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Abstract

The instability of inorganic framework has been the greatest barrier to synthesize micro and mesoporous Fe'"! materials. This paper
uses dodecylsulfate to organize lamellar-structure FeO,(OH),, composite followed by smaller carboxylates exchange (formate, acetate, or
propionate) to create micropores. XRD, nitrogen sorption/desorption, HR-TEM, FT-IR, ICP, EPMA, TG-DTA, and Fe K-edge
EXAFS measurements were used for the characterizations. The lamellar-structure reorganized to wormhole-like framework stabilized
with carboxylate anions adsorbed inside micropores. Upon heating at 423 K, a half of acetates/propionates diminished and the specific
surface area increased to as much as 230 m> g~!. Based on the Fe K-edge EXAFS for FeO,(OH), composite and derivative porous Fe'!
materials, Fe-O bonds were observed at 2.04-2.09 A with the coordination number 5-6. Farther Fe- - -Fe bonds also appeared at 3.21—
3.25 A. The coordination number was obtained to 2-3, reflecting higher dispersion and higher surface area for these porous Fe!l
materials. The acetate-exchanged FeO,(OH), heated at 423 K exhibited greatest saturated sorption amount (21 mgy, g pen) and
equilibrium sorption constant (1.0 x 107 ml ggi) in 0.2-32 ppm of arsenite test solutions among other relevant Fe'"" materials and Fe™

nanoparticles intercalated between clay layers.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Recent regulations concerning the concentration of
arsenic in public water supplies are at 10 ppb due to the
high carcinogenic risk reported in Bangladesh, West Ben-
gal, Taiwan, Argentina, Vietnam, etc. [1]. Especially, arse-
nite has fatal effects on human health. For the economic
and effective removal of trace amounts of As in drinking
water, we recently reported the optimization of Fe''' mate-
rials for the sorption of low concentrations of As [2]. The
screening included o-FeO(OH) with specific surface area
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(SA) of 16-54 m? g ' [3,4], y-FeO(OH) with specific SA
of 27-176 m* g !, Fe’*-exchanged montmorillonite with
specific SA of 46 m”* g~', and dispersed FeO,(OH), nano-
particles (average particle size 6 A) intercalated between
montmorillonites with specific SA of 25.8-100 m* g, in
50 ppb—16 ppm of test As solutions. The uptake capacity
on intercalated FeO,(OH), as much as 14 wt.% Fe was
the best from both arsenite and arsenate in the equilibrium
dissolved As concentration range smaller than 310 ppb [2].

In order to apply them to practical As sorption, further
increase of Fe content in sorbents is essential. The superi-
ority of Fe'" nanoparticles stabilized between montmoril-
lonite layers was owing to greater equilibrium sorption
constant [2]. The As sorption on unsaturated [FeOg] sites
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was stronger and stable. In this paper, highly dispersed Fe'"!

porous materials were synthesized using anionic organic
template followed by anion exchange with smaller carboxy-
lates to enable high dispersion and high concentration of Fe
in sample simultaneously. Due to the molecular size differ-
ence of template and carboxylates anions, micropores were
successfully formed.

Fe'" inorganic/organic composites were synthesized in
the forms of lamellar [5-7], 2-dimensional hexagonal [8],
and wormhole-like (holes filled with templates) [9-12].
However, reports are limited that removed the templates
by thermal [10-12] or solvent treatment [7-10,12] to effec-
tively form meso or micropores. When the templates were
removed, assembled Fe framework decomposed to larger
porous structure [12] or fragmented to nanoparticles
[9,11]. We discuss the role of carboxylates exchanged and
the micro/mesostructure transformation in the heating pro-
cess. Thus-prepared microporous Fe'™ materials were
applied to the low concentrations of arsenite removal.

2. Experimental section

2.1. Preparation of Fe'!

porous materials

Fifty milliliters of ferrous chloride (0.10 M) was mixed
with 10 ml of sodium dodecylsulfate (0.070 M) at 290 K
followed by addition of 10 ml of H,O, (0.25 M) [5-7,13].

The pH value of solution changed from 6 to 3. The Fe!!
oxidation route was chosen to control moderate rate of
solid formation. The solution was stirred for 1h and
filtered. Obtained yellow powder is called FeO.(OH), com-
posite. When the molar ratio of Fe'' and Na dodecylsulfate
was in the range 2:1-1:2 [7], two independent sets of peaks
appeared in the X-ray diffraction (XRD) data during treat-
ments. When the ratio was 7:1 as above, all the XRD peak
intensity behaved as a single set. Therefore, the ratio was
fixed to 7:1.

The FeO.(OH), composite was mixed with 75ml of
sodium formate, acetate, or propionate (0.050 M for each)
at 290 K in ethanol [14]. Obtained brown powders are
called anion-exchanged FeO,(OH),. As a control, the
FeO,(OH), composite was washed with ethanol [7-10,12]
at 290 K. This sample is called ethanol-washed FeO,(OH),,.
Each anion-exchanged or ethanol-washed FeO,(OH), was
set in furnace in the nitrogen flow with the rate of
40 ml min~'. The temperature was linearly raised from
290 to 523 K with an elevation rate of 2 K min~".

