
Microporous and Mesoporous Materials 123 (2009) 177–184
Contents lists available at ScienceDirect

Microporous and Mesoporous Materials

journal homepage: www.elsevier .com/locate /micromeso
Synthesis of mesostructured ferric oxyhydroxides templated by alkyl surfactants:
Effect of pH, F� and solvents, and their adsorption isotherms for As(V)

Feihu Li a,b, Hao Fu a, Jianping Zhai a, Qin Li a,*

a State Key Laboratory of Pollution Control and Resource Reuse, School of the Environment, Nanjing University, Nanjing 210093, China
b School of Environmental Science and Engineering, Nanjing University of Information Science and Technology, Nanjing 210044, China
a r t i c l e i n f o

Article history:
Received 25 January 2009
Received in revised form 30 March 2009
Accepted 31 March 2009
Available online 5 April 2009

Keywords:
Mesostructured ferric oxyhydroxides
CTAB
SDS
Arsenic
Adsorption
1387-1811/$ - see front matter � 2009 Elsevier Inc. A
doi:10.1016/j.micromeso.2009.03.044

* Corresponding author. Tel./fax: +86 25 8359 2903
E-mail addresses: jpzhai@nju.edu.cn, favorlee@163
a b s t r a c t

Mesostructured ferric oxyhydroxides (MFOs) were synthesized using both cetyltrimethylammonium
bromide (CTAB) and sodium dodecylsulfonate (SDS) as templates in the present study. For CTAB-templat-
ing route, the effect of pH and fluoride ions on the resulting MFOs has been evaluated, and the active role
of fluoride ions in promotion the mesostructural ordering was verified. Besides, the effect of solvents and
hydrolysis ratio on the synthetic layered MFOs was examined via SDS-templating route. X-ray diffraction
(XRD), transmission electron microscopy (TEM), and nitrogen physisorption were employed to character-
ize the MFOs before two typical MFOs with surface areas of 144.7 and 88.1 m2 g�1, respectively, were
evaluated as potential adsorbent for As(V) removal. Both MFOs presented adsorption isotherms well fit-
ting the Freundlich equation. The two MFOs exhibited adsorption capacities of 75.19 and 10.68 mg g�1,
respectively, and could be adopted as adsorbent for As(V) removal.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Arsenic contamination in global aqueous systems, especially in
Bangladesh [1–3], India [4,5], Vietnam [6], Taiwan [7], Argentina
[8], the Western US [9], and China [10,11], is still a great challenge
for drinking water supplies, subsequently posing a risk to human
health. In addition, the recent reduction in the maximum contam-
inant level (MCL) for arsenic in drinking water from 0.050 to
0.010 mg L�1 as regulated by the world health organization
(WHO), will be accepted and adopted as the drinking water stan-
dard by more and more countries [12]. The tightening of arsenic
standard will consequently impact the on-the-run technology
applications for drinking water treatments, and could result in
lower treatment goals for remediation of arsenic-contaminated
sites. Certainly, current and future drinking water and groundwa-
ter treatment systems will require better-performing technologies,
either improved or newly developed, to achieve this lower
level [13].

Of various well-reputed technologies for arsenic removal,
adsorption has received more attention due to its high removal
efficiency, especially without yielding hazardous byproducts
[14,15]. Because of the Fe(III)’s special affinity toward inorganic ar-
senic species and consequent selectivity in the adsorption process,
Fe(III)-based materials including goethite [16], hematite [17], fer-
rihydrite [18], iron-oxide-coated sand [19], Fe(III)-loaded cellulose
ll rights reserved.

.
.com (Q. Li).
sponge [20], iron-containing mesoporous carbon [21], hydrous fer-
ric oxides (HFOs) [22] are the most used adsorbents. Hydrous ferric
oxides/oxyhydroxides traditionally used in arsenic removal were
usually, however, limited by lower efficiency in intraparticle diffu-
sion for their lower surface area as compared to Fe(III)-loaded
adsorbents with higher surface area [23].

