
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
A

ug
us

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 1

0:
39

:4
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Meso- and macr
aDepartment of Chemical and Geological Scie

per Sestu, 09042 Monserrato, CA, Italy. E-m
bConsorzio Interuniversitario Nazionale pe

(INSTM), Cagliari Unit, Via Giuseppe Giusti
cLeibniz-Institut für Polymerforschung Dres

Germany. E-mail: schwarz-dana@ipfdd.de

† Electronic supplementary informa
10.1039/d1na00487e

‡ These authors equally contributed to th

Cite this:Nanoscale Adv., 2021, 3, 6100

Received 25th June 2021
Accepted 22nd August 2021

DOI: 10.1039/d1na00487e

rsc.li/nanoscale-advances

6100 | Nanoscale Adv., 2021, 3, 6100
oporous silica-based arsenic
adsorbents: effect of pore size, nature of the active
phase, and silicon release†
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Arsenic pollution in ground and drinking water is a major problem worldwide due to the natural abundance

of arsenic by dissolution from ground sediment or mining activities from anthropogenic activities. To

overcome this issue, iron oxides as low-cost and non-toxic materials, have been widely studied as

efficient adsorbents for arsenic removal, including when dispersed within porous silica supports. In this

study, two head-to-head comparisons were developed to highlight the As(V)-adsorptive ability of meso-

and macrostructured silica-based adsorbents. First, the role of the textural properties of a meso-(SBA15)

and macrostructured (MOSF) silica support in affecting the structural-morphological features and the

adsorption capacity of the active phase (Fe2O3) have been studied. Secondly, a comparison of the

arsenic removal ability of inorganic (Fe2O3) and organic (amino groups) active phases was carried out on

SBA15. Finally, since silica supports are commonly proposed for both environmental and biomedical

applications as active phase carriers, we have investigated secondary silicon and iron pollution. The

batch tests at different pH revealed better performance from both Fe2O3-composites at pH 3. The

values of qm of 7.9 mg g�1 (53 mg gact
�1) and 5.5 mg g�1 (37 mg gact

�1) were obtained for SBA15 and

MOSF, respectively (gact stands for mass of the active phase). The results suggest that mesostructured

materials are more suitable for dispersing active phases as adsorbents for water treatment, due to the

obtainment of very small Fe2O3 NPs (about 5 nm). Besides studying the influence of the pore size of

SBA15 and MOSF on the adsorption process, the impact of the functionalization was analyzed on SBA15

as the most promising sample for As(V)-removal. The amino-functionalized SBA15 adsorbent (3-

aminopropyltriethoxysilane, APTES) exhibited a qm of 12.4 mg g�1 and faster kinetics. Furthermore, issues

associated with the release of iron and silicon during the sorption process, causing secondary pollution,

were evaluated and critically discussed.
Introduction

As observed in more than 70 countries, arsenic pollution is one
of the most critical environmental issues, due to its high toxicity
in low concentrations and the worldwide contamination of soils
and water.1,2 The presence of a high quantity of arsenic may be
due to natural processes (dissolution of minerals, microbial
activity, etc.) or human activities, such as mining, metallurgical
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industry, combustion of fossil fuels, and pesticides.3 The World
Health Organization has set a threshold level of 10 mg L�1 for
arsenic content in drinking water. However, there are several
parts of the world where people only have access to contami-
nated water. In the natural aquatic environment (4# pH# 10),
inorganic arsenic exists in pentavalent (As(V)) and trivalent
(As(III)) forms, generating deprotonated arsenic (H2AsO4

�,
HAsO4

2�) and arsenious acid (H3AsO3).4 There are various
factors that can inuence the speciation, mobility, bioavail-
ability, and solubility of arsenic in water, as the pH, redox
potential, competing ions, and biological transformation, thus
determining the different toxicity levels.5–8 For these reasons,
global policies consider arsenic remediation urgent, and there
are several removal methods including: precipitation, ltration,
electrocoagulation, membrane processes, and adsorption.9–12