2.2. XRD, sorptionldesorption isotherms, TEM, FT-IR,
ICP, EPMA, and TG-DTA measurements

XRD data were obtained using a Multiflex-S diffractom-
eter (Rigaku). Cu Ko emission was used with a Ni filter.
The diffractions were monitored in the 20g range of 2—
70° (0g: Bragg angle). The specific SA was measured at
77 K using a BELSORP Mini (Bell Japan) with N, as the
adsorbate. The samples were evacuated at 393-423 K for

1 h before measurements. Transmission electron micro-
scope (TEM) observations were performed using field-
emission-type JEM-2010 F (JOEL) at the accelerating
voltage of 200 kV at the Center of Advanced Materials
Analysis (CAMA), Tokyo Institute of Technology (Dr.
A. Genseki). The powder was dispersed in carbon tetra-
chloride using ultrasonic and mounted on carbon-coated
Cu grid.

Fe'" materials (0.15 g) were thoroughly mixed with KBr
powder (IR-grade, Wako) to be 1.0 wt.% Fe and pressed
into a disk of 20 mm in diameter. The Fourier-transformed
infrared (FT-IR) spectra were measured in transmission
mode using Valor III (JASCO) equipped with a MCT
detector. The energy resolution was set to 1 cm~'. Nitrogen
gas was flowed in sample room to avoid moisture during
measurements.

The amounts of FeO,(OH),, dodecylsulfate, and for-
mate were based on OH stretching (~3400 cm™ '), CH
stretching (2921 and 2852 cm ™), and COO stretching (as,
s) (1602 and 1350 cm™') peaks, respectively (Fig. 4). The
amounts of acetate and propionate were based on COO
stretching (as, s) peaks (1535 and 1425 cm ™', respectively).
The amount of dodecylsulfate was also evaluated based on
the stretching peak of sulfate (1226 cm™'). The evaluated
amount was essentially identical based on either vcy or
vso, peak. No peaks due to CCO stretching of ethoxyl
group were detected at ~1050cm~' (as) and 970-
870 cm~(s) [15] for ethanol-washed samples, demonstrat-
ing negligible ethanol adsorption on Fe''" materials in this
paper. These peak areas were compared to corresponding
peak areas obtained for diluted o-FeO(OH) disks to
0.1-2.0 wt.% Fe and powder disks to 0.1-2.0 wt.% of dode-
cylsulfate and Na formate, acetate, or propionate diluted
using KBr.

The elemental compositions of Fe, C, O, S, Na, and ClI
in acetate-exchanged FeO,(OH), samples were analyzed
using inductively coupled plasma (ICP) measurements
combined with optical emission spectroscopy (Prodigy,
Leeman Labs) and electron probe microanalysis (EPMA)
measurements (JXA-8100, Jeol) at CAMA (Dr. T. Toya).
LaBy/W filament was used and the accelerating voltage
of incident electrons was 15 kV.

Thermogravimetric differential thermal analysis (TG-
DTA) was performed using DTG-60 (Shimadzu) for
o-FeO(OH) and acetate-exchanged FeO,(OH),. The flow
rate of air was 120 ml min ' and the ramping rate of sam-

ple was 4 K min~".

2.3. Fe K-edge XAFS measurements and analysis
The powders of Fe'! materials were evacuated at 290 K
and transferred to the Pyrex glass cell. The windows were
sealed with Kapton film of 12.5 um in thickness. Sample
thickness was controlled to give a Fe K absorption edge
jump of 1.0. The Fe K-edge X-ray absorption fine structure
(XAFS) spectra were measured in the beamlines 10B and
12 C at KEK-PF in a transmission mode at 20-290 K.
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The storage ring energy was 2.5 GeV and the ring current
was 437-320 mA. A Si(311) double crystal monochromator
was used. N, gas and a mixture of N, (85%) and Ar (15%)
were used in the /; and I, ion chambers, respectively. The
rising edge energy of Fe metal was calibrated at
7111.20 eV [16]. The scan steps were 0.1, ~0.5, and
~2 eV for the pre-edge + edge, post-edge (X-ray absorp-
tion near-edge structure: XANES), and EXAFS (extended
X-ray absorption fine structure) regions, respectively. The
accumulation time for a data point was 1-5s.

The EXAFS data analysis was performed using XDAP
(XAFS Services International) based on works of M.
Vaarkamp, H. Linders, and D. Koningsberger. The details
were described elsewhere [2]. Multiple shell analyses were
performed for the Fourier-filtered k°-weighted EXAFS
data in the k- and R-space using empirical parameters
extracted from EXAFS for a-Fe,O5 [2]. The bond distances
and coordination numbers of Fe-O and Fe---Fe were
based on crystal structure data for a-Fe,O5 [17,18]. The
o’ values are relative to those for a-Fe,Os. The many-body
reduction factor Sé was assumed to be equal for sample and
reference. The goodness of fit was given as requested by the
Committee on Standards and Criteria in X-ray Absorption
Spectroscopy.