On the other hand, the recent successes in synthesis of meso-
porous materials, especially in synthesis of mesostructured transi-
tion-metal oxides/oxyhydroxides templated by alkyl surfactants in
thermal solution [24,25], make it very promising to prepare meso-
structured ferric oxyhydroxides (MFOs) for arsenic removal from
aqueous systems. To date, many types of mesostructured ferric
oxides have been reported using cetyltrimethylammonium bro-
mide (CTAB) [26–28], sodium dodecylsulfonate (SDS) [29,30], and
neutral alkyl amine [31,32] as templates. Only lamellar/layered
mesostructured ferric oxyhydroxides, however, were synthesized
via the well-known S�I+ pathway in the absence of halide ions such
as chloride ions (Cl�) and fluoride ions (F�) [33–35]. Generally,
fluoride ions were usually used as catalyst in synthesis of zeolite,
and additionally, it has been proved that F� were also efficient in
generation of well-defined ordered mesoporous silica [36]. Are
they still efficient in synthesis of mesoporous transition-metal oxi-
des/oxyhydroxides, especially MFOs when using CTAB as tem-
plate? Little works has been reported on these so far, even
though the well-known F�-mediating pathway (i.e., S+F�I+) to
mesoporous materials has been established and accepted for more
than one decade [24]. For the aforementioned S�I+ pathway, the
effect of aliphatic alcohols on the final mesostructure of
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mesostructured ferric oxides has been examined using sodium
hexadecylsulfonate as template [37]. The effect of alcohols espe-
cially ethanol (EtOH) on synthesis of ferric oxyhydroxides tem-
plated by SDS, however, has remained unevaluated until now.

Herein, we report the synthesis of MFOs with worm-like pores
using CTAB as template in the presence of F�, and demonstrate
the active role of F� in promotion the mesostructural ordering of
mesostructured transition-metal oxides, specifically MFOs for the
first time. Aside from effect of F� concentration, the effect of pH
on the resulting MFOs has also been examined in the CTAB-tem-
plating route. Whereas, in the SDS-templating pathway, the effect
of alcohols especially ethanol as well as hydrolysis ratio (defined as
the molar ratio of hydroxy ions to ferric ions in the synthetic solu-
tion) has been investigated. The resulting MFOs were then charac-
terized by XRD, TEM, and nitrogen physisorption. Finally, two
typical MFOs selected were evaluated as adsorbents for As(V) re-
moval from aqueous solution.
2. Experimental section

2.1. Mesostructured ferric oxyhydroxides templated by CTAB

Mesostructured ferric oxyhydroxides templated by CTAB were
synthesized using ferric nitrate as ferric source. In a typical synthe-
sis, 6 mmol of Fe(NO3)3 � 9H2O was dissolved in 25 mL of ethanol at
room temperature by magnetic stirring to form a yellow solution,
then a solution of 6 mmol of CTAB in 30 mL of double distilled
water was added with strongly stirring until a homogenous solu-
tion was achieved. The solution was then made basic by dropwise
adding different amount of NH4OH (�25 wt.%) and pH was ad-
justed to a desired value before transferring to a sealed Teflon-
lined stainless vessel (100 mL) and ageing in a oven at 40 �C for
24 h. After further incubating at 80 �C for 4–6 h and air-cooling
to room temperature, the yellow precipitate was recovered by cen-
trifugalizing at 4000 rpm followed by washing with hot alcohol
several times to remove the remaining surfactant. Finally, drying
of such precipitates at 50 �C for 6–8 h yielded CTAB-templated
MFOs.

To exam the effect of pH on the final MFOs, a second hexad of
ferric nitrate-surfactant solutions were prepared and the pHs were
adjusted, by varying the amount of NH4OH dropwise added, to 3.5,
5.5, 7.0, 8.5, 10.0, and 10.7, respectively. Another second hexad of
ferric nitrate-surfactant solutions were also prepared to evaluate
the effect of F� on the resulting MFOs. The hexad solutions were
averaged into two groups, 1 and 2. Three mmol of NH4F were intro-
duced to each one of group 1 to ensure the F�/Fe3+ (mol/mol) = 0.5
and the pH were adjusted to 3.5, 5.5, and 10.7 respectively. Group 2
samples were added by 6 mmol of NH4F (F�/Fe3+ = 1.0) and pH
were also adjusted to 3.5, 5.5, and 10.7 respectively.