Among them, adsorption is becoming a more and more studied
and applied technology, thanks to the high efficiency, low cost,
regeneration possibility, and exibility.12–15 There are indeed
© 2021 The Author(s). Published by the Royal Society of Chemistry
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many materials employed for the adsorption of arsenic, such as
activated carbon,16–18 zeolites,19–21 MOFs,5,9,22,23 graphene
oxides,5,24 carbon nanotubes,5,24,25 and nanoparticles
(NPs).3,24,26–28 The latter ones, because of their small size,
possess a high surface/volume ratio, and therefore high acces-
sibility of active sites, and are intriguing for this type of appli-
cation. For instance, iron oxides are known to be active for the
removal of arsenic,29–32 both in the form of As(III) and As(V), and
are also low cost, easy to synthesise, and non-toxic.33–35However,
chemical stability at low pH, the accessibility of active sites
upon aggregation, and the regeneration of NPs should be
considered. In this framework, iron oxide NPs can be grown
within silica pores (meso or macro), having high specic surface
area to achieve high accessibility to the active phase, being
stable at acidic pH, and preventing the leaking and the aggre-
gation of the attached NPs.36–39 Moreover, silica can be easily
functionalized with organic molecules and biopolymers, able to
link metals and oxyanions.40–49 Porous amorphous silica can
feature micro-, meso-, or macropores, in an ordered or disor-
dered structure. Usually, ordered mesoporous silicas, i.e.,
mesostructured, such as MCM-41, MCM-48, SBA-15, and KIT-6,
are the most employed supports for hosting active phases, and
they have already been successfully adopted for arsenic removal
in composites with TiO2,50 CoFe2O4,36 MnO2,37 CuO,38 and
Fe2O3.39 Mesostructured silica has also been applied for water
remediation with several organic functional groups, especially
thiol40–43 and amino functionalities,44–49 revealing high perfor-
mance and easy regeneration. In addition, macroporous silica
(macroporous ordered siliceous foams, MOSF)51–61 has been
used as a support, sometimes coupled with mesopores.62,63 The
wider pores, even though the matrix features less surface area,
could, in principle, facilitate the accessibility of the sites,
allowing an increase in operating ux and pressure of the
ingoing water as a potential column material. Indeed, despite
mesopores allowing the access and transfer of molecules and
ions, such as arsenate, the organic graing as well as the
functionalization with inorganic phases could yield in pore
blockage and uneven distribution within the pores, affecting
the kinetics.64–66 Both these types of support offer the possibility
to host various inorganic and organic active phases toward
different pollutants, paving the way to a single multitarget
adsorbent platform. Nevertheless, the role of the different
textural properties of a meso- or macrostructured silica support
in leading to different structure, morphology, and adsorption
capacity for the same active phase has not been investigated so
far, together with the comparison of arsenic removal capacity of
inorganic and organic arsenic active phases. Another lacking
aspect that is rarely treated is the risk of secondary pollution
deriving from the use of sorbents. This is probably due to the
fact that among the water treatment techniques, the most
promising one in terms of a minimal production of secondary
pollutants is based on the use of sorbents, made up of different
materials.12,67 However, it is known in the literature that silica,
when nanosized, can show size-dependent cytotoxicity.68,69

Moreover, the toxicity of iron oxide magnetic nanoparticles is
not well explored despite their extensive use in biomedicine and
environmental applications.70
© 2021 The Author(s). Published by the Royal Society of Chemistry
For this reason, it is important to provide evidence for silica
supports and iron oxide active nanophase as being mechan-
ically and chemically stable under adsorption test conditions.
These skipped issues are key ones, and might even prevent the
use of the systems, or at least should be taken into account for
further proper development of subsequent adsorbent
technologies.

In this work, a head-to-head comparison between meso- and
macroporous ordered silica-based arsenic adsorbents, as well as
between inorganic and organic active phases loaded on the
same support, has been presented. In detail, the arsenic
removal from 15% w/w iron oxide-based mesostructured (15Fe-
SBA15) andmacrostructured (15Fe-MOSF) silica composites has
been compared, studying the pH and initial concentration
inuence in batch tests. The iron oxide-SBA-15 composite has
been further compared with an amino-functionalized SBA-15
(APTES-SBA15). Finally, attention has also been paid to the
possible contamination of water by silicon and iron released
from the composites during the adsorption tests.
Experimental
Chemicals

Pluronic 123 (P123), hydrochloric acid (37% w/w), sodium
acetate (NaAc, 99% w/w), sodium sulfate (99.2% w/w), and
toluene (99.7% w/w) were purchased from VWR International
S.r.l. Acetic acid (HAc, 99.8% w/w) and tetraethyl orthosilicate
(TEOS, 98% w/w) were purchased from Aldrich. 3-Amino-
propyltriethoxysilane (APTES, 97%), ethanol (96% w/w), iron(III)
nitrate nonahydrate (98% w/w), and n-hexane (97% w/w) were
purchased from Sigma-Aldrich. For the pH adjustment of the
adsorption experiments, NaOH and HCl (Titrisol®, 0.1 M and 1
M) were purchased from Merck. For the adsorption experi-
ments, arsenic(V) standard solution (10 000 mg mL�1 As in 10%
HNO3) (item number 4400-10M31) was used from CPI Interna-
tional. For all adsorption experiments, ultrapure water puried
by a Milli-Q Advantage A10® system (total organic carbon ¼ 5
ppb, specic resistance of 0.741 mS cm�1) was used.
Synthesis of the silica supports

