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  1   .  Introduction 

 Arsenic contamination in natural water is a global threat due 
to its high toxicity and carcinogenicity. [  1–5  ]  Long-term exposure 
to arsenic-polluted water may result in some negative effects 
on human health and cause several diseases, such as lungs, 
bladder, kidneys and skin cancer. [  2,4,6  ]  Arsenic in even very 

low concentrations can still have a strong 
adverse effect on health, the maximum 
contaminant level (MCL) of arsenic in 
drinking water is suggested to be 10  μ g L −1  
instead of the previous limit of 50  μ g L −1  
according to the guideline of World 
Health Organization (WHO). [  7  ]  However, 
numerous water bodies around the world 
carry soluble arsenic at concentrations 
higher than this standard. The arsenic 
concentration of many ground waters 
in the western United States is found 
higher than 10  μ g L −1 , [  5  ]  and most tube-
wells in South and Southeast Asia do not 
meet the standard of WHO. [  6  ]  To meet the 
stricter standard of 10  μ g L −1 , a simple 
approach for effi cient arsenic removal at 
low concentrations from drinking water is 
required. 

 Arsenic mainly exists as arsenite (As 
(III)) and arsenate (As (V)) in natural 
water. [  8  ]  As (V) is the predominant spe-

cies under oxidizing conditions and As (III) predominates in 
moderately reducing environments such as groundwater. [  4  ]  
Generally, both species are present in water simultaneously. 
Compared to As (V), As (III) is more toxic and it is generally 
accepted that it is more diffi cult to be removed due to its low 
affi nity to various adsorbents. [  9,10  ]  To achieve effective As (III) 
removal, it is required to pre-treat As (III) by oxidizing it to As 
(V) and/or adjust the pH value before coagulation–precipita-
tion/adsorption processes. [  9,11–13  ]  Apparently, the pre-treatment 
increases the operation cost and causes secondary pollution 
problems, thus it is disadvantageous for practical applications. 
It is highly desirable to develop an adsorbent for effi cient and 
cost-effective removal of both As (V) and As (III) without any 
pre-treatment. 

 During the past decades, several techniques have been 
developed in the removal of arsenic from the wastewater, 
including precipitation followed by solid/liquid separation, 
adsorption and ion exchange, biological removal processes, 
and so forth. [  2  ]  Due to the low cost, good performance and easy 
operation, adsorption is considered to be one of the most effec-
tive approaches among these technologies. Iron oxide-based 
materials have been widely used in arsenic removal because 
of their low cost, natural abundance and effective performance 
for both As (V) and As (III) removal. However, the adsorption 
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water treatment, showing promising potential in practical 
applications for arsenic removal.   

  2   .  Results and Discussion 

 The morphology and structure of MOSF and Fe  X  MOSF com-
posites ( X   =  1, 2, 3, the weight percentage of Fe 2 O 3  in the fi nal 
product is 11.8, 21.0, 34.8%, respectively, see Experimental Sec-
tion) were investigated by transmission electron microscopy 
(TEM). MOSF show a foam-like structure packed by polyhedral 
units following a surface minimization principle ( Figure    1  a). [  32  ]  
Figure  1 b and c are the typical TEM images of Fe 3 MOSF at 
a low and a higher magnifi cation. After the encapsulation of 
iron oxide nanopaticles, the macroporous foam-like structure 
of MOSF is well maintained. The distribution of Fe 2 O 3  nano-
particles (small dots with a high contrast as shown in Figure  1 c) 
can be clearly observed through the whole sample. The size-dis-
tribution histogram of nanoparticles counted in Figure  1 c show 
a broad distribution of particles from 2–13 nm with an average 
size of  ≈ 6 nm (Figure S1, Supporting Information). A typical 
high resolution TEM (HRTEM) image of Fe 2 O 3  nanoparticle is 
shown in the inset of Figure  1 c, where the (311) lattice fringes 
of  γ -Fe 2 O 3  can be clearly observed. To further confi rm the suc-
cessful loading of  γ -Fe 2 O 3  in MOSF, the dark-fi eld scanning 
TEM (DF-STEM) technique was employed. In the DF-STEM, 
the collection of the image is an incoherent process yielding 
atomic resolution images with strong  Z  (atomic number) 

performance needs to be further improved. Although some 
adsorbents, such as Fe 2 O 3  CAHNs [  14  ]  and  γ -Fe 2 O 3  CHNs, [  15  ]  
show the adsorption capacities up to 137.5 mg g −1 , only As 
(V) can be removed. Moreover, whether the arsenic concentra-
tion can be reduced to lower than 10  μ g L −1  is not reported. 
Other materials such as iron oxide@carbon, [  16  ]  cellulose@iron 
oxide, [  17  ]  and Fe 3 O 4 -RGO [  18  ]  can meet the standard of 10  μ g L −1  
suggested by WHO, however their arsenic uptake capacities 
are relatively low. It is necessary to develop effi cient arsenic 
adsorbents which can simultaneously meet the standard of 
10  μ g L −1  and possess high adsorption capacities for both As 
(V) and As (III). 

