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A large distribution coefficient and large sorption capacity were observed during selenate adsorption by cation
(Fe**, Cu?*, and H*)-anchored diamino-functionalized MCM-41. Moreover, these synthetic adsorption media showed
excellent selectivity for selenate sorption in the presence of other anions. In a pure potassium selenate solution, the dis-
tribution coefficients, Kq4, exceeded 200000 when [selenate] < 25 mgin 1 g of these adsorbents (i.e., when the coverage of
selenate < 0.4). The adsorption capacities of these three adsorption media were 117, 83.0, and 123 mg (g-adsorbent)~!,
respectively, with the Fe and Cu centers having the capacity to bind 1.5 and 1.1 selenate anions on average. Tests on
mono- (N-), di- (NN-), and triamino- (NNN-) functionalized MCM-41 showed that the diamino-functionalized varieties
exhibited the largest value for K4 when cationated by Fe** and Cu*. In the case of Fe/NN-MCM-41, diamino-function-
alized MCM-41 cationated by Fe*, the degree of inhibition caused by coexisting SO4>~ was much lower than the value

reported for aluminum oxide. Cu/NN-MCM-41 showed the largest resistance to inhibition by C1~.

For the adsorbents

that we tested, the effects of coexisting nitrate were smallest for these three anions. The local structure of the adsorption
center in Fe/NN-MCM-41 was analyzed by EXAFS spectroscopy.

Since the discovery of well-ordered hexagonal mesoporous
silica,l_3 considerable efforts have been made to expand the
range of applications of silica materials in many fields of mate-
rials chemistry by utilizing their high surface area, controllable
pore size, and narrow pore size distribution. These structural
characteristics are attractive for developing adsorbents for toxic
ions in the environment. Since silica is generally believed to
interact weakly with molecules and ions, functionalization of
its surface is essential to obtain a desirable adsorption
capacity. A high density of silanol groups4 aids in fixing a large
amount of active organosilanes for adsorption on a silica sur-
face.

Designs that utilize the adsorption sites on silica, with their
high surface areas accompanied by mesopores, are promising
ways of immobilizing ions in contaminated water. The direct
interaction of Hg?* with an —SH pair has been proposed for
the adsorption of mercury on mercaptopropyl-functionalized
mesoporous silicas,”® while improved capacity has been dem-
onstrated by using a 1-allyl-3-propylthiourea group instead of a
mercaptopropyl group.” Divalent cations, such as Cu**, Cr**,
and Ni%*, which are also toxic and often emitted into wastewa-
ter, are adsorbed to a greater extent by aminopropyl-functional-
ized SBA-15 than by mercaptopropyl groups on the same kind
of mesoporous silica.!

Environmentally toxic oxyanions, such as arsenate and chro-
mate, are negatively charged and the central atoms are sur-
rounded by the coordination environment of T4 oxygen. This
leads to difficulties in selective adsorption from solutions con-
taining other common oxyanions, such as sulfate and

phosphate. On the other hand, these toxic anions are often
found in groundwater and cause serious problems to the quality
of drinking water from wells. Recently, it has been demonstrat-
ed that several kinds of amino-functionalized SBA—I,H’12
MCM—41,12 and MCM-48" show considerable adsorption
capacity. Although complete removal (<1 ppb) of toxins can
be achieved in an aqueous solution saturated with carbonate,
considerable inhibition due to other anions (SO4>~, C1~,NO;~,
etc.) can occur during the treatment of contaminated groundwa-
ter because the interaction between the amino groups and the
oxyanions is largely ionic and the chemical differences be-
tween the ions have hardly any effect on the formation of
bonds. Cu(II)14’15 and Fe(III)IS were anchored by amino-func-
tionalized MCM-41, which was prepared by grafting aminosi-
lanes onto MCM-41. The resulting solids showed a large ad-
sorption capacity for arsenate.