2.2. Mesostructured ferric oxyhydroxides templated by SDS

An orthogonal design method was used to investigate the ef-
fects of solvents used, hydrolysis ratio r (defined as OH�/Fe3+ molar
ratio of the synthetic solution) and the ageing time on the resulting
SDS-templated MFOs. In detail, the following procedures are
adopted: a ennead of 6 mmol of FeCl3 were dissolved in three tri-
ples of 10 mL of 0, 0.3, and 0.9 M NaOH solutions and pre-hydroly-
sis for 30–60 min to yield three triads of ferric solutions with
hydrolysis ratio r = 0, 0.5, and 1.5, respectively. Another ennead
of 12 mmol of SDS were dissolved in 40 mL of solvents (i.e., DD
H2O, EtOH, and propanol (PrOH)) at elevated temperature to form
three triads of SDS-solvent solutions before being dropwise added
by the three triads of ferric solutions with simultaneously stirring
and ultrasonicating for 30 min. A follow-up 60-min stirring at
40 �C is necessary to ensure that all the reagents are homoge-
neously dispersed in the solution. Then, the solution was trans-
ferred into a sealed Teflon-lined stainless vessel (100 mL) and
aged in an oven at 80 �C for 24 h. After air-cooling to ambient tem-
perature, the complexes were filtered by suction and washed
repeatedly with excessive hot alcohol to extract the remaining
SDS followed by air-drying to yield the SDS-templated MFOs. Se-
lected as-synthesized MFO sample (solvent = H2O, r = 0) was cal-
cined at 400 �C for 6 h to investigate the effect of calcination on
the final MFO.

2.3. Materials characterization

X-ray diffraction (XRD) analysis was conducted using an ARL
X’TRA diffractometer at a voltage of 40 kV and a current of
40 mA with Cu-Ka radiation. For small-angle (typically 1–10�) dif-
fraction, a scanning step size of 0.02� with a scanning rate of 2� per
min was adopted, while a scanning step size of 0.02� with a scan-
ning rate of 5� per min was used in wide-angle (herein 10–50�) dif-
fraction. Transmission electron microscopy (TEM) images and the
electron diffraction (ED) patterns were recorded on a JEOL JEM-
200CX microscope at an accelerating voltage of 200 kV. The sam-
ples were dispersed in absolute alcohol and ultrasonicated for 5–
10 min prior to TEM recording.

Surface area, pore volume and pore size distribution of selected
MFOs were measured by nitrogen physisorption at 77 K with a
Micromeritics ASAP 2010 apparatus. Before adsorption analysis,
MFO samples were degassed at 353 K under vacuum for 12 h.
The Brunauer–Emmett–Teller (BET) method was used to calculate
the surface areas using the adsorption data, whereas the Barrett–
Joyner–Halenda (BJH) algorithm was adopted to estimate the pore
size distribution from the adsorption branch of the isotherm. The
total pore volume was evaluated from the amount of nitrogen ad-
sorbed at a relative pressure of 0.99 [38].

2.4. Arsenate adsorption tests

Two typical MFOs – the CTAB-templated MFO synthesized at pH
5.5 with Fe3+/F� (mol/mol) = 1 (termed as MFO-C) and the SDS-
templated MFO prepared at r = 0.5 using H2O as solvent (termed
as MFO-S), were selected as adsorbent for arsenate in aqueous
solution. In a typical adsorption test, 100 mg of adsorbent was
added separately to a conical flask (250 mL) before 100 mL of
As(V) solution with given concentration, pH (=7.0 ± 0.1) and ionic
strength (I = 0.01 M NaCl) was added. After sealing and premixing
on a vortex mixer for 5 min, the mixture was shaken at 180 rpm
and 25 �C for approximately 24 h on a reciprocal shaker. Then, it
was filtered with a 45 lm membrane filter for analysis. The pH
was measured with a pH meter (model 828, Orion, US). As(V) in
the supernatant was analyzed on an AFS-610 atomic fluorescence
spectrometer (Beijing Rayleigh Analytical Instrument Co., China)
following the hydride-generation atomic fluorescence spectrome-
try (HG-AFS) procedure. The adsorption isotherms were studied
by varying concentration of As(V) solution with a fixed dose of
adsorbent (i.e., 100 mg). Adsorption isotherms were modeled using
both the Langmuir and the Freundlich equations which are ex-
pressed as follows (Eqs. (1) and (2)):

Langmuir : qe ¼
bqmCe

1þ bCe
ð1Þ

Freundlich : qe ¼ KC
1
n
e ð2Þ

where Ce is the equilibrium concentration of As(V) (mg L�1), qe is
the amount adsorbed under equilibrium (mg g�1), qm (mg g�1) is
the theoretical maximum adsorption capacity of the adsorbent for
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As(V), and b (L mg�1) is a Langmuir binding constant related to the
energy of adsorption, K and n are the Freundlich empirical
constants.