 Previous studies show that iron oxides (magnetite and magh-
emite) with sizes of about 12 and 3.8 nm exhibit signifi cantly 
increased arsenic adsorption capacities compared with iron 
oxides with large particle sizes, which may result from more 
adsorption sites being exposed to arsenic species. [  19–21  ]  How-
ever, nanoparticles tend to aggregate into large particles easily, 
leading to deteriorated adsorption performance. Besides, it is 
diffi cult to practically apply nanoparticles in the wastewater 
treatment because small particles may cause diffi culties in 
separation and/or diffusion. To avoid these problems, porous 
materials have been widely used as the matrix to disperse 
iron oxide to take advantages of small particle size and high 
surface area, which are important for applications such as 
adsorption. [  16,22–24  ]  Because iron oxide is the active component, 
well-dispersed iron oxide with a high content in the porous 
matrix is necessary for the fabrication of arsenic adsorbents 
with excellent performance. However, at a high content of iron 
oxide, most studies show aggregated large nanoparticles in the 
matrix. [  23,25,26  ]  Besides, the open pore networks may be blocked 
by nanoparticles when the nanoparticle size and the pore size 
are comparable, which affects the mass diffusion and transpor-
tation and consequently the effectiveness of adsorption. [  16  ]  To 
overcome these limitations, a careful selection of porous matrix 
is of utmost importance. [  27  ]  

 In this work, macroporous siliceous foams (MOSF) [  28  ]  with 
large pores ( ≈ 100 nm) and high pore volumes were chosen as 
the porous matrix to encapsulate iron oxide nanoparticles with 
a high content. MOSF materials were synthesized via a facile 
supra-assembly approach using non-ionic block copolymers 
as supramolecular templates. Previously, MOSF with suitable 
functionalization have been studied in bio-applications and 
phosphate adsorption. [  29–31  ]  In this study,  γ -Fe 2 O 3  nanoparticles 
with an average size of  ≈ 6 nm are spatially well-dispersed on 
the pore walls of MOSF without blocking the open pore net-
works even at the highest metal oxide content of 34.8 wt% 
( Scheme    1  a). Electron tomography (ET) technique has been 
used to confi rm that dispersed nanoparticles are anchored on 
the walls rather than aggregates inside the pores or on the 
external surface. The novel composites show excellent arsenic 
adsorption performance for both As (V) and As (III) without 
pre-treatment (Scheme  1 b) because of the open pore network, 
high loading amount and non-aggregated small iron oxide 
nanoparticles. The uptake capacities of As (V) and As (III) are 
248 mg g −1  and 320 mg g −1 , respectively. Moreover, the com-
posites can reduce the concentration of both As (V) and As (III) 
from 100 to 2  μ g L −1 , far below the standard of 10  μ g L −1  sug-
gested by WHO. The composites were also applied in drinking 

       Scheme 1.  a) A schematic drawing of  γ -Fe 2 O 3  nanoparticles encapsulated 
in MOSF composites (I), and a digital photo of a commercial product (II) 
used in a household scale drinking water treatment device (Brita). Both 
materials are used as adsorbents in the fi lter cartridge in this study. b) A 
schematic drawing showing that after water purifi cation, arsenic species 
are adsorbed in the composites. c) The experimental setup for arsenic 
removal using a jug with a home-made fi lter cartridge. The pore size of 
MOSF, the sizes of arsenic anions and iron oxide nanoparticles, and the 
dimension of the cartridge are not to scale. 
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surface (Scheme S1a, Supporting Information), or exist as 
aggregates (Scheme S1b, Supporting Information). Because 
aggregation can decrease the reactivity of nanoparticles, [  34  ]  it 
is important to determine the distribution of  γ -Fe 2 O 3  inside 
the composites. However, traditional TEM images are the two-
dimensional representation of a three-dimensional object, [  35,36  ]  
thus it is diffi cult to differentiate two scenarios (Scheme S 1 a,b, 
Supporting Information), but important for applications such 
as catalysis and separation. [  37  ]  To solve this problem, elec-
tron tomography (ET), a fast developing technique for the 3D 
imaging of complex materials, [  35  ]  was employed.  Figure    2  a dis-
plays the ET slices of Fe 3 MOSF in a selected position (yellow 
cross) viewed from three orthogonal directions ( xy, xz, yz ). If 
the aggregation of  γ -Fe 2 O 3  nanoparticles occurs, it should be 
observed from at least one direction. However, only separated 
and well-dispersed dark dots can be seen from  xy ,  xz , and  yz  
directions (indicated by black arrows in Figure  2 a), indicating 
that  γ -Fe 2 O 3  nanoparticles mainly attach on the silica wall sur-
face without aggregation. Besides, the large pore structure of 
MOSF is still retained at the highest metal oxide content, ben-
efi cial for the diffusion of arsenic species into the pores at a 
high fl ux.  

 The restructured 3D structures of three individual pores 
with polyhedral morphology [  32  ]  containing  γ -Fe 2 O 3  (the area 
highlighted in Figure  2 a) are also shown for the direct visuali-
zation (Figure  2 b). For clear visualization, the 3D reconstruc-
tion was performed by selecting nanoparticles with relatively 
large particle sizes. Most of the  γ -Fe 2 O 3  nanoparticles (repre-
sented by the red colour) are anchored on the pore walls (rep-
resented by the blue, yellow and green colors) as well-dispersed 
state (similar to the case shown in Scheme S1a, Supporting 
Information), rather than forming aggregates inside the pores 
(the case illustrated in Scheme S1b, Supporting Information), 
leading to the increased active sites. The tomographic recon-
structed structures of a local area in the blue polyhedron viewed 
from different directions are also displayed (Figure  2 c–e). The 

contrast. [  33  ]  Thus, heavy atoms such as Fe appear brighter com-
pared to the light atoms (e.g., Si or O). As shown in Figure  1 d, 
a few bright dots can be found in the dark domain of MOSF 
containing Si and O, indicating the existence of heavy atoms, 
namely Fe.  