Synthesis of SBA-15. The SBA-15 sample was synthesized
following the procedure described by Zhao et al.71 A solution of
surfactant was prepared by vigorously stirring for 16 h a mixture
of 6.68 g of Pluronic P123, 50.0 g of distilled water and 200.0 g of
HCl (2 M) in an ethylene glycol bath maintained at 36 �C, until
a clear solution was obtained. Aer that, 15 mL of tetraethyl
orthosilicate (TEOS) was added drop wise and maintained
under vigorous stirring for 24 h at 36 �C to allow the hydroxyl-
ation and condensation reactions. The resulting milky white
suspension was transferred into a Teon-lined autoclave and
heated statically to 100 �C for 24 h. The resulting white
precipitate was recovered by ltration washing with large
amounts of warm distilled water, and dried at 35 �C for 24 h.
The nal product was calcined under an air atmosphere at
550 �C for 5 h (heating rate 2 �C min�1) to remove the organic
template.
Nanoscale Adv., 2021, 3, 6100–6113 | 6101
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Synthesis of MOSF. The MOSF sample was synthesized
following the procedure described by Wang et al.61 At 35 �C,
P123 (4.6 g) and Na2SO4 (7.7 g) were dissolved in pH¼ 5.0 NaAc–
HAc buffer solution (135 g) (Ct ¼ 0.02 M, where Ct ¼ CNaAc +
CHAc) for 16 h to form a homogeneous milky solution under
stirring. To this solution mixture, TEOS (10.24 mL) was added
under stirring. Aer 5 min, the stirring was stopped. The
resultant mixture was kept in a static condition for 24 h and
then transferred into a Teon-lined autoclave and heated to
100 �C for 24 h. The mixture was centrifuged, and the super-
natant discarded. The solid was repeatedly washed with warm
water to remove the inorganic salts, and then dried at room
temperature. The nal product was obtained by calcination
under air at 550 �C for 5 h (heating rate 2 �C min�1) to remove
the organic template.
Synthesis of the adsorbents

Synthesis of 15Fe-SBA15. The two solvents incipient wetness
impregnation route was adopted as reported in previous
work.72,73 2.0 g of dried silica sample (120 �C for 48 h in air) was
suspended in 50 mL of n-hexane and kept under stirring at
300 rpm for 2 h at room temperature, and then 2.6 mL of the
metal precursor aqueous solution (Fe(NO3)3$9H2O, 1.7 M) was
added dropwise. Aer 2 h, the dispersion was heated to 80 �C on
a hot plate until complete evaporation of the hexane, and then
kept in an oven at 80 �C overnight. Finally, the product was
calcined at 500 �C (heating 2 �C min�1) for 2 h in order to
decompose the iron nitrate. The theoretical amount of the
active phase corresponds to the actual amount since the
method does not involve any liquid/solid separation and
washing steps.

Synthesis of 15Fe-MOSF. The impregnation procedure was
the same as for 15Fe-SBA15, with the following amounts of
silica and iron nitrate solution used instead of those previously
reported: 1.7 g of silica and 3.38 mL of iron nitrate 1.1 M.

Synthesis of APTES-SBA15. 1.50 g of SBA-15 was dispersed in
80 mL of toluene and heated at 80 �C under stirring. Then,
1.65 mL of APTES (97%) was added to the mixture and stirred at
80 �C for 6 hours. The resulting mixture was ltered and the
solid washed with ethanol and distilled water. The product was
dried at 60 �C overnight.
Sorption tests

0.1 g of adsorbent was placed in a 50 mL centrifuge tube with
20 mL of arsenic solution at different pH (3–9), obtained by
adding NaOH or HCl. Different concentrations of arsenic were
tested, from 1 to 200 mg L�1. The tubes were placed in a roller
shaker for 10 hours and 9 more hours at rest. Aerwards, the
tubes were centrifuged at 10 000 rpm for 10 minutes in order to
separate the solid from the liquid, then the liquid was ltered
through a 0.45 mm sieve. 8 mL of solution were transferred to
a 15 mL test tube together with 2 mL of nitric acid 20%w/w, and
analyzed by ICP-OES.