3. Results and discussion

3.1. CTAB-templated MFOs

3.1.1. XRD
The XRD patterns of CTAB-templated MFOs as a function of pH

in the synthetic solution without fluoride ions were shown in
Fig. S1. There were no distinct peaks observed in the small-angle
XRD patterns of the resulting MFOs (Fig. S1a), implying no ordered
mesopore was formed in the pH range 3.5–10.7 in the absence of
fluoride ions. Although mesoporous iron oxides templated by CTAB
have been reported using diverse bases as precipitant [26,27], nei-
ther of these literature presented XRD patterns with any apparent
peaks corresponding to ordered mesopore diffraction. This obser-
vation suggests that CTAB is incapable of templating mesopore iron
oxides with ordered pore structure. In the case of MFOs, our results
depicted here seem to further confirm that CTAB cannot generate
ordered MFOs either. As illuminated in Fig. S1b, for MFOs formed
in the pH range 3.0–8.5, only a halo (in 2h range of 30–40�) deriv-
ing from the diffuse scattering of X-ray by amorphous iron oxides
was observed in their wide-angle XRD patterns, whereas several
peaks relating to hematite (a-Fe2O3, JCPDS PDF # 33-0664) were
appeared in the patterns of MFOs synthesized in solutions with
pH P10. However, hydrolysis of ferric nitrate at elevated temper-
ature usually yields goethite or hematite [39], our data seem to
indicate that hematite was exclusively formed in the presence of
CTAB.

When introducing fluoride ions to the synthetic solution, as
shown in Fig. 1a and c, a single diffraction peak, independent of
the F� concentration, appeared in all small-angle XRD patterns of
Fig. 1. Small-angle (a, c) and wide-angle (b, d) XRD patterns of the CTAB-templated M
CTAB-templated MFOs. The peak with d spacing of �83.4 Å seems
to be responsible for diffraction of a worm-like structure. More-
over, comparing of the XRD patterns having the same pH in
Fig. 1a and c suggests that the diffraction intensity increases with
increasing F� concentration and that the d spacing decreases as
the F� concentration increases. This observation implies that the
structural ordering of the resulting MFOs increased with increasing
F� concentration, which in some sense proved the active role of F�

in promotion of the structural ordering of MFOs. The role of F� in
mediating synthesis of MFOs may be achieved through the well-
known S+F�I+ pathway by Coulomb attraction of ions with opposite
charges, i.e., the charge-density matching, which was hackneyed in
synthesis of mesoporous silica [24,40]. Although this charge-den-
sity matching mechanism for CTAB-templated MFOs in the pres-
ence of F� should be further confirmed, it is nevertheless, the
first successful attempt to synthesize worm-like MFOs in the pres-
ence of fluoride ions to date.

Likewise, the wide-angle XRD patterns (Fig. 1b and d) varied
apparently after introducing F� to the solution. Despite that the
solution pH was as low as 5.5, other two types of peaks relating
to akaganeite (b-FeOOH, JCPDS PDF # 34-1266) and goethite (a-
FeOOH, JCPDS PDF # 29-07136) arise in the XRD patterns of MFOs
as compared to the wide-angle XRD patterns shown in Fig. 1b.