 Although the presence of nanoparticles in MOSF is con-
fi rmed, the distribution of nanoparticles in respect to the pore 
space is still unknown. Nanoparticles may exist inside the pores 
or on the external surface. Given inside the pore, nanoparticles 
may be spatially well-dispersed and attach on the silica wall 

      Figure 1.  TEM images of a) pristine MOSF, b) Fe 3 MOSF at a low magni-
fi cation and c) a higher magnifi cation. d) DF-STEM image of Fe 3 MOSF. 
Inset of (c) is the HRTEM image of  γ -Fe 2 O 3  nanoparticles inside the pores 
of MOSF. 

      Figure 2.  a) ET slices viewed from three orthogonal directions ( xz, xy, yz ). b) Reconstructed 3D structure of three separated pores containing  γ -Fe 2 O 3  
nanoparticles. Images (c–e) are the reconstructed 3D structure of a local area in the blue pore viewed from  xy ,  yz , and x z  directions. Green, blue and 
yellow represent three individual polyhedrons and red stands for  γ -Fe 2 O 3  nanoparticles. 
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 Fourier transform infrared (FTIR) spectra of MOSF, 
Fe 3 MOSF and two intermediate samples (MOSF-Fe and MOSF-
Fe-HAc) are shown in Figure S4, Supporting Information. The 
spectrum of MOSF (Figure S4a) shows three peaks in 450, 810, 
and 1065 cm −1 , which can be attributed to the rocking, sym-
metric and asymmetric Si–O–Si stretching. [  38,39  ]  Two peaks in 
3745 and 970 cm −1  can be described as the stretching of iso-
lated silanols [  40  ]  and the Si–O in-plane stretching vibrations of 
the silanol groups, [  41  ]  respectively. After encapsulation of iron 
nitrate, the existence of nitrate anions in MOSF is suggested by 
two new peaks at 820 and 1398 cm −1  (Figure S4b, Supporting 
Information), which can be assigned to the bending and asym-
metric vibrations of nitrate anions. [  22  ]  In the following step of 
exposure to the vapors of acetic acid, the MOSF-Fe-HAc sample 
with a drastic changed FTIR spectrum (Figure S4c, Supporting 
Information) can be obtained. The peak appears at 1708 cm −1  
is due to the asymmetric stretching vibration of carboxyl 
(-COOH). [  42,43  ]  Besides, other four bands at 1585, 1444, 661 and 
613 cm −1  confi rm the formation of trinuclear Fe (III)-acetate 
complex. To be specifi c, two strong adsorptions at 1585 and 
1444 cm −1  are due to the asymmetric and symmetric vibrations 
of COO −  bridged to Fe (III), and another two bands with relative 
low intensity are attributed to the OCO and COO deformations, 
respectively. [  44,45  ]  The spectra of Fe 3 MOSF and pristine MOSF 
(Figure S4a,d, Supporting Information) are quite similar due 
to the silica matrix. The spectrum of Fe 3 MOSF also shows the 
characteristic peaks of H–O–H bending at 1638 and 1554 cm −1  
due to adsorbed water in sample (Figure S4d, Supporting 
Information). [  46  ]  Although the bands suggesting the forma-
tion of Fe–O–Si (around 900 and 680 cm −1 ) cannot be found 
in the spectrum of Fe 3 MOSF, [  47  ]  the absence of the band in 
3745 cm −1  (Figure S4d, Supporting Information) indicates the 
disappearance of free silanol groups and  γ -Fe 2 O 3  nanoparticles 
are bonded to silica surface by newly formed Si–O–Fe bond. [  46  ]  
Because the amount of Si–O–Fe bond may be low, thus it 
cannot be detected by FTIR. 

 In the range of 680–580 cm −1 , a broad band can be clearly 
seen, corresponding to the Fe–O vibration in magnetite (Fe 3 O 4 ) 
and maghemite ( γ -Fe 2 O 3 ). [  22,47  ]  Thus, the formation of iron oxide 
phase can be clearly indexed. However, it is diffi cult to distin-
guish  γ -Fe 2 O 3  from Fe 3 O 4  according to FTIR spectra, thus X-ray 
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) 
measurements were performed. As demonstrated in  Figure    4  , 
Fe  X  MOSF composites with different iron oxide loading amount 
have the similar diffraction patterns. The broad diffraction peak 
centered at  ≈ 22 °  is characteristic for amorphous silica. [  48  ]  With 
the introduction of iron species, the peak of amorphous silica 
weakens. Apart from the diffraction of silica, several other dif-
fractions (indicated by solid circles) can also be seen and the 
intensity increases gradually with the increase of iron oxide 
loading amount from 11.8 to 34.8 wt%. These peaks can be 
indexed to the diffractions of tetragonal phase  γ -Fe 2 O 3  (JCPDS 
Card No. 25–1402) with the cell parameter of  a   =  8.34 Å and 
 c   =  25.02 Å. The relatively broad diffractions also indicate the 
nanocrystalline nature of  γ - Fe 2 O 3  in MOSF.  