Among oxyanions with the Ty structure, selenate is particu-
larly significant in environmental science because of its toxicity
towards animals'®?! and its mobility in the soil. The adsorp-
tion on inorganic oxides,”** biological reactions®*%° and
chronic toxicity27 have also been studied to gain a better under-
standing of the potential hazards of selenate. Groundwater pol-
lution has also been reported.”® Environmental regulations for
selenate are usually strict, and its almost complete removal is
needed to obtain potable water from a contaminated source.
It should, however, be considered that the most abundant anion
species in fresh water is usually sulfate, whose geometrical and
electronic structures are similar to selenate, which makes sep-
aration difficult. In the literature, aluminum oxide- and iron ox-
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ide-coated sands were evaluated for the removal of selenate
from water in a few studies® " in which the adsorption capaci-
ty did not exceed 0.60 mg Se/g-adsorbent and a significant sup-
pression of adsorption was observed in the presence of sulfate.

It is a challenging theme for functionalized porous materials
to achieve one of the most difficult separations in relation to
toxic oxyanions, SeO4>~/SO4>~. In the present study, we in-
vestigated the removal of selenate by comparing (1) several dif-
ferent cation centers, Fe3*, Co?t, Ni2*, Cu?*, and H*, (2) the
number of amino groups in the organic chain in functionalized
MCM-41 and (3) the suppression of selenate uptake caused by
coexisting sulfate and other anions. The structure of the ad-
sorption sites that showed a specific interaction with selenate
was analyzed by EXAFS spectroscopy.

Experimental

Chemicals. Tetraethyl orthosilicate (TEOS, reagent grade) and
dodecyltrimethylammonium bromide (DTMABr, purity > 98%)
were commercially available. Trimethylammonium hydroxide
(TMAOH, Aldrich) was used as received. 3-Aminopropyltrimeth-
oxysilane (H,NCH,CH,CH,Si(OCHj3)3;) and N-[3-(trimethoxy-
silyl)propyl]ethylenediamine  (H,NCH,CH,NHCH,CH,CH,Si-
(OCH3)3) were purchased from Tokyo Kasei Kogyo Co., Ltd.
N'-[3-(trimethoxysilyl)propyl]diethylenetriamine (H,NCH,CH,-
HNCH,CH,NHCH,CH,CH,Si(OCH3);) was obtained from
Aldrich. Potassium selenate (K;SeOy, Pr.G.) was purchased from
Wako Pure Chemical Industries Ltd.

Preparation of Mesoporous Silicas. TEOS, DTMABr, and
TMAOH were mixed in water and the solution was stirred for 4
h at room temperature. The composition of the gel mixture was
Si:DTMABr:TMAOH:H,0 = 1:0.6:0.3:60. The resulting gel
was transferred into a Teflon bottle in an oven at 373 K. After
10 days, white precipitates were filtered and dried at 393 K. This
as-synthesized powder was heated in a convex oven, where the
temperature rose at | Kmin~' up to 813 K and then remained con-
stant for 4 h, to obtain MCM-41. A well-known (100), (110),
(200), and (210) reflection pattern indicating the hexagonal
pbmm structure was confirmed by X-ray diffraction measurements.
The BET specific surface area and pore sizes, as determined by a
nitrogen adsorption experiment, were 1280 m? g~! and 2.9 nm, re-
spectively.

Functionalization by Aminosilanes and Anchoring Cations.
The MCM-41 that we obtained was dehydrated at 423 K in a vac-
uum to remove any water molecules adsorbed on the surface, and
was then stirred vigorously in toluene containing one monolayer
equivalent amount (1.0 per 1 nm?) of 3-aminopropyltrimethoxysi-
lane, N-[3-(trimethoxysilyl)propyl]ethylenediamine, or N'-[3-
(trimethoxysilyl)propyl]diethylenetriamine. These solutions were
heated to 383 K in dry nitrogen for 6 h. The resulting powder was
collected by filtration, washed with 2-propanol for 2 h and dried at
373 K. 100 mg of the powder was then stirred in 100 mL of 0.1 M
HCI for 6 h without heating. This process converted the amino
groups into salts. These mono-, di-, and triamino-functionalized
MCM-41 chlorides are denoted by H/N-, H/NN-, and H/NNN-
MCM-41, respectively. Nitrogen-adsorption experiments revealed
that their respective BET surface areas were 1040, 586, and 481
m? g~! with pore sizes of 2.8, 2.6, and 2.5 nm. N-contents deter-
mined by elemental analysis were 1.5, 2.8, and 3.5 mmol g~! for
H/N-, H/NN-, and H/NNN-MCM-41, respectively. The amino-
functionalized MCM-41 samples were alternatively treated with
0.1 M 2-propanol solutions of FeCls, CoCl,, NiCl,, or CuCly;

