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The sorption of cadmium(ll) and selenite on two
porous, high surface area aluminum oxides and a
nonporous crystalline aluminum oxide (a-Alz03, corun-
dum) was studied by X-ray photoelectron spectros-
copy (XPS). The porous adsorbents used (ALCOA
types CP-5 and C-33) had different sizes and pore
structure but otherwise had similar characteristics.
CP-5 particles were smaller than C-33 and partly mi-
croporous; C-33 particles were mesoporous and
more crystalline than the CP-5 particles. The total
aqueous concentrations of cadmium(ll) and selenite
were 1.0 x 107* and 1.0 x 1072 M, respectively.
Maximum surface coverages of the porous adsorbents,
as estimated by XPS, were 0.8 and 0.5 manolayers
for cadmium(ll) and selenite, respectively. XPS esti-
mates of cadmium and selenite surface coverages
agreed well with the hypothesis that adsorbate intra-
particle diffusion followed by sorption is the
predominant mechanism of cadmium and selenite uptake
by porous aluminas under these experimental condi-
tions. XPS results of cadmium and selenite sorption
on corundum agreed well with expected surface
coverages, based on sorption isotherm data. These
results have significant implications for the fate and
transport of trace elements in the environment and the
remediation of wastewaters and contaminated
groundwaters.
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Introduction

Sorption processes at mineral—water interfaces frequently
control the fate of inorganic pollutants in the environment
and the geochemical cycling of trace elements. These
processes are typically subdivided into adsorption, absorp-
tion, and surface precipitation (I) based on the molecular
level structure of sorption complexes at the mineral—water
interface. Because the mobility and availability of trace
elements is a strong function of the type of sorption complex
formed, our ability to distinguish between different sorption
mechanisms is essential in predicting the fate of toxic
inorganics in surface waters, groundwaters, and sediments.

Sorption of trace elements on oxides has also had
applications in wastewater treatment. Transition aluminas,
products of the thermal transformation of aluminum
hydroxides and oxyhydroxides to corundum (a-ALO3), in
particular, have been used extensively as adsorbents for
inorganic and organic compounds (2—8). From a process
design perspective, large, porous adsorbents with large
internal surface areas would be preferable to nonporous
adsorbents because of increased sorption capacity per unit
volume. The rate of ion adsorption on large, porous
adsorbents however could be limited by mass transfer and
specifically by intraparticle diffusion.

To evaluate the potential of porous, high surface area
oxides as trace element adsorbents and to increase our
understanding of inorganic ion sorption processes in porous
materials, equilibrium and rate of cadmium and selenite
uptake experiments on porous transition aluminas were
conducted, and the results are reported elsewhere (9, 10).
It has been pointed out, however, that macroscopic sorption
experiments alone cannot be used to distinguish between
different sorption complexes (11). Spectroscopic methods
can provide specific structural information about sorbed
complexes and help distinguish between different sorption
mechanisms. Specifically, the agreement of rate of uptake
data with a diffusion model {10) was indirect evidence of
ion diffusion in the porous structure of the solid. Rate of
uptake and equilibrium data alone, however, can only
provide indirect evidence for a particular sorption mech-
anism and cannot be used to distinguish, e.g., between
monolayer or sub-monolayer coverage of an adsorbent and
three-dimensional precipitate formation.

X-ray photoelectron spectroscopy (XPS) is one of the
most widely used surface-sensitive techniques for material
characterization. During the last 20 years, it has found
many applications in the study of technological and earth
materials. These applications include mainly studies of
oxidation states of near-surface atoms, studies of semi-
conductor materials and catalysts, studies of ion partitioning
at the mineral—water interface, studies of mineral weath-
ering, and studies of the atomic structure of minerals and
glasses. Particular strengths of the technique are its ability
to probe surface layers (5—20 atomic layers) and the ability
to detect all elements except hydrogen and helium. The
main disadvantage for studying aqueous sorption reactions
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is that XPS is a vacuum technique, so that in situ studies
of solid—solution interfaces are not possible.