2.4. Arsenite sorption tests

Twenty milliliters of 0.2-16 (or 0.2-32) ppm solution of
As"'O5 was introduced to 50 mg of each Fe" material in a
30-ml polypropylene tube. The mixture was shaken at a rate
of 130 times min " at 290 K for 12 h. The system reached an
equilibrium within 12 h. The equilibrium dissolved As
concentration was determined by ICP measurements.

3. Results
3.1. XRD

The XRD spectra measured for FeO,(OH), composite
and the derivative samples were depicted in Fig. 1.
Obtained d spacing values based on the diffraction angle
were summarized in Table 1. In the XRD spectrum for
FeO,(OH), composite (Fig. 1A(a)), strong, medium, and
weak peaks were observed centered at 20g = 2.44°, 4.9°,
and 7.6°, respectively. These were assigned to (001),
(002), and (003) diffractions, respectively, of lamellar-
structure [5-7,19] with d spacing of 36.2 A.

The spectrum A(a) changed by carboxylate anions
exchange. When formate was used, all peaks became too
weak (Fig. 1A(b)). When acetate and propionate were
used, a broad peak appeared centered at 205 = 4.5° (A(c,
d); corresponding d spacing 20 + 2 /0\). These peaks were
not due to the (002) diffraction for lamellar-structure
because corresponding (001) diffraction peak anticipated
to appear at 20g = 2.3° was not observed. For the etha-
nol-washed FeO,(OH),, a medium peak appeared at
205 = 3.2° (A(e); d spacing 28 + 1 A).
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Fig. 1. XRD spectra. (A) Lower angle region measured for FeO.(OH),
composite (a), formate, acetate, and propionate-exchanged FeO,(OH),
(b-d, respectively), ethanol-washed FeO,(OH), (e), and b—e heated at
423 K (f—i, respectively). (B) Higher angle region measured for FeO,(OH),
composite (a), acetate-exchanged FeO,(OH), (b), b heated at 423 K (c),
formate, acetate, and propionate-exchanged FeO,(OH), heated at 533 K
(d-f, respectively), and ethanol-washed FeO,(OH), heated at 533 K (g).
(*) Peaks derived from FeO(OH) (PDF No.03-0440); ((J) peaks derived
from Fe;04 (ICSD No. 36314, PDF No. 75-0033).

When these samples were heated at 423 K, the broad
peaks for acetate/propionate-exchanged samples shifted
downward to 4.4° (Fig. 1A(g)) and 3.9° (h), respectively.
These angles corresponded to the d spacings of 20 + 2
and 23 +£2 A (Table 1g and h). The peak at 20z =3.2°
for ethanol-washed sample remained at the same angle
(Fig. 1A(i)). The peak intensity deceased to one third.
When these samples were heated at 533 K, all the peaks
disappeared in the 20 range of 2-10°.
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Table 1

Basic physicochemical data of the FeO,(OH), composite, the derivatives, and reference materials

Entry Treatment Reactant Specific SA (m* g™ !)* Average pore size (A) Pore volume (ml g~}) door or dygo (A)°
a Fe'™ Composite As-prepared 2.8 - - 36.2
b Anion exchanged Formate - - - -
c Acetate - - - 20+2
d Propionate - - - 20+£2
e Ethanol washed - - - 28 +1
f 423 K heated® Formate 95 Micropore 0.054¢ -
g Acetate 230 (208)° Micropore 0.10% (0.09)%° 2042 (224 2)°
h Propionate 128 Micropore 0.062¢ 23+2
i Ethanol washed 170 Micropore 0.085¢ 2841
j 533 K heated Formate 81 37 0.10" -
k Acetate 145 37" 0.14" -
1 Propionate 132 50f 0.18" -
m Ethanol washed 68 Micropore 0.008¢ -
Fe'"-montmorillonite [2] 100 - 0.067¢ 15.3
a-FeO(OH) (Kanto) [2] 16 - <0.001 -

& Measured after treatment in vacuum at 423 K.

® On the basis of XRD.

¢ Heated in nitrogen gas flow.

9 On the basis of #-plot.

f Measured after the sorption test in 1.0 ppm of arsenite for 12 h.

