport of inor-
ganic ions in aquifers can be controlled by intraparticle
diffusion in minerals exhibiting intraparticle porosity, such
as natural zeolites and the disordered aluminosilicate
minerals collectively referred to as allophane and imogolite.
In addition, contaminant sorption on porous iron coatings
and in the interlayer spacings of smectite clays can be
controlled by intraparticle mass transfer. Transport of Li*
in a sandy aquifer was significantly affected by intragranular
porosity of sand-size sediments (34). Because of the
abundance of aluminol sorption sites in nature (as part of
aluminosilicate minerals), being able to distinguish between
kinetically and mass transfer limited rate of ion uptake by
these oxides is important for our understanding of factors
affecting the transport of contaminants in aquifers. In
addition, large porous oxides with high internal surface
area could be used as trace element adsorbents in engi-
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neering applications, but the rate of sorption could be
severely limited by intraparticle diffusion.

The distribution coefficients, used for the analysis of
the rate data presented here, were estimated from sorption
experiments with 1 week equilibration time. It was shown
from preliminary experiments that longer equilibration
times resulted in fractional uptake changes within the
uncertainty of the measurements. Very slow processes,
including solid diffusion and the potential transformation
of the transition aluminas used in this study (which are
thermodynamically not stable under ambient conditions),
were obviously not allowed to reach equilibrium. True
equilibrium (in a thermodynamic sense) therefore was
probably not reached within the week-long equilibration
time. The conclusions presented here, however, which are
based on the assumption that equilibrium was reached
within 1 week, are still valid, based on the much shorter
time scale of diffusion and sorption processes compared
to solid solution formation and phase transformation
processes.

Materials and Methods

All three adsorbents were transition aluminas, products of
the thermal transformation of aluminum hydroxides (or
oxyhydroxides) to corundum (a-Al;Os). CP-5 and CP-100
were more disordered, low-temperature forms, exhibiting
some microporosity, whereas C-33 was a more crystalline,
high-temperature form, exhibiting no microporosity. Pores
with diameters larger than 500 A (50 nm), between 500 and
20 A (50—2 nm), and smaller than 20 A (2 nm) are classified
as macro-, meso-, and micropores, respectively (35).
Approximately 50% of the BET surface area of CP-5 and
CP-100 was associated with micropores, whereas the entire
BET surface area of C-33 was associated with mesopores.
A summary of particle characteristics relevant to this paper
is given in Table 1. The complete physicochemical
characterization of the adsorbents, including scanning and
transmission electron micrographs and surface area dis-
tribution as a function of pore diameter, was presented
elsewhere (36).

All experiments were conducted in 0.01 M sodium nitrate
at 25 °C. Overhead Talboys stirrers were used for mixing
to avoid particle abrasion and size reduction. Particle size
distribution and surface area measurements, performed
before and after the experiments, suggest that the experi-
ments did not affect particle characteristics. Impeller speed
was adjusted to keep the particles in suspension. Slurry
samples from different depths did not indicate any sig-
nificant variations in particle size distribution as a function
of depth. The pH was maintained constant throughout
the experiment by the addition of sodium hydroxide or
nitric acid.

The experimental procedures were as follows. The solid
was equilibrated with Milli-Q water in 35 mL polypropylene
centrifuge tubes for atleast 24 h. The slurry was transferred
to a 500-mL jacketed reactor and equilibrated with the
electrolyte for an additional 24 h. The pH was adjusted
with sodium hydroxide or nitric acid to the desired pH
value for the experiment. The pH at which uptake
experiments were conducted was chosen based on equi-
librium experiments so that fractional uptake at equilibrium
was between 40 and 90%. After equilibration of the sturry
at the desired pH, adsorbate addition (including a radioac-
tive tracer) to the reactor marked the beginning of the
experiment. Samples were withdrawn as a function of time



TABLE 1
Summary of Particle Characteristics

CP-5

Particle Diameters (zm)

mass mean diameter {(dy) 9.1
volume surface mean (Sauter mean diameter) 8.3

Surface Area (m%/g) and Porosity

N,-BET 200
micropore volume (cm3(STP)/g) 24
porosity (—) 0.75
typical pore diameters (A) <20