In this study, XPS was used to determine the elemental
near-surface solid composition of the porous aluminas and
to distinguish cadmium and selenite intraparticle diffusion
from surface precipitation (or accumulation) on the external
surface of the particles by determining directly an average
surface coverage of the adsorbents. The estimated thickness
of the adsorbed layer could then be compared to (a) surface
coverage estimates based on a surface-induced precipita-
tion model and (b) estimates based on intraparticle diffusion
followed by adsorption, resulting in more uniform coverage
of the entire particle surface area, including the internal
pore surface area. Because XPS is a surface-sensitive
technique, only the top surface layers of the adsorbents
could be examined. Thatis, for the porous adsorbents used
in these studies, only average adsorbed layer thicknesses
on the external surface of the particles could be estimated.
It is likely, however, that if a precipitate were formed, it
would have been formed primarily on the external surface
area of the particles, and therefore, it would have been
easily detected.

XPS has been used in the past to evaluate the thickness
of adsorbed layers on substrates (12—14). The substrates,
however, in most studies were single crystals of well-
characterized nonporous materials. Estimates of surface
coverages of the porous adsorbents based on analysis
derived from studies of flat mineral surfaces are likely to
be at best semiquantitative, As a control, therefore,
cadmium and selenite surface coverages on a nonporous
crystalline powder (corundum) were also estimated.

Background

A thorough introduction to X-ray photoelectron spectros-
copy (XPS) is obviously beyond the scope of this paper. A
very brief introduction to XPS is given by Hochella (15). A
concise overview of the technique, including history; basic
theory; and some applications are given by Kelly (16). Briggs
and Seah (12) give a complete coverage of the technique
including instrumentation, spectral interpretation, quan-
tification, and an extended discussion of various techno-
logical applications. A fairlybasicintroduction to XPS with
discussion of applications in geology is given by Perry et
al. (17). Hochella (18) gives a more complete overview of
the technique including applications in geology, mineral-
ogy, and geochemistry, while a substantially more theo-
retical treatment of the subject is presented by Brundle
and Baker (19).

Basic Theory. When materials are exposed to X-rays
energetic enough to eject electrons from inner or valence
shells, the difference between the incoming photon energy
and electron binding energy (BE) is converted to kinetic
energy of the escaping photoelectron. XPS is a surface-
sensitive technique because well-defined peaks in a spec-
trum originate from photoelectrons that have not under-
gone inelastic collisions and, therefore, must originate from
the top surface layers of a solid (typically between 10 and
50 A).

Spectral Interpretation and Chemical Shifts. Because
every element has a unique electronic structure and the
low energy X-rays used can only excite a few atomic levels
from each element, elements can be identified unambigu-
ously in most cases. Contaminants in the air and residual
gases in the vacuum chamber give rise to a C 1s peak,
referred to as the “adventitious carbon” peak. A chemical

shift is defined as the difference in BE between a particular
line and the BE for the same line in a reference compound.
The chemical shift is a function of the chemical environment
of an atom. By means of chemical shifts, one can often
distinguish between two different oxidation states of an
element in a given sample or between different coordination
environments.

Charge Referencing. When insulators are being ana-
lyzed, the sample is necessarily insulated from the spec-
trometer, and the surface is charged positively as photo-
electrons are ejected from the sample. This surface charging
results in observed BE shifts typically between 5 and 10 eV,
the same for all core levels of the same sample. To obtain
accurate BEs for insulators, the magnitude of charge shifting
must be estimated. This procedure is called charge
referencing and is usually accomplished by either the
adventitious carbon, the gold dot, or the argon implantation
method. The adventitious carbon method uses the pres-
ence of adventitious carbon on practically every sampie
and assigns a BE to the C 1sline. Because reported values
for the adventitious C 1s line range from 284.6 to 285.2 eV,
the values determined with this method may be off by as
much as 0.6 eV.

Chemical Quantification. With XPS, one can obtain at
least semiquantitative estimates of the relative abundance
of the elements present on the surface of a sample. If only
the ratio of two elements is needed, as is often the case in
surface analysis, the relative abundance of the two elements
can be estimated from the photoionization cross-section
(the probability that a photon will be absorbed by an
electron in a specific orbital) and the intensities of the two
peaks. Theoretical photoionization cross-sections were
tabulated by Scofield (20). An alternative approach,
however, which may give better results, is to use empirical
cross-sections derived from well-defined crystalline ma-
terials where the elements whose ratio must be determined
in the unknown are present.