The mineralogical component of the resulting MFOs was pH-
dependent and varied obviously from akaganeite and goethite to
goethite and hematite in the case of F�/Fe3+ = 0.5, and from akag-
aneite to akaganeite and goethite and to goethite and hematite
in the case of F�/Fe3+ = 1.0 as pH increased form 5.5 to 8.5 and to
10.7, respectively. Although the diffraction peaks of akaganeite
were broad and low, indicating the akaganeite was ill-crystallized;
introducing F� to the synthetic solution indeed enables amorphous
iron oxides to crystallize at pH as low as 5.5. This observation fur-
ther confirmed that F� is an excellent mineralizer in synthesis of
crystalline microporous/mesoporous materials. Additionally, a
FOs as a function of pH at F�/Fe3+ (mol/mol) = 0.5 (a, b), 1.0 (c, d), respectively.
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higher concentration of F� preferentially facilitated the formation
of akaganeite other than goethite and hematite at pH 8.5 and 5.5
(see Fig. 1b and d), which is in good agreement with Flynn’s results
[39].

3.1.2. TEM
The active role of F� in generation of worm-like mesopore in

MFOs was also confirmed by the TEM images (Fig. 2). In the ab-
sence of F� in the synthetic solution, a MFO with loose and floc-
cule-like particle cluster was obtained (Fig. 2a), whereas a MFO
with worm-like pore array was yielded in the presence of F�

(Fig. 2b). This observation should be a strong evidence for extend-
ing the active range of F� from synthesis of ordered mesoporous
silica to synthesis of mesoporous transition-metal oxyhydroxides,
since the presence of F� resulting in formation of MSU-X-type mes-
oporous silica with a single reflection and worm-like pore struc-
ture has been verified [41]. In addition, the electron
diffractogram with diffraction rings, as shown in the inset of
Fig. 2b, testified the low-crystalline nature of such MFOs which is
consistent with the XRD data (Fig. 1b).
Fig. 2. TEM images of the CTAB-templated MFOs at pH 5.5. (a) Without F� in the
synthetic solution; (b) F�/Fe3+ (mol/mol) = 1.0 (inset is the corresponding electronic
diffractogram).
3.1.3. N2 physisorption
The N2 physisorption results of MFO sample synthesized at F�/

Fe3+ (mol/mol) = 1.0 and pH 5.5 were depicted in Fig. 3. The N2

adsorption isotherm shows type IV isotherm with a near H1-type
hysteresis loop at relative pressure (P/P0) = 0.5–0.8 connected with
an H4-type hysteresis loop at relative pressure (P/P0) = 0.8–1.0,
which is characteristic of mesoporous materials with relatively
regular pore along with narrow slit-like pore [42]. The former hys-
teresis loop may be assigned to worm-like pore yielded via the
S+F�I+ assembly pathway, whereas the latter should be related to
the large interparticle pore of irregular MFOs particles. The MFO
exhibits a narrow pore size distribution with an average BJH pore
diameter of 18 Å (the inset of Fig. 3). The MFO has a total pore vol-
ume of 0.23 cm3 g�1 and a BET specific surface area of 144.7 m2 g�1

that is smaller than literature’s data [26], this reduction in surface
area may be owing to a part of surfactants remaining in the mes-
opores after alcohol extraction, or more likely, originating from
pore structure shrinking promoted by the introduced F�.

3.2. SDS-templated MFOs

3.2.1. XRD
The XRD patterns of the SDS-templated MFOs as a function of

hydrolysis ratio r using H2O and EtOH as solvent were presented
in Fig. 4. For r = 0 and 0.5, the MFOs obtained were lamellar with
d(001) spacing of 36.46 Å, d(002) spacing of 18.33 Å, and d(003) spacing
of 12.24 Å, respectively (Fig. 4a). These d values are in agreement
with data reported in previous literature [34,37], signifying similar
lamellar mesostructures were obtained, i.e., these resulting MFOs
were mesostructured ferric oxyhydroxide/surfactant hybrid mate-
rials other than pure MFOs. When the hydrolysis ratio r was in-
creased to 1.5, a disparate set of diffraction peaks with d
spacings of 30.92, 15.39, and 10.26 Å appeared in the small-angle
XRD patterns (cf. Fig. 4a). These peaks, likewise, could be easily in-
dexed and assigned to (0 0 1), (0 0 2), and (0 0 3) planes of another
lamellar MFO with different d spacings.