Selenate Adsorption on Functionalized MCM-41

the powders were stirred in the chloride solutions at room temper-
ature for 2 h, washed twice with 2-propanol and dried in an oven.
These cation-anchored silicas are denoted as Fe/NN-MCM-41,
Co/NN-MCM-41, etc. A small degradation of the mesostructural
order of the powders was observed in the X-ray diffraction patterns
and pore-size distributions. Their BET surface areas, however, re-
mained as 380, 580, 284, and 588 m? g~! for Fe/, Co/, Ni/, and
Cu/NN-MCM-41, respectively.

Adsorption Experiments. The standard procedure that we
adopted for the adsorption experiments was as follows. A 50 mg
quantity of the functionalized MCM-41 was stirred for 10 h in
10 mL of an aqueous solution of K,SeO,. The solution was filtered
to remove the solids and analyzed by induced coupled plasma
(ICP) spectrometry. Typical pH values of the starting solutions
were 6.1-6.5; after adsorption, these had decreased by ca. 0.3
(Co”* and Ni**), 1.2-2.2 (Cu®*), and 3.2-3.6 (Fe*"), depending
on the initial concentration of the selenate. Under these pH condi-
tions, the dominant selenate species in aqueous solution is SeQ4>~
(pKa, = 1.7). A pH buffer was not used because the coexistence of
other anions can influence the adsorption of selenate. The compo-
sition of the resulting powder was determined by ICP and CHN el-
emental analyzes.

The EXAFS spectra of the Fe and Se K-edges were measured on
a BL-10B at the Photon Factory, High Energy Accelerator Re-
search Organization, Tsukuba, Japan (Proposal #2001G133), using
a ring energy of 2.5 GeV and a stored current of around 300-450
mA. A Si(311) channel cut monochromator was used. A transmis-
sion mode with detection using gas ion chambers was employed.
The EXAFS spectra were acquired five times under the same mea-
suring conditions, and the average (k) was calculated from the ex-
tracted spectra. The data were processed using a REX 2000 (Riga-
ku Co.) program. The EXAFS oscillation was extracted by fitting a
cubic spline function through the post edge region. After normal-
ization using the McMaster tables, the k*-weighted EXAFS oscil-
lation, &3 x(k), in the 3-13 A=' (1 A~' = 10 nm™!) region was
Fourier transformed into a radial distribution function. The ampli-
tudes and phase-shift functions for Fe-N, Fe—Cl, Fe-Se, and Se-O
bonds were calculated by FEFF 7.02 code. A curve-fitting analysis
was carried out between 4 and 12 A" in the k-space of the inver-
sely Fourier transformed spectra (from FT filtered at 0.77 < r <
3.65 A and 0.89 < r < 3.34 A for Fe K- and Se K-edges, respec-
tively, where 10 A=1 nm).