Surface Stoichiometry/Crystal Structure

A|203'XHzO; X= 0.5
crystal structure

C-33 CP-100

415 733

34.0 58.0

110 170

0 20

0.74 0.66

20-100 <20

0.1 0.8

disordered, low-temp.  poorly cryst., high-temp.  disordered, low-temp.
transition alumina

transition alumina transition alumina
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FIGURE 1. Rate of cadmium uptake by transition aluminas (CP-5, C-33, and CP-100} in 0.01 M NaNO. Filled symbols correspond to rate data
(at specified solid concentration and pH); open symbols correspond to equilibrium sorption under the same conditions.

with a 20-mL plastic syringe equipped with a three-way
stopcock to which a Teflon tube (for sampling) and a 0.2-
um nylon filter (Alltech Nylon 66, 25 mm) were attached.
The slurry was immediately filtered (total sampling time
was less than 1 min), and fractional uptake was determined
by comparing the radioactivity in the filtrate to the total
radioactivity in the slurry. Sampling was more frequentin
the earlier stages of the experiment when the rate of change
was greatest. pH variation during the course of the
experiment did not exceed 0.02 unit.

Results and Discussion

Results of uptake rate experiments are reported for cad-
mium and selenite in Figures 1 and 2, respectively. The
rate data (filled symbols) are presented as fractional uptake
versus time (log scale); the fractional uptake values cor-
responding to the equilibrium isotherms (Appendix) are
shown as open symbols.

Cadmium. Experiments were conducted at a range of
adsorbent/adsorbate ratios and different pH values. Some

!

characteristic rate of uptake experiments with cadmium
and the transition aluminas are shown in Figure 1. The
fractional cadmium uptakes by the three transition alu-
minas (CP-5, C-33, and CP-100) are shown as a function
oftime. Itshould be noted that the final uptake of cadmium
(at’equilibrium) for the experiments shown was not 100%.
To facilitate data analysis, both cadmium and selenite
uptake experiments (Figures 1 and 2) were designed so
that the final uptake (at equilibrium) would be between 40
and 90%. The initial cadmium concentration was 1.0 x
10+ M. Solid concentrations were adjusted so that the
total BET surface area would be the same for the three
adsorbents.

Several observations can be made by inspection of Figure
1. By comparing uptake by the CP-5 and CP-100 oxides,
we see that approximately 40% of total cadmium uptake
(at equilibrium) was achieved within the first minute of the
experiment in the case of CP-5 particles; uptake by CP-100
particles proceeded more slowly, and the initial (instan-
taneous) sorption was significantly reduced. Adsorption
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FIGURE 2. Rate of selenite uptake by transition aluminas (CP-5, C-33, and CP-100) in 0.01 M NaNO:. Filled symbols correspond to rate data
(at specified solid concentration and pH); open symbols correspond to equilibrium sorption under the same conditions.

on CP-5 particles appeared to reach equilibrium after
approximately 3 h, whereas adsorption on CP-100 particles
continued to increase substantially even after 10 h. Equi-
librium was not reached for the CP-100 particles until after
several days; final equilibrium uptake, however, was similar
for CP-5 and CP-100 adsorbents as shown by the Ky values
in Table 4 (36).

The CP-5 and CP-100 adsorbents had similar charac-
teristics, except for particle size (36), as shown in Table 1.
The larger sized CP-100 particles sorbed cadmium con-
siderably more slowly, requiring approximately 100 times
as long to reach a given percent adsorbed. The uptake
experiments thus support the hypothesis that the rate of
cadmium uptake is controlled by mass transfer, specifically
intraparticle diffusion. A comparison of external (film) and
internal (intraparticle) mass transfer resistance indicates
that it is rather unlikely that external mass transfer could
affect the observed rate of uptake, based on a calculated
ratio of internal to external mass transfer resistance between
100 and 1600, depending on adsorbate and adsorbent (36).

In the case of the smaller CP-5 particles, a significant
fraction of the total surface area is located within a short
distance from the external surface of the particle and is
therefore easily accessible. Rapid access to a substantial
fraction of the surface area explains the fast initial uptake
of cadmium by CP-5. In the CP-100 particles, the diffusion
path is substantially longer than in CP-5, and a smaller
fraction of the total surface area is quickly accessible,
explaining the smaller fraction of instantaneous sorption
and slower uptake. The fastinitial uptake by CP-5 suggests
that the intrinsic, mass transfer independent, chemical
reaction is fast, in agreement with previous studies of
intrinsic adsorption rates (17, 18, 20).