 The successful encapsulation of well-dispersed  γ -Fe 2 O 3  
inside MOSF was also confi rmed by XPS analysis. The survey 
spectrum of Fe 3 MOSF ( Figure    5  a) shows the presence of Si, O, 
C, and Fe, in accordance with the results of elemental maps. 

attachment of  γ -Fe 2 O 3  nanoparticles on the silica wall surface 
can be directly visualized from the models viewed from  xy  and 
 yz  directions. It is noted that the information provided by these 
two models (Figure  2 c,d) is similar to that of traditional TEM 
due to the thickness effect, thus diffi cult to tell whether nano-
particles are aggregated or not. Only the image viewed from  xz  
direction can minimize the thickness effect and provides the 
direct evidence to show that  γ -Fe 2 O 3  nanoparticles are well-dis-
persed in one individual pore. 

 Fe  X  MOSF composites with lower iron oxide loading amount 
(Fe 1 MOSF and Fe 2 MOSF) were also characterized by TEM. 
 γ -Fe 2 O 3  nanoparticles are also found in MOSF with the open 
pore network, but the number of particles is less compared to 
Fe 3 MOSF due to the lower content of iron oxide (Figure S2a–d, 
Supporting Information). Scanning electron microscopy (SEM) 
images show that even at the highest iron oxide content of 
34.8 wt%,  γ -Fe 2 O 3  nanoparticles still deposit in the macropo-
rous matrix (Figure S2e–f, Supporting Information), rather 
than on the external surface as large particles. [  16  ]  Energy disper-
sive X-ray (EDS) analyses of Fe  X  MOSF composites demonstrate 
the presence of the Fe element in MOSF (Figure S3, Supporting 
Information), and the atomic ratios of Fe to Si for Fe  X  MOSF 
composites are 10.8%, 19.8% and 37.4% ( X   =  1, 2 and 3, respec-
tively), very close to the feed ratio (Table S1). In addition, the 
presence of C, Na, and S is also detected by EDS. C comes from 
the carbon coating process before EDS analyses. The atomic 
percentage of Na and S are 0.25% and 0.18%, respectively, both 
originated from the trace amount of inorganic salt Na 2 SO 4  
used in the synthesis of MOSF. Elemental maps of Fe 3 MOSF 
elucidate the uniform distribution of  γ -Fe 2 O 3  nanoparticles in 
MOSF at micron scale ( Figure    3  ). Fe, Si, and O elements are 
uniformly distributed and well correlated with the shape of the 
sample area.  

      Figure 3.  a) HAADF-STEM image and c) the corresponding Si, c) O, and 
d) Fe elemental maps of Fe 3 MOSF. 
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a satellite peak located at 719.0 eV, which is the characteristic 
peak of  γ -Fe 2 O 3 , [  49,50  ]  can also be seen, indicating the well-dis-
persed iron oxide nanopaticles inside MOSF are  γ -Fe 2 O 3  rather 
than Fe 3 O 4 . The O 1s spectrum (Figure  5 c) can be well-fi tted 
to three peaks at 530.4, 532.7, and 533.9 eV, which are attrib-
uted to the binding energies of oxygen atoms bonded to Fe, Si, 
and C, respectively. [  51,52  ]  The binding energy of Si 2p is found to 
be 103.5 eV (Figure  5 d), in agreement with the binding energy 
values of SiO 2  in the previous study. [  53  ]   

 Nitrogen sorption analyses were carried out for pristine 
MOSF and Fe  X  MOSF composites, and their BET surface areas, 
pore sizes and total pore volumes are summarized in Table 
S1, Supporting Information. MOSF and Fe  X  MOSF compos-
ites show a typical type II adsorption isotherm, relatively large 
hysteresis loops, and capillary condensation steps at a rela-
tively high pressure ( P / P  0   >  0.9), indicating the presence of 
macropores (Figure S6, Supporting Information). Compared 
with MOSF with the surface area of 448 m 2  g −1  and pore volume 
of 1.62 cm 3  g −1 , a notable reduction in surface area from 250 to 
155 m 2  g −1  and pore volume from 1.57 to 0.49 cm 3  g −1  can be 
clearly observed with the introduction of  γ -Fe 2 O 3  from 11.8 to 
34.8 wt%. It is worth noting that even at a high-content loading 
of iron oxide (34.8 wt%), Fe 3 MOSF composite still possesses an 
open macroporous structure with a relatively large surface area 
and high pore volume, which are benefi cial for the fast diffu-
sion and transportation of arsenic species. 

 The formation of non-aggregated small  γ -Fe 2 O 3  nanopar-
ticles anchored on the pore wall surface is attributed to the 
homogeneous distribution of iron precursor inside the pores 

Very limited iron content (0.98 wt%) can be found on the outer 
surface of MOSF (Figure S5, Supporting Information), indi-
cating  γ -Fe 2 O 3  nanoparticles are almost completely encapsu-
lated in the macropores of MOSF, consistent with ET and SEM 
characterizations. Two photoelectron peaks located at 711.3 and 
724.5 eV are found in the Fe 2p spectrum (Figure  5 b), which 
can be assigned to the Fe 2p 3/2  and Fe 2p 1/2  of  γ -Fe 2 O 3 , respec-
tively. [  16  ]  The peak positions of Fe 2p 3/2  and Fe 2p 1/2  for Fe 3 O 4  
are comparatively lower located at 710.2 and 723.5 eV. Besides, 

      Figure 4.  The wide-angle XRD patterns of Fe  x  MOSF composites. 