Results and Discussion

Adsorption Behaviour of Selenate in the Absence of In-
hibiting Anions. Since the almost complete adsorption of sel-
enate is necessary to meet strict environmental regulations, the
distribution coefficient between the solid and liquid phases, K4
= (amount of selenate in 1 g adsorbent)/(amount of selenate in
1 g solution), is critically important in evaluating the perform-
ance of adsorbates for toxic oxyanions, such as Se, As, Cr(VI),
and Mo(VI). Kj is plotted against the amount of adsorption in
Fig. 1. The coefficients decreased according to the SeO,2~
coverage. Fe/, Cu/, and H/NN-MCM-41 achieved K4 >
200000, i.e. the amount of selenate in solution is less than 1
ppb, when the [Se042 Jas < 25 mg (g-adsorbent)_l, whilst
the K4 found for Co/ and Ni/NN-MCM-41 did not exceed
10%. Saturation of the adsorption is highlighted by the occur-
rence of a vertical decrease in this plot, which we have marked
out approximately with dotted lines. This is observed at around
K4 = 10% for Fe/, Co/. Cu/, and H/NN-MCM-41, implying
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Fig. 1. Distribution coefficient versus amount of adsorption.
Vertical broken lines indicate adsorption capacity. The de-
tection limit of ICP (<1 ppb) confines the Ky higher than
200000. Experimental conditions: Cipital (Se04%7):
10.7-1400 ppm, adsorbent: 50 mg, solution: 10 mL, ad-
sorption time: 10 h, adsorption temperature: 298 K.

that these adsorbents show a large affinity for selenate, even
near to full coverage.

The different kinds of ligands in the functional groups of the
MCM-41 are compared in plots of K4 versus the coverage of
selenate in Fig. 2. In the case of the diamino-ligand, a sudden
decrease of K4 occurred at 6 = 0.4-0.6, implying that the mode
of adsorption changes at around half coverage. On the other
hand, the decrease in Kj starts at a much earlier stage of the ad-
sorption (6 = ca. 0.1) when the monoamino ligand is used to
anchor the cations. Ky for Fe/ and Cu/NNN-MCM-41 show
a similar behaviour to those of Fe/ and Cu/N-MCM-41,
respectively. The finding that the strongest adsorption occurs
at cation sites anchored by diamino-functionalized MCM-41
suggests that, although Fe’* and Cu®* can coordinate to amine
ligands in several ways, those anchored by an ethylenediamine
type ligand are the most strongly bound to selenate. The Kq—6
plot for H/NNN-MCM-41 almost replicates that of the H/NN-
MCM-41, although the maximum adsorption for H/NNN-
MCM-41 is considerably larger than that for H/NN-MCM-41
(Table 1). The large adsorption capacity with the small Ky val-
ue in the case of H/NNN-MCM-41 reveals that, over a large
portion of the coverage, selenate is weakly bound to the surface
site.

The maximum adsorption values, which approximately
equate to the adsorption capacity, and the stoichiometries are
summarized in Table 1. The coordination of Fe’* increases
with the number of amino groups, whereas MCM-41 with an
ethylenediamine type-ligand anchors the largest amount of
Cu’*. The difference between the cations is probably caused
by the stabilization constants of the amino ligands, which are
not yet fully elucidated. The order of the adsorption capacities
reflect the amount of the respective cations that are present, i.e.
NNN- > NN- > N- for Fe** and NN- > N- > NNN- for Cu**.
On the other hand, for H", the adsorption capacity simply in-
creased with the number of amino groups. In our experiments,
173 mg (g-adsorbent)™! is the maximum capacity. This value
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Fig. 2. Distribution coefficient versus coverage of selenate.
The functional groups are compared for each cation. N-
MCM-41 (A), NN-MCM-41 (OJ), and NNN-MCM-41
(O). Experimental conditions: Cipjga (SeO4%7): 10.7—
1400 ppm, adsorbent: 50 mg, solution: 10 mL, adsorption
time: 10 h, adsorption temperature: 298 K.

is 160-times larger than the capacity reported for Al(Il) and
Fe(Il) oxide-coated sands: <0.60 mg Se/g-adsorbent (= 1.1
mg Se0,>~/ g—adsorbent).w’30

The average coordination ratios, Se/M, are also listed in
Table 1. In Fe/N- and Fe/NN-MCM-41, Se/Fe is almost
1.5, suggesting that half of the Fe coordinates to two SeQ,2~
and the other half coordinates to one SeO42~, while a 1:1 com-
plex is implied for Se coordinated Cu/N- and Cu/NN-MCM-
41. No specific structure can be proposed from the stoichiom-
etry of Se to H in H/N-, H/NN-, and H/NNN-MCM-41: 2.3—
2.7 N bound to one selenate. Since adsorption on protonated
functionalized MCM-41 occurs largely by ion exchange, the
charge balance and accessibility of the oxyanion to the organic
groups may determine the Se/N ratio.