The dramatic decrease in d spacings when increasing hydrolysis
ratio from 0.5 to 1.5 is speculated to cause by the increase in thick-
ness of the layered MFOs wall. Specifically, within the MFOs wall,
the building blocks, i.e., iron polycations deriving from the com-
pletely hydrolysis of iron salts promoted by OH� especially at high-
er r, were relatively lower charged as compared to iron oligomer,
e.g., iron monomers, iron dimers from hydrolysis of iron salts at
lower r [37]. Another probable reason accounting for the decreas-
Fig. 3. N2 adsorption/desorption isotherm of MFO sample synthesized at F�/Fe3+

(mol/mol) = 1.0 and pH 5.5 (inset is the corresponding pore size distribution curve).



Fig. 4. Small-angle (a, c) and wide-angle (b, d) XRD patterns of the SDS-templated MFOs as a function of hydrolysis ratio r using H2O (a, b) and EtOH (c, d) as solvent,
respectively.
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ing d spacing may be that the alkyl chains of the surfactant (i.e.,
SDS) that bilayeredly array in the interplane of layered MFOs wall
and interdigitate with each other at higher r [34], which accord-
ingly resulted in a decrease in d spacing. The wide-angle XRD pat-
terns (Fig. 4b) suggested that these MFOs are mainly poor-
crystallized goethite in mineralogy. Additionally, the diffraction
peaks sharpened and narrowed with increasing r, implying higher
r promoted the formation of MFOs with higher atomic-scale order-
ing and crystallinity.

Substituting EtOH for H2O as solvent resulted in disparate XRD
patterns (Figs. 4c and d). For r = 0, no peaks presented in the small-
angle XRD patterns (Fig. 4c) indicating no mesostructure formed,
while a set of d spacings of 30.88, 15.36, and 10.26 Å assignable
to (0 0 1), (0 0 2), and (0 0 3) planes emerged in Fig. 4c as for
r = 1.5, suggesting a lamellar MFO similar to aforementioned spe-
cies synthesized at r = 1.5 using H2O as solvent was yielded. Their
peak intensities were quite lower than those of the former MFO,
implicating the mesostructural ordering of MFO was decreased
when using EtOH as solvent. This reduction in mesostructural
ordering was probably arisen from the increase in hydrophobicity
of SDS surfactant caused by the EtOH solvent according to the well-
known geometric model [40]. The small-angle XRD pattern of MFO
synthesized at r = 0.5 (Fig. 4c) was unexpectedly featured by two
sets of peaks. The first set of peaks with d spacings of 36.37,
18.28, and 12.21 Å were assigned to (0 0 1), (0 0 2), and (0 0 3)
planes of layered MFO/SDS hybrid material [34,35], while the latter
with d spacings of 30.88, 15.36, and 10.26 Å were more likely re-
lated to (0 0 1), (0 0 2), and (0 0 3) planes of pure lamellar MFOs.

Unlike the uniform mineralogical component of MFOs achieved
in H2O solvent with varying r, the mineralogical components of
MFOs obtained in EtOH solvent varied with diverse hydrolysis ratio
(Fig. 4d). As r increased from 0 through 0.5 to 1.5, the mineralogical
components of the MFOs transformed from a blend of low-crystal-
line akaganeite (b-FeOOH, JCPDS PDF # 34-1266) and some hema-
tite (a-Fe2O3, JCPDS PDF # 01-1053) via a mixture of the low-
crystalline akaganeite and the remaining SDS (C12H25SO3Na, JCPDS
PDF # 34-1778) to a sole low-crystalline akaganeite.

When using PrOH as solvent, neither lamellar nor other meso-
structures with diverse symmetry types were formed at different
r as indicated by the small-angle XRD pattern (Fig. S2a). This phe-
nomenon could be explained as follows: the chain length of PrOH
was greater than that of EtOH, the increase in hydrophobicity of
SDS enhanced by the PrOH was consequently greater than that
caused by EtOH, causing an effective packing parameter g > 1 –
the critical value for generation of mesoporous materials [40]. As
suggested in Fig. S2b, only low-crystalline akaganeite was obtained
at various r, which seems to well correlate the hydrophobicity of
SDS with the mineralogy of the resulting MFOs. That is, the in-
crease in hydrophobicity of SDS favored the formation of akagane-
ite other than goethite (cf. Fig. 4b and d, and S2b).