      Figure 5.  a) XPS survey scan of Fe 3 MOSF and the corresponding fi ne spectra of b) Fe 2p, c) O 1s, and d) Si 2p. 
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for As (III), pristine MOSF adsorbs little arsenic with adsorp-
tion capacities of 8 mg g −1  for As (V) and 16 mg g −1  for As (III) 
(Figure S8, Supporting Information). However, the adsorption 
capacities can be signifi cantly increased by loading non-aggre-
gated  γ -Fe 2 O 3  nanoparticles into MOSF. As shown in  Figure    6  a 
and b, the As (V) and As (III) adsorption can both be well fi tted 
to Freundlich adsorption model according to the high correla-
tion coeffi cients ( R  2 , Tables S2,S3, Supporting Information), 
indicating the adsorption behaviors of As (V) and As (III) on 
Fe  X  MOSF composites can be regarded as a multilayer adsorp-
tion process. [  14  ]  Fe  X  MOSF composites show a signifi cantly 
increased As (V) adsorption capacities from 112 to 248 mg g −1  
while iron oxide content varying from 11.8 wt% to 34.8 wt%. 
Similar results are found in As (III) adsorption. But Fe  X  MOSF 
composites show a better adsorption ability of As (III) than that 
of As (V). The As (III) adsorption capacities of Fe  X  MOSF are 

of MOSF. After impregnation and exposure to vapors of acetic 
acid, trinuclear Fe (III)-acetate complexes are formed and fi xed 
on the wall surface of MOSF in a homogeneous way as shown 
in Figure S7, Supporting Information. Calcination at 400  ° C 
causes the thermal decomposition of Fe (III)-acetate com-
plexes and the formation of nuclei of  γ -Fe 2 O 3 . The nucleus of 
 γ -Fe 2 O 3  tends to grow into large nanoparticle by consuming 
surrounding iron precursors. However, the amount of avail-
able iron precursors in a local area is limited because of their 
homogeneous distribution pattern, thus restricting the growth 
of  γ -Fe 2 O 3  nanoparticles. Therefore, only non-aggregated small 
 γ -Fe 2 O 3  nanoparticles are found anchoring on the silica wall 
surface of MOSF. 

 Arsenic adsorption tests were carried out to evaluate the 
arsenic adsorption capacities of Fe  X  MOSF composites. At the 
initial concentrations of 560 mg L −1  for As (V) and 600 mg L −1  

      Figure 6.  a) As (V) and b) As (III) adsorption isotherms of Fe  x  MOSF composites; c) As (V) and d) As (III) adsorption tests of Fe  X  MOSF materials with 
the initial concentration of 100  μ g L −1 ; e,f) Adsorption kinetics of Fe 3 MOSF composite in high concentration range of 400 mg L −1  and low concentration 
range of 100  μ g L −1 , respectively. Inset of (e) is the plot of  t / q t   versus  t  using linear regression. 
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and negatively charged As (V) species is much stronger than 
that of neutral As (III) species, leading to the better As (V) 
adsorption performance in the range of 2–6. Besides, the reduc-
tion in As (III) adsorption capacity from 98 to 88  μ g g −1  in the 
acid range may be due to the partial dissolution of  γ -Fe 2 O 3  
nanoparticles, [  57  ]  which results in the reduction in the active 
sites. In contrast, in the neutral to basic condition of 6–10 (pH 
 >  pH PZC ), Fe 3 MOSF has the negatively charged surface, and 
the electrostatic repulsions exist between Fe 3 MOSF and nega-
tively charged arsenic species (H 2 AsO 3  −  and HAsO 4  2− ), which 
are predominant in this pH range. Such repulsions cause the 
reduction in As (III) and As (V) adsorption capacities in the pH 
of 6–10. 

 We also tested the effect of coexisting anions on the arsenic 
adsorption capacities. As shown in Figure S11, even in the pres-
ence of coexisting anions (Cl − , CO 3  2− , SO 4  2-  and PO 4  3− ) with an 
extremely high concentration of 1 g L −1 , a negligible decrease 
in the adsorption capacities of As (III) and As (V) can be seen, 
indicating the applicability of Fe  X  MOSF composite in the cap-
ture of arsenic in the practical application. 

 To further confi rm the effectiveness of Fe  X  MOSF composite 
in arsenic removal in water bodies, the adsorption experiments 
were performed in the real wastewater sample with the initial 
arsenic concentration of 400 mg L −1  since the composition 
in the real wastewater is more complicated. Although large 
amounts of other species exist in the wastewater (detailed 
information is shown in Table S5, Supporting Information), 
Fe 3 MOSF still shows an excellent performance with the adsorp-
tion capacities of 200 and 232 mg g −1  for As (V) and As (III), 
respectively, and the reductions in As (III) uptake is only 
0.65% (Figure S12, Supporting Information). These results fur-
ther confi rm applicability of Fe  X  MOSF composites in arsenic 
removal from real wastewater without any pre-treatment. 