The N/Fe ratio in Fe/NN-MCM-41 before adsorption was
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Table 1. Maximum Adsorption and Stoichiometries of Selenate on M/N-, M/NN-, and M/NNN-MCM-41

M content® Adsorption® Se/N Se/M N/M
Fe/N-MCM-41 0.41 93.2 0.50 1.6 3.2
Cu/N-MCM-41 0.48 759 0.43 1.1 2.6
H/N-MCM-41 — 80.0 0.43 — —
Fe/NN-MCM-41 0.55 117 0.39 1.5 3.8
Cu/NN-MCM-41 0.52 83.0 0.31 1.1 35
H/NN-MCM-41 — 123 0.37 — —
Fe/NNN-MCM-41 1.03 159 0.38 1.1 29
Cu/NNN-MCM-41 0.34 66.7 0.14 1.4 10
H/NNN-MCM-41 — 173 0.39 — —

a) mmol/(g-adsorbent). b) (mg—SeO42‘)/(g—adsorbent). Experimental conditions: Cipjgial (Se0,4%7): 1400
ppm, adsorbent: 50 mg, solution: 10 mL, adsorption time: 10 h, adsorption temperature: 298 K.

Table 2. Inhibition of Selenate Adsorption on M/NN-MCM-41 (M = Fe, Co, Ni, Cu, and H) by Coexistence of Sulfate, Chloride

and Nitrate

S04~ Cl- NO;~

Cinitial Kd Removal Cinitial Kd Removal Cinitial Kd Removal

/ppm /% /ppm /% /ppm /%
Fe’t 0 (0) >200000 100 0 (0) >200000 100 0 (0) >200000 100
203 (2.8)  >200000 100 121 (1.7) 2267 92 146 (2.0)  >200000 100
1014 (14) 2381 92 607 (8.5) 1791 90 730 (10) 31678 99
Co** 0 907 82 0 907 82 0 907 82
203 446 69 121 688 78 146 571 74
1014 52 21 607 471 70 730 382 66
NiZ+ 0 77 28 0 77 28 0 77 28
203 39 16 121 62 24 146 64 24
1014 22 10 607 50 20 730 48 20
Cu** 0 >200000 100 0 >200000 100 0 >200000 100
203 1585 89 121 88859 100 146 >200000 100
1014 167 46 607 3229 94 730 >200000 100
H* 0 >200000 100 0 >200000 100 0 >200000 100
203 800 80 121 12010 98 146 86687 100
1014 44 18 607 1533 89 730 2623 93

The distribution coefficient (Ky) and removal (in %) of selenate are shown for initial concentration of inhibitors (Cjpita). EX-
perimental conditions: Ciia (SeO4%7): 71.3 ppm, adsorbent: 50 mg, solution: 10 mL, adsorption time: 10 h, adsorption tem-
perature: 208 K. The numbers in parentheses are the [inhibiting anion]/[SeO4>~] in the initial solution.

3.8, which agrees completely with the N/Fe ratio calculated in
Table 1. N/Cu before exposure to the selenate solution was
3.6, which is also nearly unchanged, i.e. 3.5 after the full-cov-
erage adsorption (Table 1). This agreement strongly suggests
that the metal cations are fixed largely by a stable M(en), type
coordination structure and that adsorption occurs accompanied
by an exchange reaction of Cl~ and selenate in order to balance
the charge.