Materials and Methods

Porous aluminum oxides (CP-5 and C-33) were obtained
from ALCOA (Alcoa Center, PA). Synthetic corundum (0.3
um micropolish a-Al,O3) was obtained from Buehler, Ltd.
(Lake Bluff, IL). The complete physical—chemical char-
acterization of CP-5 and C-33 adsorbents was presented
elsewhere (9). Corundum particles were of submicron
dimensions and nonporous with BET surface area as
determined by nitrogen adsorption at 77 K, 15 m?/g. A
summary of adsorbent characteristics relevant to this paper
is given in Table 1. For the sorption experiments, the
adsorbate/adsorbent ratio was normalized with respect to
specific surface area for the three adsorbents studied, so
that approximately equal surface coverages would resultin
all three adsorbents (CP-5, C-33, and a-Al,03). The
experimental conditions are shown in Tables 2 and 3 for
cadmium and selenite samples, respectively.

The adsorption experiments were conducted as de-
scribed elsewhere (9) with the exception that the solid was
equilibrated with the adsorbate at the desired pH for 2 days
in thereaction vessel. At the end of the equilibration period,
the solid was allowed to settle, the supernatant was siphoned
out of the reactor, and the solid was then resuspended,
transferred to a 250-mL freeze-drying flask, and freeze-
dried using a Labconco freeze dryer. The dried oxide was
mounted on an aluminum stub using colloidal graphite
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TABLE 1
Summary of Adsorbent Characterization

CP-5 C-33 corundum
particle diameters (um)
mass mean diameter 9.1 41.5 0.3
Sauter mean diameter 8.3 34.0
surface area, density, and porosity
N2-BET (m?/g) 200 110 15
micropore vol (cm3 (STP)/g) 24 0
butk density (g/cm?) 0.76 0.9
porosity (—) 0.75 0.74
typical pore diameters (A) <20 30-100
surface stoichiometry/crystal structure
Al;03°xH,0, x = 0.5 0.1 0
crystal structure disordered, poorly cryst., a-Al203
low temp. high temp. corundum
transition aluma transition aluma
TABLE 2 2p and O 1s lines have been reported in the literature for

Summary of Experimental Conditions: Cadmium XPS
Sampies

surface coverage
solid concn (M) uptake (%) pH (% monolayer) (zM/m?)

CP-5 1.0 x 1074 100 9.0 10.0 1.2
C-33 1.0 x 1074 100 9.1 10.1 1.2
a-Al03 1.0 x 1074 69 8.6 6.9 0.8
TABLE 3

Summary of Experimental Conditions: Selenite XPS
Sampies

surface coverage
solid concn (M) uptake (%) pH (% monolayer) (uM/m?)

CP-5 1.0 x 103 39 5.5 39.1 4.6
C-33 1.0 x 1073 19 5.5 19.6 2.2
a-Al0z 1.0 x 1073 26 5.0 26.2 3.1

{(“dag”) and further dried in a 90 °C oven for 2 h before it
was put in vacuum.

All XPS spectra were collected on a VG Escalab Mk II
system. Instrumentvacuum was typically in the upper 10~?
mbar range. Nonmonochromatic Al K, X-rays (hv = 1487
eV) were used with a constant analyzer pass energy of 50
eV for both survey and narrow scans. Step sizes 1.0 and
0.1 eV were used for survey and narrow scans, respectively.
No surface charge neutralization with an electron flood
gun was attempted. Charge referencing for each sample
was made by the adventitious carbon method (21, 22)
assuming the energy of the C 1s line to be 284.6 eV. All
samples were analyzed in the same position with respect
to the X-ray gun and analyzer and the position was further
optimized to increase the signal of the Al 2p line.

Results and Discussion

Binding Energies. Aluminum and oxygen BEs for the
aluminum oxides of interest were measured on powders
that were otherwise not treated except for drying at 90 °C
for 2 h. In addition to the two porous adsorbents (CP-5
and C-33), two crystalline, nonporous, synthetic minerals,
corundum (a-Al,Os) and gibbsite (y-Al(OH)s), were also
analyzed. Aluminas and particularly y-Al,O3; have been
studied extensively with XPS because of their importance
as catalysts and catalyst supports (23—34). The BEs of Al
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several aluminum oxides and hydroxides (24, 25, 27—33,
35—48). Representative values are reported by Moulder et
al. (49).