" On the basis of DH-plot.
3.2. Sorptionldesorption isotherms 3.3. HR-TEM

The sorption and desorption isotherms were depicted in
Fig. 2A(a—c) measured for anion-exchanged FeO,(OH),
preheated at 423 K. These isotherms belong to Type I of
IUPAC classification [20]. Average pore size was in micro-
pore range based on the z-plot (Fig. 2B). The isotherms for
ethanol-washed sample heated at 423 K belonged to a pat-
tern as the transition from Type I to IVb (Fig. 2A(d)) [20].
Similar H2-type hysteresis was reported for ethanol-
washed Fe'!' material prepared from Fe'! ethoxide and
cetyltrimethylammonium bromide [11]. When the heating
temperature was varied between 373 and 573 K, the specific
SA reached a maximum (230 m? g~ ') at 423 K for acetate-
exchanged sample. After 423 K-heating, the specific SA for
ethanol-washed samples reached the maximum 170 m* g~ ".
The former specific SA value changed to 208 m* g~ ! after
the sorption test in 1.0 ppm of arsenite for 12 h (Table
lg). The limited decrease (9%) may be partial damage of
microporous framework in water. The changes of pore vol-
ume and d-spacing after sorption test were very small: from
0.10 to 0.09 ml g~ and from 20 to 22 A, respectively (Table
1g).

Next, Fe'"" samples were heated at 533 K. Obtained iso-
therms belong to Type IVb for anion-exchanged samples
(Fig. 2C(a—)). The average pore size was expanded to
meso-range: 37-50 A based on the DH-plot (Fig. 2D).
For ethanol-washed sample, the dV/dR, peak was negligi-
bly weak (Fig. 2D(d)). Therefore, the mesopore population
was negligible when carboxylate was not used. The specific
SA decreased when heated at 533 K compared to corre-
sponding samples heated at 423 K except for the propio-
nate-exchanged one (128 — 132 m? g~ '; Table 1).

Representative TEM images were depicted in Fig. 3
measured for acetate-exchanged FeO,(OH), and the
423 K-heated one. Irregular distribution of thin contrast
spots was observed in both images with the size of a few
nanometers. The image (a) suggested totally amorphous
nature. In image (b), the surface section began to form
crystalline phase, and major bulk section seemed to remain
as amorphous.

3.4. FT-IR

FT-IR spectra measured for FeO,(OH), composite and
the derivative samples were depicted in Fig. 4. Obtained
ratios of Fe'"! phases and anions were summarized in Table
2. The molar ratio of dodecylsulfate versus Fe was evalu-
ated to 0.14 for the FeO(OH), composite in consistent
with the ratio of introduced amount during the synthesis
(1:7).

After carboxylates those are five molar times of dodecyl-
sulfate in composite sample were introduced to the FeO,
(OH), composite, the amount of dodecylsulfate was signif-
icantly decreased (Table 2b—d). The molar ratio of carb-
oxylates incorporated in sample versus Fe was 0.19-0.42,
excessive than the molar ratio of dodecylsulfate in the
FeO,(OH), composite. When the FeO,(OH), composite
was washed with ethanol, 25% of dodecylsulfate remained
(e). In XRD measurements in the higher angle region, a
broad peak centered at 35° invariably appeared for FeO,-
(OH),, composite and carboxylates-exchanged samples
(Fig. 1B(a, b)). The broad peak feature implied amorphous
nature of the FeO,(OH),. In summary, the exchange with
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Fig. 2. (A) The sorption and desorption isotherms for exchanged FeO,(OH), with formate (a), acetate (b), and propionate (c) or ethanol-washed
FeO,(OH), (d) all heated at 423 K. (B) Calculated pore size distribution based on t-plot method. (C) Corresponding samples to (A) heated at 533 K. (D)
Calculated pore size distribution based on DH-plot method.

(b)

Fig. 3. TEM images for acetate-exchanged FeO,(OH), (a) and the one heated at 423 K in nitrogen gas flow (b).

smaller carboxylates removed most of dodecylsulfate
molecules to afford micropores inside the amorphous

FeO,(OH), framework.

When these samples were heated at 423 K, 16% of for-
mate and 51% of acetate and propionate diminished (Table
2f-h). The molar amount of formates remained was still by
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Fig. 4. (a) FT-IR spectra for FeO.(OH), composite (a), exchanged
FeO,(OH), with formate (b), acetate (c), and propionate (d), ethanol-
washed FeO,(OH), (e), and b—e heated at 423 K (fi, respectively) or at
533 K (j—m, respectively).

2.5 times greater than that of dodecylsulfate in FeO,(OH),
composite. The inorganic phase remained as FeO(OH),
because the dehydration was difficult to proceed on the
internal surface of FeO,(OH), densely-covered with for-
mates. In contrast, 40-60% of FeO.(OH), was lost for ace-
tate/propionate-exchanged FeO,(OH), by heating at 423 K
based on the voy peak decrease (Fig. 4g and h). Corre-
sponding broad XRD peak intensity at 35° became a half
(Fig. 1B(b, c)). Thus, half of amorphous FeO,(OH), trans-

Table 2
Evaluated chemical composition of Fe''! materials on the basis of FT-IR?

formed into Fe,O3 by dehydration. The 40% of FeO,(OH),
transformed into Fe,Oj; for ethanol-washed one (Table 2i).