Fig. 5 depicts the XRD patterns of typical MFO as a function of
template removal approaches. The diffraction peaks of the as-syn-
thesize species were broad and low due to the full-fill of the lamel-
lar mesostructure (Fig. 5a). After extraction the surfactant by
excessive hot alcohol, these peaks, corresponding to (0 0 1),
(0 0 2), (0 0 3) planes, sharpened with increasing intensity, imply-
ing removal of SDS from the mesostructure and an improvement
in mesostructural ordering of the MFO (Fig. 5b). As expected, calci-
nation of the MFO at 400 �C led to completely collapse of the lamel-
lar MFO (Fig. 5c), which further suggested that calcination was not
suitable for lamellar mesostructure for template removal.

3.2.2. TEM
The TEM images of SDS-templated MFOs synthesized in H2O-

and EtOH-solvent systems at r = 0.5 are shown in Fig. 6. For MFOs
derived from H2O-solvent systems, striped TEM images (Fig. 6a)
indicative of lamellar mesostructure was observed. The spacing
of ca. 9 nm between any adjacent stripes was also in good agree-



Fig. 5. XRD patterns of the SDS-templated MFO (solvent = H2O, r = 0) as a function
of template removal approaches. (a) As-synthesized, (b) extracted by EtOH, (c)
calcined at 400 �C.

Fig. 6. TEM images of SDS-templated MFOs at r = 0.5 using H2O (a) and EtOH (b) as
solvents.
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ment with the d004 value of 9.11 nm calculated from XRD data even
though the reflection peak relating to (0 0 4) plane was not as
sharp and clear as other planes in the XRD pattern (cf. Fig. 4a). Sim-
ilarly, MFOs from EtOH-solvent systems exhibits a layered array of
channels with lower ordering and clarity as compared to MFOs
from H2O-solvent systems (cf. Figs. 6a and b). More interesting is
that several subhexagonal pore arrays as marked with white round
dash line appeared in Fig. 4b, which may be involuntarily consid-
ered as hexagonal pore arrays, subsequently deducing a 2D hexag-
onal pore structure. But in the present situation, it is more likely
derived from the overlapping of the two different types of lamellar
channels as verified by the aforementioned XRD results (Fig. 4c).

3.2.3. N2 physisorption
The N2 physisorption data of MFO species from EtOH-solvent

system, as shown in Fig. 7, revealed that MFO possesses a type IV
adsorption isotherm and an H1-type hysteresis loop at relative
pressure (P/P0) = 0.4–0.7 combined with an H3-type hysteresis
loop at relative pressure (P/P0) = 0.7–1.0. This bi-hysteresis loop
indicated coexistence of cylindrical pore mesostructure and lay-
ered mesostructure in such MFO. Moreover, it has a BET specific
surface area of 88.1 m2 g�1 and a total pore volume of 0.14
m3 g�1, quite less than the data as reported in literature [33], sug-
gesting much more template remained in the resulting MFO mes-
ostructure. Its BJH pore diameter (the inset of Fig. 7) was
characterized by bimodal distribution – a narrow distribution cen-
tred at 25.6 Å (i.e., average BIH pore diameter) along with a relative
broad distribution centred at ca. 50 Å.

3.3. Adsorption isotherms of As(V) on typical MFOs

Fig. 8 shows the adsorption isotherms of As(V) on selected
MFOs, namely the CTAB-templated MFO synthesized at pH 5.5
with Fe3+/F� (mol/mol) = 1 (termed as MFO-C) and the SDS-tem-
plated MFO prepared at r = 0.5 using H2O as solvent (termed as
MFO-S). Both the Langmuir and the Freundlich equations (Eqs.(1)
and (2)) were used to describe the adsorption isotherms in Fig. 8
and especially, the Langmuir equation was employed to calculate
the adsorption capacities – the theoretical maximum adsorption
capacity (i.e., qm). Linear plots of Ce/qe versus Ce for MFO-C were
achieved with regression coefficient (R2), b (L mg�1), and qm

(mg g�1) of 0.953, 0.25, and 75.19, respectively. Whereas the Fre-
undlich parameters (i.e., R2, n, and K) obtained by linear plotting
of lnqe versus lnCe were 0.997, 2.76, and 15.92, respectively, indi-
cating that adsorption of As(V) onto MFO-C follows the Freundlich
isotherm model other than the Langmuir model. Both of the n va-
lue and the adsorption capacity value suggest that As(V) was pref-
erentially adsorbed onto MFO-C (i.e., a mesoporous akaganeite
with low crystallinity in nature), which is in good agreement with
conclusions in literature [43,44]. It is noted that the adsorption
capacity (qm = 75.19 mg g�1) of MFO-C was lower than that of
akaganeite nanocrystals (i.e., 141.3 mg g�1) reported in literature
[45], probably due to its smaller surface area (i.e., 144.7 m2 g�1)
as compared to that of the reported akaganeite nanocrystals (i.e.,
330 m2 g�1).