The Al 2p BE for all samples analyzed was the same
within the accuracy of the method (73.5—-73.6 eV). The
porous adsorbents were “corundum-like” oxides so that
the similarity in BE should not be surprising. Even in
gibbsite, a hydroxide, no chemical shift was observed.
Although the structural environments in aluminum oxides
and hydroxides are different, the first coordination shell in
both aluminum oxides and hydroxides consists of six
oxygens. The effect of protons in the second coordination
shell of the hydroxides apparently has a secondary effect
on Al core level binding energies. The measured Al 2p BEs
were in fair agreement with reported values for corundum
and gibbsite. Small differences may be attributed to the
charge referencing technique. As mentioned above, BEs
based on the adventitious carbon charge referencing
method can be in error by as much as 0.6 eV. If the values
reported in the literature include charge referencing
uncertainties of 0.6 eV, the total uncertainty because of
charge referencing could exceed 1.0 eV. The BEs for the
O 1s line for the porous adsorbents and corundum were
essentially the same, 530.5 eV. The O 1s line was slightly
higher for gibbsite (531.2 €V). The measured BEs for
corundum and gibbsite agree with previously reported
values (49).

The Cd 3d BEs, corrected for surface charging, were 405.2
and 412.0eV for the 3ds/, and 3d/, lines, respectively. These
BEs could be assigned to three possible chemical states,
namely, Cd (405.1—405.0 eV), CdO (405.2 eV), or Cd(OH),
(405.0 €V) (49). On the basis of the cadmium surface
coverage estimated (see below), it is highly unlikely that
the observed peak corresponds to a pure Cd metal phase.
In addition, the precipitation of such a phase from an
aqueous cadmium solution is thermodynamically not
favored. On the basis of XPS alone, we could not distinguish
between the other two possible phases. In either com-
pound, however, Cd is coordinated to O in a coordination
environment similar to what is expected for Cd(II) (a metal
cation) coordinated to surface hydroxyl groups of an oxide.
Additional in situ spectroscopic evidence and specifically
X-ray absorption spectroscopy (XAS) suggest the presence
of mononuclear cadmium surface complexes, under these
experimental conditions, with cadmium coordinated to 6
+20% oxygens at 2.33 +0.01 A. The absence of Cd second-




nearest neighbors suggests the absence of any pure
precipitated phase (50). The Cd coordination environment
(Cd octahedrally coordinated by O) as determined by XAS
is therefore consistent with the coordination environment
suggested by XPS.

The spin orbit splitting measured, 6.8 eV, was in excellent
agreement with the value reported in the literature (49) as
expected because the spin orbit splitting is only weakly
influenced by chemical changes. BE values are not reported
for the C-33 and corundum samples because it is believed
that the slightly lower BE in each successive sample was
caused by sample damage and did not represent a chemical
shift. The total energy shift (if totally attributed to sample
damage) was approximately 1.0 eV for several hours
exposure to vacuum.

The observed shift was probably not caused by an
increase in contaminant concentration over time, because
such changes would have been accounted for by a shift in
the adventitious carbon C 1s peak. A more detailed study,
however, to isolate the exact cause of BE reduction was not
conducted. Although XPS is one of the least destructive
techniques, reduction due to irradiation, especially of metals
in higher oxidation states, has been reported (refs 17 and
51 and references cited therein). Cd(I) has been known to
occur as aresult of irradiation (52). Simultaneous exposure
to vacuum and X-ray photons could possibly lead to slightly
reduced, unusual forms of cadmium. The CP-5 sample
was analyzed shortly after it was introduced in the analytic
chamber, and therefore, the reported BE is considered valid.

The Se 3d BE in a sample with 1.0 x 1073 M selenite
sorbed on CP-5 was 58.8 eV (after charge referencing).
Assuming a charge referencing uncertainty of approximately
0.6 eV, the measured BE could correspond to either SeO;
(58.9~59.8 eV), HySeO; (59.2—59.9 eV), or Na,SeO; (59.1
eV) (49). The uncertainty in the reported values for these
three Se(IV) states does not allow unambiguous assignment
based on XPS-measured BEs alone. As in the case of Cd,
however, additional information from XAS studies can be
used to eliminate some of the possibilities. Based on in
situ XAS measurements, Se(IV) sorbed on these aluminum
oxides is coordinated by 3.3 = 20% O at 1.70 + 0.01 A (50),
which is the coordination environment of Se(IV) in the
selenite ion. SeO,, therefore, can be ruled out as a sorbed
species. Distinguishing between the remaining two pos-
sibilities (selenious acid and sodium selenite) is not
important because in both compounds Se(IV) is in the
coordination environment of the selenite ion, which is more
likely to be the sorbing species as opposed to the undis-
sociated form.