 The Fe  X  MOSF composite after the adsorption test can be 
regenerated by stirring with 0.01 mol L −1  aqueous sodium 
hydroxide solution at 25  ° C for 4 h. In the second cycle, the 
adsorption capacities of regenerated Fe 3 MOSF are 176 mg g −1  
for As(V) and 248 mg g −1  for As (III) (Figure S13, Supporting 
Information). The deterioration of the capacity in the second 
cycle is 29.0% and 22.5% for As (V) and As (III), respectively. 

 The kinetic studies of As (III) and As (V) were carried out 
to evaluate the arsenic adsorption rate of Fe 3 MOSF with the 
highest arsenic adsorption capacities in both high and low 
concentration range, and the fi tting results are listed in Tables 
S2,S3, Supporting Information. The experiment data can be 
well fi tted to pseudo-second order kinetic model (Figure  6 e,f), 
indicating the adsorption process occurs through the chem-
ical interaction. [  58  ]  In the high arsenic concentration range of 
400 mg L −1 , the equilibrium can be reached in the fi rst 
30 mins (Figure  6 e), suggesting the very fast As (V)/As (III) 
adsorption rate of Fe 3 MOSF in such concentration range. 
The As (V) adsorption by Fe 3 MOSF is  ≈ 10 ×  faster than that 
of As (III) adsorption as indicated by the rate constants ( k , 
0.0014 g mg −1  min −1  vs 0.00015 g mg −1  min −1 ). In the low 
concentration range of 100  μ g L −1  (Figure  6 f), Fe 3 MOSF can 
rapidly remove 98% of As (V) within 10 min; while only 88% 
of As (III) is removed by Fe 3 MOSF in the fi rst 10 min, and 
the equilibrium is reached after 2 h with 98% of As (III) 
being adsorbed. Such results demonstrate that whether in 

144, 296 and 320 mg g −1  ( X   =  1, 2, and 3, respectively). The 
adsorption capacities of As (V) and As (III) of Fe 3 MOSF are both 
competitively larger than those of reported arsenic adsorbents 
(Table S4, Supporting Information). According to the iron oxide 
content in Fe 3 MOSF (34.8 wt%) and considering the contribu-
tion of bare MOSF to the adsorption capacities, the adsorption 
capacities of  γ -Fe 2 O 3  can be calculated as 675 and 890 mg g −1  
(Fe 2 O 3 ) for the removal of As (V) and As (III), respectively, 
about 4–6 times higher than those of nano-sized iron oxides 
(Table S4, Supporting Information).  

 The high performance should be attributed to structure of 
Fe  X  MOSF composites: the open large pores facilitate the diffu-
sion and transportation of arsenic; the high-content and well-
dispersed iron oxide nanoparticles provide increased active sites 
for adsorption. XPS was used to confi rm the adsorption of As 
by Fe  X  MOSF composites. As shown in Figure S9a (Supporting 
Information), the survey spectrum of Fe 3 MOSF after arsenate 
adsorption shows the presence of Si, O, C, Fe, and As. The O 1s 
spectrum (Figure S9b, Supporting Information) presents three 
peaks with the bonding energies of 529.9, 530.7, and 532.7 eV, 
which can be assigned to the binding energies of oxygen atoms 
bonded to As, Fe, and Si, respectively. [  17,52,54  ]  The binding 
energy of As 3d is found to be 44.8 eV (Figure S9c, Supporting 
Information), indicating the presence of As–O. [  17  ]  

 Apart from the high adsorption capacities for both As 
(V) and As (III) in the relatively high concentration range, 
Fe  X  MOSF composites also exhibit an excellent adsorption per-
formance in the low arsenic concentration range. In the natural 
water bodies, the low to middle arsenic concentration range is 
 ≈ 100  μ g L −1 . [  55  ]  As shown in Figure  7 c,d, with the initial arsenic 
concentration of 100  μ g L −1 , the equilibrium concentration of 
As (V) and As (III) can be both reduced to lower than 2  μ g L −1  
even by Fe 1 MOSF with the lowest iron oxide content, sug-
gesting the good arsenic adsorption ability of Fe  X  MOSF in the 
low concentration range. 

 Because arsenic species distribution is dependent on the 
pH and redox potential of the natural environment, [  2,4,8  ]  the 
pH value of the water bodies could signifi cantly infl uence the 
adsorption performance of arsenic. Therefore, the effect of the 
initial pH of arsenic solutions on the adsorption capacities was 
investigated. The experiment was performed with the initial As 
(III)/As (V) concentration of 100  μ g L −1  and the contact time of 
24 h. The pH value is adjusted between 2 and 10. As shown in 
Figure S10a (Supporting Information), with raising pH values 
from 2 to 10, the As (V) uptake capacity keeps constant at 
98  μ g g −1  in the range of 2–6, followed by dropping to 
49  μ g g −1  in pH 10. While the maximum As (III) adsorp-
tion capacity of 98  μ g g −1  is found in pH 6, increasing and 
decreasing the pH of the solution can both cause the reduction 
in adsorption capacity. The difference in adsorption capacities 
as a function the solution pH can be explained by the change of 
the arsenic speciation and the surface charge of the Fe 3 MOSF 
adsorbent. The point of zero charge (pH PZC ) of Fe 3 MOSF is 
measured to be  ≈ 6.1 (Figure S10b, Supporting Information). 
The surface of Fe 3 MOSF is positively charged at pH < pH PZC , 
and in the pH range of 2–6.1, the predominant species of 
As (III) and As (V) are H 3 AsO 3  with no surface charge and 
H 2 AsO 4  −  with negative charge, respectively. [  56  ]  Apparently, the 
electrostatic interaction between positively charged Fe 3 MOSF 
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from polluted water, and can be used in combination with other 
advanced water treatment methods to meet the stringent limit 
for water quality control.  