Likewise, the isotherm data of MFO-S were also fitted using
both the Langmuir and Freundlich isotherm models with
R2 = 0.981, b = 0.19 L mg�1, qm = 10.68 mg g�1, and R2 = 0.993,
n = 1.21, K = 3.94, respectively, implying that the Freundlich equa-
tion (Eq.(2)) other than the Langmuir equation (Eq.(1)) successfully
describes the adsorption behavior of As(V) onto MFO-S at the given



Fig. 7. N2 adsorption/desorption isotherm of MFO sample synthesized at r = 0.5
using EtOH as solvent (inset is the corresponding pore size distribution curve).

Fig. 8. Adsorption isotherms of arsenate on CTAB-templated MFO (MFO-C, marked
with j) and SDS-templated MFO (MFO-S, marked with h), respectively (I = 0.01 M
NaCl; pH 7.0 ± 0.1; T = 298 ± 1 K; t = 24 h). The equilibrium data fitting to the
Langmuir and Freundlich equations were drawn as dash line (- - - -) and dot line
(��������), respectively.
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range of As(V) concentration. The adsorption capacity of MFO-S
(qm = 10.68 mg g�1) was evidently lower than that of MFO-C, which
may arise from not only the difference in mineralogical nature (cf.
Figs. 1d and 4d), but also and more likely, the distinction in surface
area, namely, the surface area of MFO-S (i.e., 80.1 m2 g�1) was low-
er than that of MFO-C. It is reported that the mechanism aspect
responsible for As(V) adsorption onto ferric oxyhydroxides, espe-
cially akaganeite was related to bidentate binuclear comer-sharing
between As(V) tetrahedra and adjacent edge-sharing [FeO6] octa-
hedral [33,46]. In present study, nevertheless, the adsorption
mechanism understanding for As(V) onto both MFO-C and MFO-S
is under consideration, and it may be uncovered by X-ray adsorp-
tion spectrometry in follow-up investigations.

4. Conclusions

Mesostructured ferric oxyhydroxides (MFOs) with worm-like
pores were successfully synthesized in the presence of fluoride
ions using cetyltrimethylammonium bromide (CTAB) as template.
The active role of F� in improving the mesostructural ordering of
MFOs was proved. In the case of sodium dodecylsulfonate (SDS)
adopted as template, lamellar mesostructure ferric oxyhydroxides
were also easily prepared using either H2O or EtOH as solvents, and
furthermore, the layered mesostructure from the ethanol-solvent
system was featured with two different types of lamellar channels
as verified by XRD data. It is noted that propanol hampered the for-
mation of mesostructure due to its longer alkyl chain as compared
to EtOH. Both of the two typical MFOs (primarily consisted of akag-
aneite) selected as adsorbent for As(V) removal yielded adsorption
isotherms well fitting the Freundlich equation. The typical MFOs
exhibited good performance in adsorption of As(V) (i.e.,
75.19 mg g�1 for MFO-C, 10.68 mg g�1 for MFO-S) and could be
employed as adsorbent for As(V) removal.
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plated MFOs as a function of pH in the synthetic solution without
fluoride ions (Fig. S1) as well as XRD patterns of the SDS-templated
MFOs as a function of hydrolysis ratio using PrOH as solvent
(Fig. S2).
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Fig. S1. Small-angle (a) and wide-angle (b) XRD patterns of the CTAB-templated 
MFOs as a function of pH in the synthetic solution without F−. 
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Fig. S2. Small-angle (a) and wide-angle (b) XRD patterns of the SDS-templated 
MFOs as a function of hydrolysis ratio r using PrOH as solvent. 
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