These samples were further heated at 533 K. Most of
organics diminished in Table 2j-1. FeO,(OH), (80-50%)
was lost for carboxylates-exchanged samples (Fig. 4j-1).
In the XRD spectra, a set of peaks due to Fe;Oy4 crystalline
was observed (Fig. 1B(d, e, f)) in contrast to the appear-
ance of crystalline FeO(OH) phase for ethanol-washed
sample (g). Remained dodecylsulfate may have decom-
posed until 533 K and hydrocarbon section desorbed as
gas because sulfate peak at 1226 cm™' remained whereas
no peak remained in vcy region (Fig. 4m) [13]. Note that
the values for dodecylsulfate and carboxylates in Table 2
were exclusively for intact forms of these anions. Quantita-
tive elemental analysis should be based on ICP or EPMA
measurements.

3.5. ICP and EPMA analyses for elemental compositions

The results of ICP and EPMA analyses for acetate-
exchanged FeO,(OH), samples (as exchanged and 423 K
heated) were listed in Table 3. Sulfur (0.773-0.731 wt.%)
were detected in the two samples. Compared to the molar
ratio dodecylsulfate/Fe"" of 0.14 in initial composite before
acetate exchange, 18.1% and 17.7% of dodecylsulfate (or
sulfur species derived from it) remained, respectively. Small
amounts of Na and Cl (0.5-3.1 wt.%) were not completely
washed out from the acetate-as-exchanged sample.

Assuming the exchanged molar amount of acetate/Fe
of 0.19 based on FT-IR (Table 2c) and molar ratio of
remained dodecylsulfate/Fe'" of 0.026 based on ICP, the
elemental composition of acetate-exchanged FeO,(OH),
(as exchanged) was calculated (Table 3). The calculated

111

Entry Treatment Reactant Weight (mg) Molar ratio of

Fer(OH)yb Fe,03 or Fe304° Dodecylsulfate Carboxylate > anion/}"Fe
(as intact anion) (as intact anion)

a Composite As prepared 114 0 46 0 0.14

b Anion exchanged Formate 132 0 <5 28 0.42

c Acetate 142 0 <5 18 0.19

d Propionate 134 0 <5 26 0.24

e Ethanol washed 147 0 15 <5 0.034

f 423 K heated Formate 134 <10 <5 24 0.35

g Acetate 85 (68) <5 7 0.094

h Propionate 60 91) <5 9 0.12

i Ethanol washed 87 (63) 10 <5 ~0

] 533 K heated Formate 29 (131) <5 <5 ~0

k Acetate 80 (80) <5 <54 ~0

1 Propionate 54 (106) <5 <59 ~0

m Ethanol washed - - 9 <5 ~0

* Sample weight was kept constant, 160 mg.

® The composition was simplified as FeO(OH) for calculations.
¢ Values indirectly obtained as the rest of Fe phases.

4 Unknown peak exists.



Y. Izumi et al. | Microporous and Mesoporous Materials 94 (2006) 243-253

249

Table 3
Elemental compositions of acetate-exchanged Fe''! materials on the basis of ICP and EPMA
Sample Method Weight ratio (%) Total
Fe C (0] S Na Cl H
As exchanged ICP* 51.88 - - 0.773 - - -
EPMA* 514 6.7 37.0 0.80 3.1 0.5 - 100
Calculated® 52.2 7.7 37.2 0.77 0 0 2.1 100
423 K-heated ICP* 49.99 - - 0.731 - - -

2 The contribution of sorbed water (19.0 wt.% in sample) was subtracted based on the sample weight change before/after vacuum (10~ Pa) treatment at

290 K for these samples.

® Assuming acetate/Fe molar ratio of 0.19 based on FT-IR and dodecylsulfate/Fe molar ratio of 0.026 based on ICP. Simplified composition FeO(OH)

was also assumed.

values were well in accord with the analyzed values using
EPMA.

3.6. TG—-DTA

TG-DTA data was measured for acetate-exchanged
FeO,(OH),, sample (Fig. 5). Gradual weight decrease was
observed between 290 and 500 K due to the desorption/
decomposition of acetate and dehydration of FeO,(OH),.
Then, abrupt weight decrease between 500 and 580 K was
associated with exothermic peak. Within this temperature
range (533 K), the transition of amorphous FeO,(OH),
to Fe;04 was observed in the XRD spectra (Fig. 1B).

3.7. Fe K-edge EXAFS

The EXAFS spectra were measured for FeO,(OH),
composite, acetate-exchanged FeO,(OH),, the one heated
at 423 K, ethanol-washed FeO,(OH),, and the one heated
at 473 K. In all the Fourier-transform spectra (Fig. 6b),
strong peak appeared at 1.5-1.6 A (phase shift uncor-
rected) due to the Fe-O bond. A medium peak at 2.7-
2.8 A (phase shift uncorrected) was clearly observed due
the Fe- - -Fe interaction.

100

Weight loss (%)
O
o
(AM) v1a

@
o

70 1 1 1 1 1 1 1 1
500 600

Temperature (K)

Fig. 5. TG-DTA data measured for acetate-exchanged FeO,(OH), in air.
The ramping rate 4 K min~'. TG (solid line) and DTA (dotted line)
curves.