Cadmium uptake by C-33 followed a pattern similar to
uptake by CP-5, even though C-33 particles were larger
than CP-5 (Table 1). The differences (and similarities) in
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behavior between the three adsorbents can be explained
by their structural differences. Both CP-5and CP-100 were
disordered, low-temperature transition aluminas, with
similar pore dimensions and partly microporous, whereas
C-33 was a more crystalline, high-temperature transition
alumina, exhibiting no microporosity. Approximately 50%
of the total BET surface area was associated with micropores
in the CP-5 and CP-100 particles, whereas the entire surface
area was associated with macro- and mesopores in C-33
particles. Pore diameters smaller than 20 A were definitely
present in CP-5 and CP-100 particles, as suggested by
nitrogen sorption experiments, and have been reported in
the literature (37). It is very difficult, however, to estimate
the lower end of pore diameters in these particles. The
mesoporous particles, C-33, had pore diameters primarily
between 20 and 100 A (Table 1).

Essentially the only difference between CP-5 and CP-
100 particles was their size (Table 1). The latter accounts
for the difference in rates of solute uptake between CP-5
and CP-100 particles. The wider pore structure, absence
of microporosity, and higher crystallinity of the C-33
particles could probably explain the relatively faster solute
uptake by C-33 compared to CP-5 particles. (Equilibrium
was reached within 2—3 h for both CP-5 and C-33 particles,
even though the diffusion path was longer in the C-33
particles.)

Selenite. Characteristic selenite uptake rate experiments
are shown in Figure 2. The initial selenite concentration
in the experiments shown was 5.0 x 1074 M. The solid
concentrations and pH were varied to account for differ-
ences in specific surface areas and selenite binding affinities
of the three solids. The experiments were conducted at or
below pH 6 to maximize uptake for a given sorbate/sorbent
ratio and to minimize the effects of slight pH fluctuations
during the course of the experiments (a steeper adsorption
“edge” is equivalent to increased uptake sensitivity as a




Cadmium Diffusivities in Porous Aluminas?®
CP-5 c-33 CP-100
Kg (m3/g) 1.0 x 1072 1.1 x 1072 1.1 x 1072
int (=) 1.0 x 104 1.3 x 104 1.6 x 104

pH 8.0 8.5 8.0

Dagp (M?/s) 40x 107 1.0 x 10715 4.0 x 10-16
D (M?/s) 4.1 x 10712 1.3 x 10™M 6.3 x 10712
2e (=) 300 95 200

@ Dot = 1.23 x 107° m%s.

TABLE 3
o_l__ %« NI __* .. __ . D______ AF___" __ _2a
OCICHILE VIIUSIVILIES Il FUrgus Riuminas™

CP-5 c-33 CP-100
Ks (m3g) 1.1x 1073 2.8x 10* 8.8 x 10~
Rt (=) 1.2 x 103 3.3 x 102 1.3 x 10°
pH 6.0 5.5 6.0
Dapp (M?s) 15 x 10" 50x 107 1.5 x 1071
Dett (m?/s) 1.7 x 10712 1.7 x 1071 1.9 x 10-12
%o () 700 70 640

? Dot = 1.20 x 107° m?/s.

function of pH). The solid concentrations were 0.52, 1.0,
and 0.54 g/L for CP-5, C-33, and CP-100, respectively.

The general trends for cadmium and selenite uptake
were similar. Selenite uptake by CP-5 and C-33 was fast
compared to uptake by CP-100. Equilibrium was reached
within 1—3 h in the case of CP-5 and C-33 particles; in the
case of CP-100 particles, uptake continued to increase even
after 7 h. These data in combination with equilibrium
adsorption experiments suggest that for CP-100 particles
equilibrium required several days. Similar to cadmium
uptake, selenite uptake by C-33 was faster than expected
from size considerations alone; the fast uptake can be
explained by the mesoporous structure of the solid.