  4   .  Experimental Section 
  Materials : All the chemicals were used as received without further 

purifi cation. EO 20 PO 70 EO 20  [denoted as P123, where EO is poly-
(ethylene oxide) and PO is poly-(propylene oxide)] and Fe(NO 3 ) 3 ·9H 2 O 
were purchased from Sigma. Tetramethyl orthosilicate (TMOS) and 
Na 2 SO 4  were purchased from Aldrich. Other chemicals were purchased 
from AJAX chemicals. 

  Preparation of  γ -Fe 2 O 3 @MOSF : MOSF materials were synthesized at 
35  ° C in a pH  =  5.0 buffer solution in the presence of P123 according 
to the method reported previously. [  28  ]  Briefl y, at 35  ° C, P123 (1 g) and 
Na 2 SO 4  (1.7 g, 0.40  m ) were dissolved in pH  =  5.0 NaAc–HAc (Ac  =  
acetate) buffer solution (30 g) ( C  t   =  0.02  m , where  C  t   =   C  NaAc   +   C  HAc ) to 
form a homogeneous solution under stirring. To this solution mixture, 
TMOS (1.52 g) was added under stirring. After 5 minutes, the stirring 
was stopped. The resultant mixture was kept in a static condition for 24 
h and then hydrothermally treated at 100  ° C for another 24 h. The white 
precipitates were fi ltered, repeatedly washed with water to remove the 
inorganic salts, and then dried at room temperature. The fi nal MOSF 
products were obtained by calcination at 550  ° C for 5 h. 

  γ -Fe 2 O 3  nanoparticles encapsulated in MOSF composites were 
synthesized followed a protocol reported by Karakassides and 
co-workers. [  22  ]  Briefl y, MOSF (0.2 g) was dispersed in absolute ethanol 
(5 g), followed by the addition of a 20 wt% ethanolic solution containing 
Fe(NO 3 ) 3 ·9H 2 O. The mixture was stirred at room temperature until 
the solvents were evaporated. After that, the powder (named as 
MOSF-Fe) was transferred into a glass bottle which was further placed 
in an autoclave containing acetic acid ( ≈ 20 mL). The autoclave was 
heated in 80  ° C oven for 3 h. After cooling, the solid powder (named 
as MOSF-Fe-HAc) was dried at 80  ° C oven for 15 min to remove any 
physically absorbed acetic acid. The fi nal  γ -Fe 2 O 3 @MOSF composites 
were obtained after pyrolysis at 400  ° C for 30 min under a 5% H 2 –95% 
Ar atmosphere and at 150  ° C for 2 h in air. The weight percentage of 
Fe 2 O 3  in the fi nal products (denoted Fe  X  MOSF) was adjusted to be 11.8, 
21.0 and 34.8 wt% ( X   =  1, 2 and 3, respectively) as listed in Table S1, 
Supporting Information. 

  Arsenic Adsorption Test : Arsenic adsorption isotherm was acquired 
through batch experiments. Na 2 HAsO 4 ·7H 2 O and NaAsO 2  were selected 
as the sources of As (V) and As (III), respectively. The adsorbent 
(Fe  X  MOSF) (0.02 g) was mixed with solution containing different 
concentration of arsenic (ranging from 0.1 to 560 mg L −1  for As (V) and 
0.1 to 600 mg L −1  for As (III)) (20 mL), followed by shaking (200 rpm) 
at 25  ° C for 24 h to achieve equilibrium. After centrifugation, the arsenic 
concentration was analysed by the DigiPAsS Digital Portable Arsenic 
System, Palintest Ltd, England. The limit of detection is 2  μ g L −1 . 

 All adsorption isotherm data were fi tted with the Freundlich isotherm 
model. The Freundlich isotherm is expressed as follow:

qeq = k C 1/n
eq   (1)      

where  k  (mmol (1- n )  L  n   g −1 ) is the Freundlich constant that relates to 
the adsorption capacity, and  n  is the index that stands for adsorption 
strength, respectively. 

 The adsorption kinetic experiments were performed by mixing 
Fe  X  MOSF (0.02 g) with 20 mL of solution containing an initial As 
concentration of 400 mg L −1  or 100  μ g L −1 . The contact time ( t ) is 
calculated after the addition of adsorbent into the solution. The 
suspension was placed in a rotary shaker with the speed of 200 rpm 
at 25  ° C for 24 h. The suspension was separated by centrifugation at 
controlled  t  during the 24 h experiment for arsenic analyses. 

 The kinetic data of Fe@MOSF were fi tted to a pseudo second-order 
kinetic model, which can be expressed as:

high or low concentration range, Fe 3 MOSF composite can 
rapidly remove the arsenic species from wastewater without 
pre-treatment. 