Inhibition by Sulfate, Chloride and Nitrate. The coexis-
tence of anions, such as chloride and sulfate, has been an impor-
tant issue when investigating the adsorption, the toxicity and
the separation of selenate, because these anions are widely
found in the environment and in concentrations that are orders
of magnitude larger than the environmental regulations for sel-
enate (usually <10 ppb). Carbonate can enhance the adsorp-
tion of oxyanions, such as selenate and sulfate, on the surface
of goethite.31 Furthermore, a comparison between the latter
two anions has been carried out.”** In the case of aluminium
oxide, the adsorption of selenate was reduced by 70% in the

presence of sulfate at a ratio of SO4%>~ /Se(VI) = 1.8.%° The ef-
fects of sulfate on the acute toxicity of selenate are disputable,34
while competition between these anions for active transport
across cell membranes has been reported.” We also measured
K for selenate adsorption in the presence of sulfate, chloride,
and nitrate ions, as shown in Table 2. In the presence of sulfate
at SO,2~ /Se(VI) = 2.8, no inhibition was observed for Fe/NN-
MCM-41, while reductions of 16, 43, 11, and 20% with respect
to the removal of selenate were observed for Co/, Ni/, Cu/, and
H/NN-MCM-41, respectively. The influence of coexisting
ions on these synthetic adsorbents is much lower than on alumi-
nium oxide (70% reduction at SO,4>~ /Se(VI) = 1.829). Fe/NN-
MCM-41 showed the largest resistance to sulfate inhibition
over the SO4>~/Se(Vl) range that we investigated. At
S0,4%/Se(V) = 14 there was only an 8% reduction on Fe/
NN-MCM-41, while decreases of 74, 64, 54, and 82% were ob-
served in Co/, Ni/, Cu/, and H/NN-MCM-41, respectively. It
should be noted that the largest absorption capacity was found
in proton anchored NN-MCM-41 in the pure selenate solution



T. Yokoi et al.

(Table 1), though suppression by sulfate is also the largest
among the cations.

On the other hand, the influence of chloride was the lowest
on Cu/NN-MCM-41 (6% reduction at C1~/Se(VI) = 8.5). At
the same concentration, the degree of removal decreased by
10, 15, 29, and 11% on Fe/, Co/, Ni/, and H/NN-MCM-41,
respectively. The inhibition caused by nitrate was also weaker
than that caused by sulfate. Very little suppression was ob-
served on Fe/ and Cu/NN-MCM-41, while Co/ and Ni/NN-
MCM-41 showed suppressions comparable to those seen with
chloride.

In terms of arsenate adsorption, Fe/NN-MCM-41 is less in-
fluenced by the coexistence of sulfate and chloride than by any
other cations."” In selenate adsorption, the suppression due to
chloride is lowest for Cu/NN-MCM-41, though sulfate inhibi-
tion is at a minimum on Fe/NN-MCM-41. Although the resis-
tances of Co/NN-MCM-41 in arsenate adsorption were similar
to F«:/NN—MCM—41,15 suppression is significant in selenate
adsorptions. Results from a study that claims that pre-adsorbed
selenate does not affect cobalt adsorption on y-AlL, 03¢ implies
that the interaction of Co®>* and selenate on the surface is not
strong.

The difference in the inhibiting behavior on the various ad-
sorbents demonstrates that uncoordinated ligands (namely,
H3N*.. and -N*H,-) in Fe/, Co/, Ni/, and Cu/NN-MCM-
41 bring about only minor effects on the adsorption of selenate,
even if they do really exist.

Local Structure of Fe in Selenate on Fe/NN-MCM-41.
Tris(ethylenediamine)iron(Ill) sulfate has been known as a
[Fe(en)s] complex in a homogeneous solution,”’ implying that
all three coordinations, i.e. [Fe(en)], [Fe(en),], and [Fe(en)s]
type complexes, are possible, depending on the surface density
of the amino groups. A figure of N/Fe = 3.8 (calculated in
Table 1) supports the notion that [Fe3*(en),] is the major coor-
dination structure in Fe/NN-MCM-41 that adsorbs selenate.