For crystallines a-Fe,O3, a-FeO(OH), and y-FeO(OH),
the Fe-O bond distance was between 2.0305 and 2.034 A
and the coordination number Ng. o was 6 for the octahe-
dral [FeOg] coordination [2,21]. Obtained Fe-O bond
distance FeO,(OH), composite and the derivative micro-
porous Fe'' materials were between 2.043 and 2.088 A,
slightly relaxed from those for standard compounds (Table
4). Associated Ng. o values fell within 4.6-6.0. Relatively
smaller value (4.6) given for acetate-exchanged FeO,(OH),
may be because of less complete array of [FeOg] units due
to highly dispersed microporous nature and/or surface
reduction by acetate or ethanol. The Rp....p. values also
elongated (3.213-3.245 A) compared to the value for v-
FeO(OH) (3.066 A). These values were within the range
of Fe---Fe distance for edge-shared [FeOg] units (2.97-
3.28 A) [21]. Obtained Ng.. . values (1.8-3.1), suggesting
highly dispersed, unsaturated nature of microporous Fe'!
materials.

In summary, Fe K-edge analyses demonstrated that
Fe"" materials studied consisted of edge-shared [FeOg]
octahedral units and the unsaturated nature.

3.8. Arsenite sorption tests

Two porous Fe' samples of highest specific SA were
chosen. Sorption tests using our Fe'"! porous materials in
groundwater collected in Kalalanwala (Pakistan), wherein
mysterious disease due to arsenic in drinking water is seri-
ous [22], are reported elsewhere. The superiority of sorption
capacity varied dependent on the equilibrium dissolved
arsenite concentration range (Fig. 7). When it was lower
than 1.3 ppm, the superiority order was acetate-exchanged
FeO,(OH), >> ethanol-washed FeO,(OH), > Fe-montmo-
rillonite [2]> a-FeO(OH) [4]. The first two samples were
preheated at 423 K. This is plausible condition for applica-
tion because the environmental regulation of As concentra-
tion is 10 ppb [1].

When the concentration was higher than 2.6 ppm, the
order was acetate-exchanged FeO,(OH), > a-FeO(OH) >
ethanol-washed FeO,(OH), ~ Fe-montmorillonite. The
different trend was due to the difference of equilib-
rium sorption constant: 1.0 x 107 (acetate-exchanged
FeO,(OH) ) > 2.0 x 10° (ethanol-washed FeO, (OH),) >
1.4 x 10°(Fe-montmorillonite) > 6.4 x 10° ml g,! (a-FeO
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Fig. 6. Fe K-edge EXAFS spectra measured at 290 K for FeO(OH), composite (A), acetate-exchanged FeO.(OH), (B), B heated at 423 K (C), and
ethanol-washed FeO.(OH), (D). (a) k3-weighted y function, (b) its associated Fourier transform (solid line: magnitude, dotted line: imaginary part), and
curve-fit analysis to the inversely Fourier-filtered &%y function in k- (c) and R-space (d) (solid line: experimental, dotted line: calculated).

Table 4
Best fit results of Fe K-edge EXAFS for FeO,(OH), composite and the derivative porous materials®
Sample k-range for R-range for Fe-O Fe---Fe Goodness
fit (A7) fit(A) N R(A)  AE (V) AP(A>) N R(A)  AE (eV) A (Ay) offit
FeO,(OH), 3.7-12.0 1.11-3.13 6.0 2.070 -1.0 —0.0002 1.8 3.245 -1.0 0.0009 198
composite (£0.8) (£+0.013) (£1.0) (£0.0007)  (£0.2) (£0.003) (+£0.5) (£0.0003)
Acetate-exchanged  3.7-12.0 1.14-3.08 4.6 2.065 0.0 —0.0009 2.5 3.213 0.4 0.0022 141
FeO,(OH), (£0.6) (£0.005) (£1.1) (£0.0004) (+0.4) (£0.020) (£3.4) (£0.0007)
Acetate-exchanged  3.7-11.6 1.09-3.15 5.6 2.043 1.9 0.0010 3.1 3.241 -2.1 0.0049 264
FeO,(OH), (£0.5) (£0.005) (£0.9) (£0.0002) (£0.2) (£0.013) (£2.0) (£0.0003)
heated at 423 K
Ethanol-washed 3.7-11.9 1.11-3.10 5.1 2.088 -7.0 —0.0027 2.6 3.233 -0.3 0.0047 136
FeO,(OH), (£1.6) (£0.027) (£3.5) (£0.0031)  (£0.1) (0.011) (£1.4) (£0.0005)
0-Fe,05° 6 2.0305 7 3.1293
o-FeO(OH)® 6 2.021 2 3.015
6 3.390
y-FeO(OH)" 6 2.034 6 3.066

* Values in parenthesis are estimated fit errors.
® From Refs. [17,18].
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Fig. 7. Sorption isotherms of arsenite at 290 K on acetate-exchanged
FeO,(OH), heated at 423 K (specific SA 230 m? g~'; @), ethanol-washed
FeO,(OH), heated at 423 K (specific SA 170 m? g~ !; W), Fe'! nanopar-
ticles intercalated between montmorillonites (14 wt.% Fe, specific SA
100 m? g~ !; @) [2], and a-FeO(OH) (specific SA 54 m>g™'; A) [4]. The
data were plotted as points and the fits to first-order Langmuir-type
equation were drawn as lines.