Modeling Approach. The rate of cadmium and selenite
uptake by porous aluminas was modeled assuming diffusion
of solute in a sphere from a well-stirred reactor of limited
volume and fixed initial solute concentration. The analyti-
cal solution of the diffusion equation (eq 1) is given by
Crank (38):

ac_ , ¥C

b Doy M

where C=0att=0forx <a, C=C,att=0 for x > g
a is the sphere radius; and

D _ Dmol (2)
app K
X(l n Qbe d)
Dy 0pKy
and
K
R, =1+ QLE—‘? @)

Dy, is the apparent diffusivity (m?2/s); D is the effective
diffusivity (m?/s); Do is the molecular diffusivity (m?/s);
« is the tortuosity (—); op is the solid bulk density (kg/m?);
Ry is the internal retardation factor (—); Ky is the conditional
distribution coefficient (m3/kg); € is the porosity. The model
requires specification of the initial solute concentration in
the reactor at time ¢t = 0, C,, and the final solute
concentration at equilibrium, C.. The only adjustable
parameter in the model is D,pp, which was varied to fit the
data. D,pp is a function of the structure of the solid and
specifically its density, porosity, and tortuosity, and the
specific sorbate—sorbent interactions incorporated in the
conditional distribution coefficient Ky. The following
section is a discussion of relevant parameter estimation.

The molecular diffusivities of cadmium and selenite ions
were estimated from the Nernst—Haskell equation (39) and
are given in Tables 2 and 3, respectively. Because no limiting

ionic conductance for the selenite ion was available, it was
approximated by the value reported for selenate (40). The
bulk density and porosity of the adsorbents were measured,
and the values are reported elsewhere (36) and in Table 1.
The tortuosity factor, y, accounts for pore structure effects
in a porous solid (41). The distance between two points
along a tortuous path is greater than the direct distance
between the two points; pore constrictions would also tend
to decrease diffusion rates in a porous solid. The tortuosity
factor incorporates both effects and has a value always
greater than 1. At present, there is no a priori method for
tortuosity estimation from parameters such as particle size,
porosity, and pore size distribution. Tortuosities are
typically estimated from diffusion experiments. Typical
tortuosity values reported for catalysts range from ap-
proximately 1.5 to 10 (41). Satterfield also suggests thatin
the absence of diffusion measurements a tortuosity factor
between 2 and 6 be used for porous solids with open
interconnected pore systems.

The distribution coefficients needed in eq 2 were
estimated by evaluating sorption isotherm data at four
solute concentrations, using each solute and each sorbent;
Kq values were evaluated at 0.5 pH unit intervals. Ky values
varied over more than 1 order of magnitude for selenite
adsorption over the pH range 5.5—9.5; the Kj varied by 4
orders of magnitude for cadmium adsorption on aluminas
over the pH range 5—9. The Ky estimates were obtained
by aleast-squares fit over a solute concentration range 107°
to 1073 M. The resulting isotherms were not linear (see the
Appendix for details of the distribution coefficient estima-
tion method and an evaluation of the linearity of the
isotherms). The nonlinearity notwithstanding, the sorption
isotherms can be considered sufficiently similar, based on
the similar 1/n values, to permit comparison by means of
the Ky parameter.

Thus, it appeared warranted to use a linear isotherm
instead of the Freundlich isotherm to model the rate of
cadmium and selenite uptake, realizing that the distribution
coefficients used were average values, not necessarily
applicable to the entire range of concentrations shown.
Solute concentrations, however, during a typical uptake
experiment were reduced by approximately 50% during
the course of the reaction (corresponding to 50% final
uptake) so that errors from using these average distribution
coefficients would be acceptable. Because of the similarity
of interactions of either solute with the three adsorbents,
respectively, use of these average distribution coefficients
should allow the qualitative corparison of uptake behavior
between the three sorbents even though the diffusivities
determined may be inaccurate.

Modeling Results. Cadmium. Results of modeling
cadmium uptake by the three porous adsorbents are shown
in Figure 3. Agreement of the diffusion model with the
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FIGURE 3. Modeling the rate of cadmium uptake by transition aluminas (CP-5, C-33, and CP-100} with the diffusion in a sphere from limited

volume model.

experimental data suggests that the rate of cadmium uptake
is probably controlled by intraparticle diffusion. The
diffusion model slightly underestimated fractional uptake
during the early phase of the experiments. The discrepancy
between model and experimental data was more pro-
nounced for CP-100 particles. Uptake enhancement during
the initial phase of the experiment can be attributed to
instantaneous sorption and can be explained by the
increased external surface area of real particles due to
surface roughness (verified by SEM (36)) compared to
smooth, geometrically spherical particles. The presence
of fines, with diameters substantially smaller than the
volume-surface mean, could also contribute to a fast initial
solute uptake.