In addition, the BE of the Se 3d line definitely corre-
sponds to selenite (Se(IV)) and rules out the possibility of
oxidation of the adsorbate to form selenate (Se(V1)). This
result is consistent with selenite equilibrium sorption and
ionic strength dependence experiments (9). These types
of experiments yield dramatically different results for the
two oxidation states of selenium (53). As in the case of
cadmium, values of BEs for selenite adsorbed on C-33 or
corundum are not reported because the sample was possibly
damaged by vacuum or by X-ray photons resulting in a
slight reduction in BE by as much as 1.0 eV in the worst
case. Such a reduction cannot be ruled out because lower
oxidation states of selenium are known (52). The CP-5
sample was analyzed shortly after it was placed in vacuum,
so it is believed that the damage was negligible.

Estimation of Surface Coverages of the Adsorbents.
XPS was used to provide estimates of cadmium or selenite
surface coverages of the adsorbents. These estimates were
then used to determine the most likely of the following two
possible scenarios: (1) diffusion of cadmium and selenite
in the pores of the transition aluminas followed by sorption
or (2) surface precipitation, presumably on the external
surface of the particles. Based on sorption isotherms, the
total amount of cadmium or selenite sorbed was known.
The distribution of the adsorbates on the surface of the
particles, however, would be dramatically different de-
pending on whether the total surface area of the particles
was utilized (including internal surface area), which would
imply diffusion in the pore structure of the adsorbents, or
whether a precipitate was formed on the external surface
of the particles.

The dramatic difference in the expected surface cover-
ages for the two scenarios stems from the high internal
surface area associated with the transition aluminas. The
external equivalent sphere surface area of the transition
aluminas was only a small fraction of the BET measured
total surface area (approximately 0.5 and 0.2% for CP-5
and C-33, respectively; see below for external surface area
calculations). As a control of this approach, surface
coverages on a nonporous adsorbent, corundum (a-Al,03),
were also measured to estimate the accuracy of the
technique. For corundum, the total amount of sorbed
cadmium or selenite was known. 'In addition, sorbates
would be located entirely at the particle surface, and
therefore, they would be detected by XPS provided the
surface coverage exceeded the detection limit of the
technique. The comparison between expected and XPS-
measured surface coverages of corundum could be used as
a measure of the accuracy of this approach.

To estimate the surface coverage of the adsorbents, the
intensity of the peak from the trace element of interest,
cadmium or selenite, was compared to the intensity of the
aluminum peak by collecting narrow scans of the Al 2p and
Cd 3d (or Se 3d) regions. The areas under the Al 2p and
Cd 3d peaks were integrated using the VG 5000/5250
software, following Shirley background subtraction. The
area under the Se 3d peak could not be integrated directly
because of the presence of the aluminum satellite. The
peak was fitted using a least-squares Gaussian—Lorentzian
curve-fitting routine, also using the VG 5000/5250 software.

Once the intensities of the substrate (aluminum) and
adsorbate (cadmium or selenite) peaks were determined,
the surface coverages were estimated as follows. The
adsorbed layer thickness was first calculated usingeq 1, a
modification of the equation used by Hochella and Carim
(13) to estimate the thickness of a SiO; layer on a Si substrate

Ilo, )

_—— 1
Ix/Ux + Isublosub @

x=-—1,cos0ln (1

where x is the adsorbed layer thickness (&), 4. is the
attenuation length (&), 6 is the angle between the sample
normal and the direction of the detector, & and Ly, are the
intensities of the photoelectron peaks from the adsorbed
element and substrate, respectively, and oy and oy, are the
photoionization cross-sections of the adsorbed element
and substrate, respectively. The only difference between
eq 1 and the original expression used by Hochella and Carim
(13) is that differences in photoionization cross-sections of
photoelectrons from substrate and adsorbate are significant
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and must be taken into account explicitly, whereas in the
original reference the cross-sections of Si 2p electrons in
the Si substrate and SiO, film were assumed to be
approximately equal and, therefore, not included.