 Finally, a jug with a home-made fi lter cartridge was built 
as a model device for household drinking water treatment 
(Scheme  1 c). When pouring water into the jug, water will pass 
through the fi lter cartridge due to the gravity. For household 
applications, the high arsenic adsorption capacity is an impor-
tant parameter considering the long-term use, thus Fe 3 MOSF 
composite was used to fi ll the fi lter cartridge. 30 g of a com-
mercially available adsorbent consisting of ion exchange resin 
and activated carbon for drinking water treatment was also used 
to assemble the cartridge as a comparison (the digital photo in 
Scheme  1 a). The cartridge fi lled with the commercial adsorbent 
can only reduce As (V) content from 50 to 30  μ g L −1  with 1 L of 
water poured through the jug. However, by mixing only 0.1 g 
of Fe 3 MOSF composite with 30 g of the commercial adsorbent, 
20 L of water containing As (V) can be continuously treated with 
the outlet concentration less than 10  μ g L −1  ( Figure    7  ), showing 
its promising application potential in drinking water treatment.   

  3   .  Conclusion 

 In summary, high-content and spatially well-dispersed  γ -Fe 2 O 3  
nanoparticles encapsulated in macroporous silica have been 
successfully fabricated as the effi cient arsenic adsorbents. At 
a high iron oxide content of 34.8 wt%, ET technique demon-
strates that  γ -Fe 2 O 3  nanoparticles are spatially well-dispersed 
within the macropores without blocking the open pore net-
work, which gives rise to increased adsorption sites and sub-
sequent high arsenic adsorption capacities. In addition to high 
uptake performance, both As (III) and As (V) species can be 
removed without any pre-treatment. Moreover, the residual 
arsenic concentration can be successfully reduced to 2  μ g L −1 . 
The composite also demonstrates excellent performance in 
household scale drinking water treatment. It is expected that 
the novel composites have great potential in arsenic removal 

      Figure 7.  As (V) concentration after passing through the home-made 
fi lter cartridge. 
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dt
= k qeq − qt
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(2)

      
where  q  eq  is the sorption capacity at equilibrium (mg g −1 ),  q t   is the 
amount adsorbed at a contact time  t  (mg g −1 ), and  k  is the rate constant 
(g mg −1  min −1 ). Nonlinear least-squares regression analysis was applied 
to acquire the best estimation of all constants for all the models in 
arsenic adsorption test. 

  Sample Characterization : All Fe  X  MOSF composites were 
comprehensively characterized using X-ray diffraction (XRD, Bruker 
D8 Advanced X-Ray Diffractometer with Ni-fi ltered Cu K α  radiation 
at a voltage of 40 mV and a current of 30 mA), scanning electron 
microscopy (SEM, Philips XL30 operated at 20 kV and JEOL JSM-
6460 equipped with energy-dispersive spectroscopy (EDS)), and 
transmission electron microscopy (TEM, FEI Tecnai F30 operated 
at 300 kV, and JEOL 2100 operated at 200 kV). The samples for TEM 
measurements were dispersed in ethanol by ultrasonication for 5 min 
and then supported onto a holey carbon fi lm on a copper grid. The 
N 2  adsorption-desorption isotherms were measured at –196  ° C on a 
nitrogen adsorption apparatus (Quadrasorb SI, Quantachrome) after 
degassing the samples at 180  ° C for 6 hours. The Brunauer–Emmett–
Teller (BET) surface areas were determined from the adsorption branch 
of the isotherm in a relative pressure range from 0.05 to 0.30. The pore 
size distribution (PSD) was determined using Broekhoff and de Boer 
(BdB) model from the adsorption branch. [  59  ]  The pH of the solution was 
measured by TPS labCHEM-pH meter. X-ray photoelectron spectroscopy 
(XPS) measurements were performed with a Kratos Axis Ultra X-ray 
photoelectron spectrometer (Perkin-Elmer). All spectra were acquired 
at a basic pressure of 2  ×  10 −7  Torr with Mg K α  excitation at 15 kV. All 
the results were analysed using the CasaXPS software and corrected 
by referencing the C 1s peak at 284.8 eV. [  60  ]  Fourier transform infrared 
(FTIR) spectra were collected with ThermoNicolet Nexus 6700 FTIR 
spectrometer equipped with Diamond ATR (attenuated total refl ection) 
Crystal. For each spectrum, 128 scans were collected at a resolution of 4 
cm −1  over the range 400–4000 cm −1 . Electron tomography was performed 
using a FEI Tecnai F30 electron microscope operating at 300 kV. 
All TEM images were recorded at a given defocus in a bright-fi eld mode 
to show the thickness contrast. The ET specimens were prepared by 
dispersing the powder samples in ethanol by ultrasonication for 5 min 
and then depositing them directly onto copper grids (2000  ×  1000 slot, 
Proscitech) with Formvar supporting fi lms. Colloidal gold particles (10 nm) 
were deposited on both surfaces of the grid as fi ducial markers for the 
subsequent image alignment procedures. The tomographic tilt series 
were carried out by tilting the specimen inside the microscope around 
a single axis from 73 °  to –73 °  at an increment of 1 °  under the electron 
beam. Data processing was carried out by IMOD software. [  61  ]   
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