The same apparent diffusivity (4.0 x 1076 m?/s) was
used to fit rate of cadmium uptake data by CP-5 and CP-
100 particles. The apparent diffusion coefficient used to
model cadmium uptake by C-33 particles was higher (1.0
x 1071 m?/s). Higher diffusivities in C-33 particles are
consistent with the mesopore structure of this adsorbent
compared to the micropore structure of CP-5 and CP-100
(see discussion above for details). The less active surface
of C-33, resulting in lower affinity for cadmium relative to
the other adsorbents, is reflected in lower retardation factors
for cadmium sorption on C-33 and therefore higher
apparent diffusivities. A discussion of structure—activity
relationships in aluminas was presented by Wefers and
Misra (37) and summarized by Papelis (36). The reported
internal retardation factor for C-33 is only similar to the
retardation factors for CP-5 and CP-100 because the
experiments with C-33 were conducted at higher pH (8.5),
and as was already mentioned, distribution coefficients are
a strong function of pH for inorganic ion sorption.

A comparison of apparent diffusivities and the estimated
bulk aqueous molecular diffusivity for the cadmium ion
(Table 2) shows that the experimentally determined ap-
parent diffusivities were orders of magnitude lower than
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bulk diffusivities. Even when internal retardation is taken
into account, the resulting effective diffusivity, Deg, is still
substantially lower than the bulk aqueous diffusivity (Table
2). The difference between the two diffusivities can be
assigned to the tortuosity factor, x (eq 3), which essentially
serves as a fitting parameter, y., the effective tortuosity.

As was mentioned above, the tortuosity incorporates
the effects of longer (tortuous) diffusion paths and pore
constrictions, dead ends, or other steric hindrance, espe-
cially in micropores, on solute diffusion. A comparison of
calculated effective tortuosities (shown in Table 2) and
tortuosity values reported in the literature for catalysts
(between 2 and 10) suggests the presence of strong steric
hindrance effects in these adsorbents. Such steric hin-
drance is plausible, at least in the case of CP-5 and CP-100,
the microporous adsorbents. Although the effective tor-
tuosities are of the same order of magnitude for all three
adsorbents, y. for C-33 is slightly lower than for CP-5 or
CP-100 (95 vs 200 or 300), as expected from the pore
structure characteristics of the three adsorbents (36).

Selenite. Results of modeling selenite uptake by the three
aluminas are shown in Figure 4. The diffusion model
adequately represents selenite uptake by the three solids
as a function of time. Instantaneous sorption was not
significant in the case of selenite sorption. The same
diffusivity (1.5 x 107! m?/s) was used for CP-5 and CP-100
adsorbents; a higher value for the diffusivity (5.0 x 107
mZ2/s) was necessary to model uptake by C-33 adsorbents
for the same reasons discussed with respect to cadmium
uptake.

The selenite modeling results are presented in Table 3.
There is substantial difference in the Ky values for the three
solids, with the more crystalline material (C-33) having the
lower Ky. The lower Ky, or lower affinity of selenite for the
C-33 surface, reflects the lower reactivity of the C-33 surface
compared to those of CP-5 and CP-100. CP-5 and CP-100
are more disordered and therefore more reactive phases
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FIGURE 4. Modeling the rate of selenite uptake by transition aluminas (CP-5, C-33, and CP-100) with the diffusion in a sphere from limited

volume model.

than C-33 (36). Indirectly then, the higher reactivity of the
surface results in lower apparent diffusion coefficients. From
Table 3, it can also be seen that the effective tortuosities
were not the same for all three solids. The effective
tortuosities were essentially constant for the two similar
solids (CP-5 and CP-100), but y. was lower for C-33 by an
order of magnitude.

Comparison of Cadmium and Selenite. By comparing
the cadmium and selenite modeling results, several im-
portant differences can be noted. Ky values for selenite
sorption were a stronger function of the solid than Ky values
for cadmium sorption at the pH value of the experiments
shown. The calculated values of D,y were therefore
expected to be a stronger function of the solid for selenite
adsorption than for cadmium adsorption owing to the
retardation effect (eq 2); this anticipated difference is
confirmed by comparing the results in Tables 2 and 3. The
larger variation of Ky as a function of solid for selenite
sorption at low pH is caused by the lower capacity of C-33
for selenite at conditions near monolayer coverage (36). It
is reasonable to assume that differences in surface reactivity
may be more evident under conditions of higher surface
coverage. It should be remembered that the selenite
concentration was 5 x 107* M. In the case of cadmium,
the highest concentration that did not result in the
formation of a precipitate was 1 x 10~*M. Selenite surface
coverages were, therefore, higher than cadmium surface
coverages.