Several important assumptions involved in the calcula-
tion of adsorbed layer thicknesses using eq 1 should be
stated. Asmentioned above, eq 1 was derived from a study
of a Si0;, film of uniform thickness on a silicon substrate.
It was assumed that the attenuation length was essentially
the same for film and substrate and that it was uniform
throughout the layer. For the present study, if we assume
submonolayer coverage—consistent with adsorbate intra-
particle diffusion—the film is so thin that it can probably
beignored. The assumption of uniform attenuationlength
throughout the layer and substrate, considering the porous
structure of the particles and possibly the formation of a
partial monolayer, is at best an approximation. Even the
assumption of a layer exclusively located at the surface is
not valid if indeed the adsorbate is diffusing in the pores
of the particles. Furthermore, the angle 6 cannotbe defined
for powders, so it was arbitrarily set to zero. Inthe absence
of more relevant information, the attenuation length was
assumed to be 15 A, a value used by Hochella and Carim
(13). Theoretical photoionization cross-sections were used
for the Al 2p, Cd 3d, and Se 3d peaks (20). If a final
assumption about the thickness of a monolayer is made
(1.5 A was assumed in this study), the number of adsorbed
monolayers can be estimated. This estimate is at best
semiquantitative considering the assumptions stated. Cal-
culated thicknesses of less than one monolayer were
converted to equivalent partial monolayer coverages. For
example, a thickness of 0.5 A was considered equivalent to
33% monolayer coverage.

Deviations from the stated assumptions would tend to
increase the uncertainties in surface coverage estimations.
For example, nonuniform coverage of the surface (formation
of adsorbate “island structures”) may result in local surface
coverages substantially higher than the average calculated
by eg 1. The formation of such “island structures” cannot
be ruled out based on the spatial resolution of the
spectrometer used. Independent X-ray absorption spec-
troscopy (XAS) experiments however are consistent with
the absence of surface precipitates or polynuclear species
under these experimental conditions and, therefore, in
agreement with more homogeneous coverage of the ad-
sorbents (50).

The surface coverages estimated from XPS measure-
ments were compared to estimates based on total trace
element uptake and two different values of surface areas
related to the two different sorption mechanisms. Inboth
cases, a site density of 7 sites/nm? was assumed. For
diffusion of the adsorbate in the particles followed by
adsorption, the nitrogen-BET surface area was used for
surface coverage calculations. For preferential accumula-
tion of adsorbates (surface precipitation or polymerization)
at the external surface of the particles, an estimate of the
external surface area of the particles was used for surface
coverage calculations. The external surface area, 1.0 and
0.2 m2/g for CP-5 and C-33, respectively, was calculated
using eq 2 (59)

6 .

A=
dev

2

where A is the surface area (m?/g), gy is the bulk density
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TABLE 4

Comparison of Percent Monolayer Coverage of
Aluminas As Determined by Total Cadmium Uptake
and XP§?

based on uptake and surface area

solid external total

measd by XPS
CP-56 2 100 10 84
C-33 5500 10 17
(l*A|203 7 7 5

2 See text for assumptions.

TABLE 5

Comparison of Percent Monolayer Coverage of
Aluminas As Determined hy Total Selenite Uptake
and XPS?

based on uptake and surface area

solid external total measd by XPS
CP-5 8 200 39 46
C-33 11 000 20 16
a»AI203 26 26 *

2 See text for assumptions. An asterisk (*) means not quantifiable
but present.

of the solid (g/m?), and d. is the equivalent sphere diameter
of the particles (Sauter mean diameter, m). The surface
area estimated this way is a lower limit for the external
surface area; surface roughness and fines would tend to
increase the actual external surface area. The surface
coverages for the two sorption mechanisms are compared
to the estimates from XPS (calculated using eq 1) in Tables
4 and 5 for cadmium and selenite, respectively.

Cadmium Surface Coverage of the Adsorbents. The
narrow scans of the Al 2p and Cd 3d regions for a sample
with 1.0 x 107* M cadmium adsorbed on 0.43 g/L CP-5 are
shown in Figure 1. Surface coverage estimates based on
external surface area, total surface area, and from XPS were
21,0.1, and 0.84 monolayers, respectively. Evenifwe accept
that, because of surface roughness and pore surface area
close to the surface, the readily available external surface
area may be higher than estimated by eq 2 by a factor of
5—10 (a mean roughness factor of 7 was determined based
on a wide range of particle sizes of unweathered minerals
(55)), the resulting surface coverage would still be higher
than the XPS estimate by an order of magnitude. Clearly,
the hypothesis of diffusion and adsorption inside the
particles agrees much better with the spectroscopic data
than the assumption of surface-induced precipitation.