The Fe K-edge XANES spectra of Fe/NN-MCM-41 prior to
and following selenate adsorption are shown in Fig. 3. The
characteristic preedge peaks attributed to the 1s-3d transi-
tion®®* appear around 7110 eV. The peak maximum was
found at 7109.9 eV in Fe/NN-MCM-41. On the other hand,
this can be deconvoluted into two peaks at 7109.6 and 7110.9
eV in Fe/NN-MCM-41 after adsorbing selenate, suggesting
two distinct states of Fe after adsorption. This result is consis-
tent with a mixture of 2Se—Fe and Se—Fe surface complexes,
which can explain the Se/Fe ratio given in Table 1. A contri-
bution from the [Fe3*(en),]Cl~5 that is not bound to the sele-
nate is also possible.

Figure 4 shows k> (k) EXAFS, the radial distribution func-
tion and the result of a curve-fitting analysis for the Fe K-edge
EXAFS of Fe/NN-MCM-41 after fully adsorbing selenate.
The amplitude of EXAFS oscillation when k > 7 A~! was en-
larged and a large phase shift occurred after adsorption, sug-
gesting the formation of a new chemical bond at a larger r than
the bond lengths of Fe-N or Fe—Cl. Before adsorption, a strong
peak around 1.9 A, attributed to the Fe—Cl shell, is accompa-
nied by a shoulder peak at around 1.3 A in the Fourier
transform. The coordination number of the CI shell, N(Fe—
Cl), was calculated to be 2.1, with a distance r(Fe-Cl) of
2.24 A."> The small shoulder peak is assigned to the Fe—N shell
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Fig. 3. Fe K-edge XANES of Fe/NN-MCM-41 (a) and Fe/
NN-MCM-41 absorbing selenate (b). The preedge region
in A is magnified in B. Selenate was fully adsorbed.

with N(Fe-N) = 3.3 and r(Fe-N) = 1.92 A. Thus, in the pro-
posed local structure of the adsorption site prior to selenate ad-
sorption, the Fe is bound to two CI™~ at 2.24 A and to four nitro-
gen atoms on the amine group at 1.92 A on the surface. The
latter proposal is consistent with the N/Fe stoichiometry
(= 3.8) that was indicated by the elemental analysis.15

The intensity of the peak for Fe—Cl significantly decreased
after the selenate adsorption in the Fourier transform. N for
Fe-N and Fe-Cl was calculated to be 3.8 and 0.41,
respectively. A value of N below unity for Fe—Cl implies the
loss of chemical bonds. The result of the curve fitting is sum-
marized in Table 3. The bond lengths remain nearly the same,
2.00 and 2.26 A for Fe-N and Fe—Cl, respectively. A new peak
at around 2.8 A in the Fourier transform was assigned to the Se
shell. The R factor was as small as 4% in the fitting with the
parameters N(Fe—Se) = 0.93 and r(Fe-Se) = 3.27 A. Taken to-
gether, these results suggest that the original Fe complex was
[Fe™(en),]Cl~, probably accompanied by a third Cl~ in the
outer sphere to neutralize the charge. The adsorption of sele-
nate resulted in a displacement of C1~ ions in the inner sphere,
resulting in one of the selenate ions being bound to the Fe
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Fig. 4. EXAFS oscillation, Fourier transform, and curve fit-
ting result (dot: experiment and line: theory) of Fe K-edge
EXAFS of Fe/NN-MCM-41 fully adsorbing selenate. In
the EXAFS oscillation and Fourier transform, the data
for Fe/NN-MCM-41 prior to selenate adsorption are

shown for comparison.