Forboth cadmium and selenite, the effective tortuosities
were as expected, larger for the microporous solids (CP-5
and CP-100) than for the mesoporous solid (C-33). The
difference between microporous and mesoporous solids,
however, was more pronounced in the case of selenite.
Although x. was approximately the same for cadmium and
selenite diffusion in C-33, the effective tortuosity was
approximately two to three times larger for selenite

compared to cadmium in the microporous solids. It is
possible that microporosity is more important in the case
of selenite adsorption compared to cadmium adsorption.
Steric hindrance effects may be more critical for selenite
than for cadmium because of the size differences between
the smaller cadmium cation and the bigger selenite anion.

On the basis of spectroscopic evidence (42), it was
determined that the Cd—O distance in the fully hydrated,
octahedrally coordinated cadmium cation is 2.33 A. This
is the distance between the central metal cation and the
oxygens of the surrounding first hydration sphere of water
molecules, resulting in a diameter of approximately 4.7 A
for the fully hydrated cadmium cation (including its first
hydration sphere). Similarly, spectroscopic evidence (42,
43) has confirmed the Se—O distance in the selenite ion as
1.69 A, resulting in a diameter of the bare selenite anion
of approximately 3.4 A.

Itis more difficult to estimate the size of the fully hydrated
anion. On the basis of spectroscopic data analysis of
selenite sorption on goethite (43), however, it was estimated
that the second coordination shell (corresponding to the
Se—Fe distance) was 3.38 A. In the case of selenate ion
adsorption on goethite (43), where the primary hydration
sphere was assumed to be retained by the selenate ion
upon adsorption, the Se—Fe distance could not be deter-
mined, suggesting that it was probably larger than 4—6 A.
It is therefore not unreasonable to assume a diameter for
the fully hydrated selenite anion (includingits first hydration
sphere) of approximately 6—7 A, i.e., of the same order of
magnitude as the finer pores in the microporous CP-5 and
CP-100.

Finally, the observed difference in behavior between
cadmium and selenite diffusion could be a function of the
pH at which the experiments were conducted. A pH of at
least 8 was required for significant uptake of 0.1 mM
cadmium, whereas lower pH (below 6—7) was required for
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FIGURE 5. Fit of equilibrium isotherms for sorption of selenite on CP-5, C-33, and CP-100 transition aluminas by the Freundlich isotherm.

significant uptake of selenite. The higher pH value (8—8.5)
corresponds approximately to the pHpz¢ of these aluminas;
the surface of the aluminas will have almost no charge at
conditions favoring cadmium adsorption, and there will
be an almost even distribution of co-ions and counterions
in the diffuse layer. At lower pH, the surface is positively
charged, and counterions (nitrate ions) predominate in the
diffuse layer. Adsorption of cadmium therefore requires
little counter-diffusion of cadmium and sodium ions,
whereas adsorption of selenite requires a higher counter-
diffusion rate of selenite and nitrate ions. The hypothesis
that counter-diffusion limits diffusion rates in micropores
more than in mesopores would explain the differences in
effective tortuosities between the mesoporous adsorbent
(C-33) and the micropore-containing adsorbents (CP-5and
CP-100). A significant portion of the total surface area of
CP-5 and CP-100 particles was associated with micropores.
Note also that the effective tortuosity for selenite adsorption
on C-33, where microporosity was absent, was similar to
the effective tortuosity estimated for cadmium adsorption.

Conclusions
Rate experiments showed distinct differences in the uptake
of selenite and cadmium by the three transition aluminas
studied. Ion uptake was considerably faster by CP-5 and
C-33 aluminas. Approximately 3 h was required for
equilibrium for CP-5 and C-33 whereas several days was
required for the larger CP-100 particles. These differences
between CP-5 and CP-100 are largely based on particle size
differences, because these oxides had otherwise similar
characteristics. Differences in the uptake behavior of C-33
and the other two adsorbents were related to their different
physical and chemical characteristics, including pore
structure (microporosity or absence thereof), and different
crystal structure resulting in surfaces of different activity
and therefore different affinity for cadmium and selenite.
The diffusion model was in fair agreement with the data,
suggesting that the rate of cadmium and selenite uptake
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by porous aluminas is controlled by mass transfer. For
cadmium uptake, the apparent diffusivities ranged from
4.0 x 10716 m?/s for CP-5 and CP-100 to 1.0 x 107> m?/s
for C-33. Selenite diffusivities ranged from 1.5 x 10715 m?/s
for CP-5 and CP-100 to 5.0 x 10714 m?/s for C-33.