(OH)) evaluated assuming the first-order Langmuir-type
dependence. Thus, practical superiority of acetate-
exchanged FeO,(OH), was evident.

4. Discussion
4.1. Lamellar and reorganized microporous FeO.(OH),

Three peaks appeared in the lower angle range of XRD
for FeO,(OH), composite (Fig. 1A(a)) as a typical pattern
of lamellar-structure [5-7]. A broad peak at 35° suggested
amorphous nature of the FeO.(OH), (Fig. 1B(a)). The d
spacing was calculated to 36.2 A (Table la) similar to
reported values for lamellar-structure formed using dode-
cylsulfate (35.2 A [5] and 36.6 A [6]). The length of a dode-
cylsulfate anion is ~17.4 A [6]. Thus, about half of the
length for dodecylsulfate may interdigitate to form double
layer of surfactant [6] (Fig. 8a).

(a) , FeQ(OH)

251

ULy Ise.zA

¥§§ifi¥§f§¥§§£§§ dodecylsulfate
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(d) (e)
FeO(OH) FeO(OH)
+ Fe203 + Fe203
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M Fes0,+ @ Feo(oH)
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37A  (DH-plot)

Fig. 8. Proposed structure transformation from lamellar-type FeO,(OH),
composite to acetate-exchanged/ethanol-washed micro/mesoporous Fe!V/I
materials.

Dodecylsulfate (82%) was exchanged with formate, ace-
tate, or propionate in ethanol. In addition to exchange
reactions, extra amount of carboxylate anions (210-41%,
Table 2a—d) may be exchanging with the hydroxyl groups
of FeO,(OH),. The XRD peak for acetate- and propio-
nate-exchanged FeO,(OH), corresponded to d spacings
of 20 £ 2 A (Fig. 1A). Thin spots of a few nanometers were
observed in TEM (Fig. 3a). Thus, microporous structure
[9-12] adsorbed with carboxylate anions was proposed
(Fig. 8b). The FeO,(OH), was amorphous based on broad-
ness of the XRD peak at 35° (Fig. 1B(b)).

When the FeO,(OH), composite was washed with etha-
nol, 24% of dodecylsulfate remained. Due to the lack of
organized surfactant layer, the piling regularity of inor-
ganic layers was seriously lost judging from the broadness
of (001) diffraction peak (Fig. 1A(e)). The centers were dif-
ficult to determine corresponding to the (002) and (003)
peaks.

4.2. Heating to create micro and mesopores

When samples were heated at 423 K, 51% of acetate and
propionate diminished (Table 2g and h). Based on the voy
peak intensity, 40-60% of FeO,(OH), transformed into
Fe,03. The molar amount of transformed Fe corresponds
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to five times of acetate or propionate diminished. Thus, the
dehydration of FeO(OH), took place spontaneously. The
inorganic phases were still amorphous based on the broad-
ness of diffraction peaks at 35° (Fig. 1B(c)). The irregular
thin contrast spots still remained after heating at 423 K
in TEM (Fig. 3b). The specific SA (230 m* g~') decrease
was less than 10% after the 1.0 ppm of arsenite sorption
test for 12 h. The pore volume and d-spacing changes after
the sorption test was also small (Table 1g). The adsorbed
amount of arsenic was only 0.04 wt.% of sorbent in one
run of sorption test and the sorption capacity negligibly
changed in five consecutive sorption tests in 1.0 ppm of
arsenite. Thus, the stability of this microporous structure
was demonstrated for the application of As removal and
repeated use.

In summary, by utilizing dodecylsulfate and subsequent
acetate/propionate exchange, lamellar-structure effectively
reorganized into microporous structure (Fig. 8d). A half
of the carboxylates diminished by the heating at 423 K
and micropores were created.

Mesostructured Fe'"! materials were directly synthesized
from Fe'' and palmitic or lauric acids. The mesostructure
with d spacings of 30.8 and 24.5 A, respectively, collapsed
at 423 K in air or oxygen [10]. The Fe'"" framework using
directly carboxylates may be less stable or the heating in
oxidative atmosphere (heating in nitrogen in our work)
destabilized the framework.

When the ethanol-washed FeO,(OH), was heated at
423 K, microporous framework was formed and the
specific SA was 170 m? g~! (Table 1). Via the synthesis
from Fe'"'Cl; and hexadecylsulfonate followed by washing
with methanol and propanol, specific SA of 262 and
236 m> g~ were reported, respectively [7].