Table 3. EXAFS Curve-Fitting Results for Selenate Adsorbed on Fe/NN-MCM-41

Selenate Adsorption on Functionalized MCM-41

Ky (k)

adsorbed selenate

9 11 13

adsorbed selenate

[
[
0 1 2 3 4 5 6
r/A
—— theory
— 4
x
ﬂN
= -
3 5 7 9 1 13
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Fig. 5. EXAFS oscillation, Fourier transform, and curve fit-
ting result (dot: experiment and line: theory) of Se K-edge
EXAFS of selenate adsorbed on Fe/NN-MCM-41. In the
EXAFS oscillation and Fourier transform, the data mea-

sured for an aqueous solution of SeQ4>~

comparison.

are shown for

N r/A o/A R factor/%
Fe K-edge
Fe-N 3.8+£0.7 2.00 £ 0.03 0.096 +0.02
Fe—Cl 0.41+0.2 2.26 £0.03 0.066 £ 0.01 4.29
Fe—Se 0.93+0.2 3.27£0.04 0.062 +0.01
Se K-edge
Se-O 3.7+£0.7 1.65 £ 0.02 0.063 £ 0.01 0.81
Se-Fe 043+0.2 3.28 £0.04 0.087 £ 0.02
1 A=0.1nm.

center. The coordination number is smaller than that for Se/Fe
determined by the ICP elemental analysis shown in Table 1.
This disagreement can be explained by the existence of a large

or disordered Se—Fe bond.

Little difference is found in &3 (k) EXAFS of the Se K-edge

prior to and following selenate adsorption, as shown in Fig. 5.
As a consequence, the Fourier transforms are almost the same.
After considering the Se—Fe shell, the R factor in the curve fit-
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ting was improved from 1.8 to 0.8%, when the calculation gave
N =0.43 and r = 3.28 A for this shell. The bond length shows
good agreement with the r(Fe—Se) determined in the Fe K-edge
spectrum. The strong feature in the Fourier transforms is due to
the Se-O bond (N = 3.7, r = 1.65 A). The parameters deter-
mined for Se—O were almost unchanged from the spectrum of
a selenate solution, and were not influenced by the calculation
accounting for the Se-Fe shell.

A clear peak for Fe—Se in the Fe K-edge Fourier transform
and no significant contribution of the Se-Fe bond in the Se
K-edge spectrum suggest that a large proportion of the selenate
ions do not form a rigid Se-Fe bond, though all of them are
strongly bound in the adsorption experiments. One possible ex-
planation is that a considerable number of selenate ions are con-
fined to the outer sphere of the Fe complex. The most likely
average structure is that Fe is bound to one selenate at 3.28 A
and to one or zero Cl~ ions at 2.26 A with 0.5 selenate ions
in the outersphere. In this model, in order to neutralize the pos-
itive charge on the iron, the inner spherical selenate can be ei-
ther HSeO,~ or SeO42.

EXAFS spectroscopic studies on selenate adsorption on goe-
thite have yielded conflicting results: outersphere (r = 3.38
A)‘w and bidentate innersphere (r = 3.29 A)‘”’42 complexes.
On the other hand, both Raman and IR spectroscopies have in-
dicated that both inner and outer sphere surface complexes of
selenate and sulfate can occur on goethite and alumina.® Al-
though a monatomic iron chelate complex is expected in the
present system, the selenate—iron interaction in the adsorbed
state shows the nature of both chemical bonds.

Conclusion

The adsorption of selenate occurs at the site of Fe’*, Cu?™,
and H* cations anchored by diamino-functionalized MCM-41
with high distribution coefficients, K4, and large capacities.
K4 values of more than 200000 were observed at [selenate] <
25 mg for 1 g of these adsorbents. The adsorption capacities
were 117, 83.0, and 123 mg (g-adsorbent)~™!, respectively.
The Fe and Cu centers bound 1.5 and 1.1 selenate anions on
average. Diamino-functionalized MCM-41 exhibited a larger
K4 than mono- and triamino-functionalized MCM-41 when it
was cationated by Fe** and Cu?*. The inhibition of selenate
adsorption by coexisting SO4>~, C1~, and NO3;~ was much
lower than on aluminum oxide. Fe/ and Cu/NN-MCM-41
showed good resistance against inhibition by SO4>~ and CI~,
respectively. EXAFS spectra of the Fe and Se K-edges of
Fe/NN-MCM-41 revealed a bond formation between Fe and
Se at 3.27 A.
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