Differences in cadmium diffusivities between the ad-
sorbents can be accounted for by their different pore
structure (affecting tortuosity) and different surface reac-
tivity (reflected in different distribution coefficients). The
resulting effective tortuosities were similar. The spread in
effective tortuosities was more significant for selenite
adsorption. Possible explanations hinge on the more
important role that microporosity may have on selenite
adsorption. First, steric hindrance effects may be more
important to the diffusion of the bigger selenite oxyanion
as opposed to the smaller cadmium cation. Second, at the
pH of selenite adsorption, which is further away from the
pHpzc than the pH of cadmium adsorption, a greater
imbalance between co-ions and counterions in the diffuse
layer may be controlling the diffusion rate of selenite in
micropores and thus lead to substantial rate of uptake
differences between the micro- and non-microporous
solids, which is not accounted for by parameters such as
retardation and tortuosity.

Appendix: Estimation of Distribution Coefficients
The distribution coefficients reported in Tables 2 and 3
were estimated from equilibrium isotherm data presented
elsewhere (36), obtained by equilibrating for a period of 1
week. Four total sorbate concentrations (ranging from 1.0
x 1078 to 1.0 x 1073 M) were used for each sorbent—sorbate
system. Because of the strong dependence of the distribu-
tion coefficients on pH, the distribution coefficients were .
evaluated at 0.5 pH unit intervals. Cadmium distribution
coefficients for pH values above 7.5 were based on three
points only, because of the formation of a cadmium
precipitate at higher pH values and a total cadmium
concentration 1.0 x 1073 M. ‘



TABLE 4

Distribution Coefficients from Cadmium Equifibrium
Sorption Isotherms

sorbent pH Ky (m3/g) intercept (a/g) r?

CP-5 8.0 1.02 x 1072 8.61 x 1074 0.997

C-33 8.5 1.05 x 1072 6.27 x 1074 0.995

CP-100 8.0 1.10 x 1072 6.38 x 1074 0.998
TABLE 5

Distribution Coefficients from Selenite Equilibrium
Sorption Isotherms

sorhent pH Ky (m¥/g) intercept (g/g) r?

CP-5 6.0 1.13 x 1073 1.04 x 1072 0.931

C-33 5.5 2.75 x 1074 5.18 x 1073 0.836

CP-100 6.0 8.76 x 1074 9.26 x 1073 0.917
TABLE 6

Freundlich Isotherm Parameters from Cadmium
Equilibrium Sorption Isotherms

sorbent pH Ke {g/g)Ng/m?)Ve n(-) r?

CP-5 8.0 1.1 x 1072 0.43 0.979

C-33 8.5 1.2 x 1072 0.59 1.000

CP-100 8.0 1.1 x 1072 0.54 0.988
TABLE 7

Freundlich Isotherm Parameters from Selenite
Equilibrium Sorption Isotherms

sorbent pH Kz (9/g)/(g/m?)/m n r2

CP-5 6.0 2.1 x 1072 0.45 0.980
C-33 5.5 7.6 x 1073 0.40 0.987
CP-100 6.0 2.1 x 1072 0.43 0.955

The Ky values, the intercepts, and the correlation
coefficients, r?, obtained from cadmium and selenite
sorption isotherms are listed in Tables 4 and 5, respectively.
When plotted on a logarithmic scale (Figure 5), it can be
seen that the isotherms were not linear. The sorption data
were therefore fitted by the Freundlich isotherm, and fits
are also shown in Figure 5 for selenite.

The Freundlich isotherm parameters, K and 1/n, are
shown in Tables 6 and 7. It can be seen from Tables 6 and
7 that the Freundlich isotherm exponents were similar for
all adsorbents for both cadmium and selenite (ranging from
0.43 to0 0.59 for cadmium sorption and from 0.40 to 0.45 for
selenite sorption) under these specific experimental condi-
tions.
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