There are several reasons for the overestimation of
surface coverage by XPS. The assumption that the adsorbed
layer was located exclusively at the surface of the adsorbent,
which was used to derive eq 1, does not strictly speaking
apply for highly porous particles. Overestimation results
from the contribution to the signal of the adsorbed element
from deeper layers. If the surface coverage in the pores
was 10%, superposition of the signal from several layers
would result in overestimation of the surface coverage
compared to the case where the same surface coverage
(10%) occurred only in the top surface layer.

In a sample with 1.0 x 107¢ M cadmium adsorbed on
0.77 g/L C-33, the XPS-measured surface coverage estimate
(0.17 monolayer) agrees well with the diffusion-limited
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FIGURE 1. Comparison of Al 2p and Cd 3d X-ray photoelectron spectra
from a sample with 0.1 mM cadmium adsorhed on 0.43 g/L CP-5.
Surface coverage, 1.2 M m~2,

sorption hypothesis (0.1 monolayer) and is orders of
magnitude lower than the expected surface coverage based
on accumulation on the external surface area (55 mono-
layers). The agreement is much better than for CP-5. This
may be explained by the different structure of the two solids.
C-33 had a coarser pore structure than CP-5 (Table 1) so
that the amplification of the signal from deeper layers may
not be as important a factor as for CP-5 where cadmium
concentration (per volume of adsorbent) is higher.

Estimates of surface coverage from cadmium uptake
and XPS for a sample with 1.0 x 107*M cadmium adsorbed
on 5.7 g/L corundum are 0.07 and 0.05, respectively. The
comparison of surface coverages based on the nonporous
corundum sample is of special importance because con-
tribution from deeper layers to the signal is absent and the
assumptions on which eq 1 is based are more realistic. The
difference between the two estimates was even smaller than
for C-33, in agreement with the hypothesis that contribution
to the signal from adsorbate in pores tends to inflate the
surface coverage estimated from XPS. Corundum was the
only sample for which the estimate based on XPS gave a
slightly lower number than total metal uptake consider-
ations. The agreement between the two estimates however
is good considering the uncertainties involved in both
calculations.

Selenite Surface Coverage of the Adsorbents. Narrow
scans of the Al 2p and Se 3d regions for a sample with 1.0
x 1073 M selenite adsorbed on 0.43 g/L CP-5 are shown in
Figure 2. The surface coverage calculated according to eq
1 (0.46) was in very good agreement with the surface
coverage based on total surface area utilization (0.39). There
should be no doubt that, in light of these results, diffusion
followed by adsorption is a much more reasonable as-
sumption than surface precipitation on the external surface
of the particles. The agreement was much better than with
cadmium adsorbed, and if the argument made in the case
of cadmium is true (namely, that selenite sorbed in pores
leads to an apparently increased signal), then selenite
adsorption appears to be underestimated.

70 72 74 76 78 80 8 84 86 88 90
Se 3d

[7 I = R =i « B ]
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FIGURE 2. Comparison of Al 2p and Se 3d X-ray photoelectron spectra
from a sample with 1.0 mM selenite adsorbed on 0.43 g/L CP-5.
Surface coverage, 4.6 4M m~2

There are significant differences in sensitivity of the
method for Cd and Se 3d lines. The photoionization cross-
sections are 2.29 for the Se 3d line and 20.22 for the Cd 3d
line (20). These differences in sensitivity should not affect
the surface coverage calculations however because the
photoionization cross-section is included in the calculation
formula (eq 1). Nevertheless, the same sorbed concentra-
tion of Cd and Se will result in peak areas substantiaily
different. At low surface coverages, approaching the
detection limit of the technique, the quantification of
selenite may therefore be affected by the presence of the
Al 2p satellites, which may partly mask the Se 3d peak (Se
3d BE 58.8 €V, Al 2p satellites at 63.7 (Al Ky3) and 61.7 eV
(Al Ko)). In addition, because the attenuation length is
dependent on the kinetic energy of the photoelectrons,
there may be a different drop in intensity for the two
elements due to (1) electron escape through the alumina
matrix (for electrons originating inside pores) and (2)
adventitious carbon (estimated to be about one monolayer,
based on the area of the C 1s peak). These differences,
however, should not affect the calculated surface coverages
by a factor of more than 2.

The expected surface coverage of a sample with 1.0 x
1073 M selenite adsorbed on 0.77 g/L C-33 based on the
intraparticle diffusion hypothesis is 0.2 monolayer, and XPS
gave an estimate of 0.16 monolayer, an excellent agreement.
XPS appears to slightly underestimate the surface coverage
on this solid (C-33) relative to selenite adsorption on CP-5,
consistent with the trend observed for cadmium adsorption
on CP-5 and C-33 (Tables 4 and 5). The same argument
of different pore structure could be used to explain this
trend.