When these samples were heated at 533 K, the isotherms
pattern changed from Type I to Type IVb (Fig. 2A and C).
When most of the organics were removed, inorganic frame-
work was lost. The average pore size was 37-50 A for car-
boxylate-exchanged ones (Fig. 8f). In XRD, the peak at 35°
switched into Fe;O,4 crystalline peaks (Fig. 1B(d—f)). 80%,
50%, and 70% of FeO,(OH), seemed to transform into
Fe;04 for formate-, acetate-, propionate-exchanged sam-
ples, respectively, via the following exothermic reaction
(Fig. 5)

R—-COO (adsorbed) + 3FeO(OH) — ROH + CO,
+ Hzo + F€304 (R = H,MG,Et) (1)

The amount of carboxylate anions (0.42, 0.19, and 0.24
versus the amount of Fe) was sufficient to form Fe;Oy4
via Eq. (1) (Table 2). The reduction of Fe'! to Fe'' by ace-
tate was reported for Fe''! hydroxoacetate heated in N, gas
above 523 K [23].

Only very weak peak was observed in hydroxyl stretch-
ing region for formate-exchanged sample heated at 533 K
(Fig. 4j). Therefore, in general for the FT-IR measurements
in this work, the contribution of adsorbed water should be
minor compared to that of iron oxyhydroxide. The weight

hydrophob/c (|)H hydrophoblc hydrophob/c hydrophobic
A O
CH3 HO OH CHs CH3 \ O CH;
C s | /As\ |
S-Qf  iOH{ { —neo 0 9 o &
Fe w\n Fe b"Fe 6\0 Fe \\ Fe" \"Fe G\\D

Fig. 9. Proposed promoted sorption mechanism of low concentrations of
arsenite on acetate-exchanged FeO.(OH), heated at 423 K.

loss by heating up to 723 K was 27.5% for acetate-
exchanged FeO,(OH), by TG analysis (Fig. 5). Because
the acetate contents and the weight loss due to the transfor-
mation from FeO(OH) into Fe;O4 are 11.3% and 13.1%,
the rest of 3.1% may be due to adsorbed water.

4.3. Responsible sites for optimized arsenite sorption

The arsenic uptake on Fe oxyhydroxides was correlated
to the adjacent apexes of edge-sharing [FeOg] units
[2,24,25]. The Fe- - -Fe coordination number (1.8-3.1) was
smaller for FeO,(OH), composite and the derivative Fe'l!
materials compared to those for standard Fe'"! compounds
(Table 4). The Fe site information deduced from EXAFS
was basically common for all the Fe'"" materials studied
in contrast that the acetate-exchanged FeO,(OH), pre-
heated at 423 K exhibited exceptionally excellent sorption
performance for arsenite (Fig. 7). Both the saturated sorp-
tion amount (21 mg,, .4 .en) @0d the equilibrium sorp-

tion constant (1.0 x 10’ ml g;;) were by far greater than
ethanol-washed FeO,(OH),, Fe-montmorillonites, and
conventional bulk crystalline FeO(OH) [2,4].

Thus, the reason of this superiority seems not the forma-
tion of specific adsorption FeO, sites for arsenite uptake.
Plausible explanations may be (1) the high specific SA,
microporous framework separated by 20 + 2 Ain average
(Fig. 8d, pore size =10 A based on semi-quantitative ¢-plot
analysis) was advantageous for the diffusion of As(OH);
(maximum molecular size 6.8 A [26] taken van der Waals
radius into account) in water, (2) adsorbed acetate inside
the micropores (a half of exchanged acetate left after heat-
ing at 423 K) (Table 2) effectively exchanged with As(OH)3,
and (3) adsorbed acetate molecules promoted the adsorp-
tion of As(OH); (surface site segregation by hydrophobic
effect of alkyl groups, electrostatic effect, etc.) (Fig. 9).

5. Conclusions

The lamellar-structure of FeO,(OH), coupled with
dodecylsulfate double layers reorganized to wormhole-like
microporous structure stabilized with adsorbed carboxyl-
ate anions. Upon heating at 423 K, a half of acetate/propi-
onate anions diminished and the specific surface area grew
to 230-128 m? g~ !. The inorganic framework consisted of
amorphous FeO,(OH), and dehydrated Fe,O3. This prep-
aration method to exchange with smaller carboxylates was
found to be effective to prepare microporous Fe'! materials
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of high specific SA. The acetate-exchanged FeO,(OH), pre-
heated at 423 K (230 m?> g~') exhibited the best arsenite
sorption capacity among all adsorbents that we have
screened. The microporous Fe'" materials consisted of less
complete array of [FeOg] units based on smaller Fe---Fe
coordination number (1.8-3.1). The reason that acetated-
exchanged FeO,(OH), exhibited exceptionally excellent
performance for the arsenite sorption seems not the crea-
tion of specific FeO, surface sites. The effects of micropo-
rous framework and the presence of adsorbed acetate
may be kinetically advantageous.
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