The final XPS sample was a sorption sample with 1.0 x
10~3 M selenite adsorbed on 5.7 g/L corundum. The narrow
scans of the Al 2p and Se 3d regions are shown in Figure
3. The Se 3d peak is not observable in this sample, although
selenite is present on the surface as the survey scan for this
sample suggests (Figure 4). The Se 3d line, even though it
is the most characteristic photoelectric line of the element,
is not very intense. The most intense observable line for
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FIGURE3. Comparison of Al 2p and Se 3d X-ray photoelectron spectra
from a sample with 1.0 mM selenite adsorbed on 5.7 g/L corundum.
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FIGURE 4. X-ray photoelectron spectrum of a sample with 1.0 mM
selenite adsorbed on 5.7 g/L corundum. Compare the LMM Auger
peak at approximately 190 eV with the absence of a Se 3d peak in
Figure 3. Surface coverage, 3.1 uM m~2

selenium is the Auger L;MysMy;s line at 181 eV (with Al K,
X-rays), and this line is clearly observable in the survey
spectrum (Figure 4) at approximately 190 eV, the expected
position if charge shifting of approximately 9.3 eV is taken
into account. It seems unlikely that this line is due to a
contaminant because it was only (and always) observed on
samples that were exposed to selenite solutions. The fact
that there is direct evidence for the presence of selenite on
the surface but the amount cannot be quantified from the
Se 3d line suggests that quantification of selenite adsorption
may be underestimated, in agreement with the conclusions
reached by comparing cadmium and selenite surface
coverages. The fact that for similar surface coverages on
two solids (C-33 and corundum) selenite is detectable on
the porous solid but not on the nonporous is in agreement
with the hypothesis of signal amplification because of
underlying selenite in the pores and with XPS results from
cadmium adsorption samples.

Conclusions

The BE of the Al 2p line (73.5—73.6 eV) was constant
regardless of adsorbent. The BE of the O 1s line was
constant for the oxides (530.6 eV) and slightly higher for
the hydroxide (531.2) in agreement with literature values.
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The measured BEs for cadmium (Cd 3ds,» = 405.2 eV) and
selenite (Se 3d = 58.8 eV) sorbed on aluminum oxides were
in good agreement with reported values. In addition, the
BE of the Se 3d line definitely corresponds to selenite and
rules out the possibility of oxidation of the adsorbate to
form selenate.

Estimation of cadmium surface coverages of the porous
adsorbents using XPS agrees well with the hypothesis of
adsorbate intraparticle diffusion followed by sorption. The
measured surface coverages in the porous adsorbents were
at least 2 orders of magnitude lower than expected if
cadmium had precipitated on the external surface of the
particles. Estimates of surface coverages from XPS mea-
surements on corundum were in very good agreement with
predictions based on total cadmium sorption. The over-
estimation of surface coverages in the porous materials is
probably caused by contributions to the signal from deeper
(than the top surface) layers.

Analysis of XPS estimates of selenite surface coverages
of the oxides studied strongly favors the hypothesis of
intraparticle diffusion followed by sorption as the pre-
dominant mechanism for selenite partitioning on porous
transition aluminas. The agreement between XPS estimates
of the surface coverage and a total surface area utilization
hypothesis was very good. The surface coverage of the
porous aluminas was overestimated relative to the surface
coverage of corundum for the same reasons given in the
discussion of cadmium results. Selenite surface coverages
appear to be underestimated compared to cadmium
coverages, possibly because of overlap of the Se 3d line
with Al satellites at the low Se surface coverages studied.

These results provide direct spectroscopic evidence
consistent with diffusion of inorganic sorbates in the
internal structure of porous adsorbents followed by ad-
sorption as the most likely mechanism of ion sorption in
porous materials, under the surface coverages studied. The
results have significant implications for the treatment of
wastewaters and the fate of inorganic contaminants in the
environment. The fact that the internal surface area is
accessible to cadmium and selenite implies that large,
porous, high internal surface area adsorbents could be used
to treat large volumes of wastewaters; the overall process
however could be limited by intraparticle (pore) diffusion.
Similarly, the transport of inorganic contaminants through
aquifers could be controlled by intraparticle diffusion if
porous or microporous mineral phases are present.
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