The adsorbed amount of arsenic (qe) was calculated by eqn
(1):
6102 | Nanoscale Adv., 2021, 3, 6100–6113
qe ¼ ðC0 � CeÞV
m

(1)

where C0 is initial concentration of arsenic solution (mg L�1), Ce

is the equilibrium concentration of arsenic in solution aer the
batch experiment (mg L�1), V is the volume of arsenic solution
(L), m is the amount of adsorbent (g). By plotting Ce vs. qe it was
possible to t the experimental data with the non-linear
regression forms of Langmuir (eqn (2)),74 Freundlich (eqn
(3)),75 Temkin (eqn (4)),76 Redlich–Peterson (eqn (5)),77 and
Dubinin-Radushkevich (eqn (6))78 isotherm models.

In the Langmuir isotherm model (eqn (2)), qm is the
maximum adsorption capacity (mg g�1), and KL is the Langmuir
constant (L mg�1), which is related to the energy of adsorption.
It assumes that each active site is equivalent, and it is ener-
getically irrelevant whether adjacent sorption centers are empty
or occupied.

qe ¼ qmKLCe

1þ KLCe

(2)

In the Freundlich isotherm model (eqn (3)), KF is the
Freundlich constant, which gives an estimation of the amount
of sorbate retained per gram of adsorbent at the equilibrium
concentration (mg1�1/n L1/n g�1), and n is a measure of the
nature and strength of the sorption process and the distribution
of active sites related to the surface heterogeneity (the hetero-
geneity of the system increases with n). It therefore assumes
that the sorption process occurs on non-equivalent active sites,
which is due to repulsion between sorbent species.

qe ¼ KFCe
1/n (3)

In the Temkin isotherm model (eqn (4)), bT (J g mol�1 L�1)
and KT (mg L�1) are parameters describing the adsorbate–
adsorbent interactions.

qe ¼ RT

bT
K lnðKTCeÞ (4)

It assumes that the heat of adsorption decreases linearly
with increasing amount of adsorbed species.

The Redlich–Peterson isotherm model (eqn (5)) is a hybrid
between the Langmuir and Freundlich models.

qe ¼ KRPCe

1þ aRPCe
bRP

(5)

Where KRP (L g�1), aRP (L mg�1), and bRP are the Redlich–
Peterson parameters.

In the Dubinin–Radushkevich isotherm model (eqn (6)), 3DR
(kJ mol�1) and KDR (mg L�1) are the Dubinin–Radushkevich
isotherm variable and constant, respectively.

qe ¼ qm eð�KDR3DR
2Þ (6)

The model is used to differentiate between physisorption
and chemisorption. The mean free energy of adsorption Eads (kJ
mol�1) can be calculated by the following eqn (7).
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00487e


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
A

ug
us

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 1

0:
39

:4
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Eads ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffi
2KDR

p (7)

For the kinetics, the adsorbed amount of arsenic at a certain
time (qt) was calculated through eqn 8

qt ¼ ðC0 � CtÞV
m

(8)

The plotted data qt vs. Ct was then tted by the pseudo-rst
order (eqn (9))79 and pseudo-second order (eqn (10)) kinetic
models.80

qt ¼ qe1

�
1� eðK

0tÞ
�

(9)

qt ¼ K 00qe22t
1þ K 00qe2t

(10)

where K0 and K00 are the psuedo-1st order and pseudo-2nd order
constants, respectively, and qe is the adsorbed amount at the
equilibrium time. The models were also analyzed in their line-
arized forms: eqn (11) for pseudo-1st order and eqn (12) for
pseudo 2nd order.

ln(qe � qt) ¼ ln qe � K0t (11)

t

qt
¼ 1

K 00qe22
þ t

qe2
(12)

The kinetic data were also t by the intraparticle diffusion
model (eqn (13))80

qt ¼ kit
1
2 þ xi (13)

where ki is the intraparticle diffusion constant (mg g�1 min�1/2).

Characterization

The solutions were analyzed by inductively coupled plasma-
optical emission spectrometry (ICP-OES) using an iCAP 7400
device from Thermo Scientic. Thus, 9 standards were used:
standard 1: As (200 mg L�1); standard 2: As (100 mg L�1), Si
(100 mg L�1), Fe (100 mg L�1); standard 3: As (50 mg L�1), Si
(50 mg L�1), Fe (50 mg L�1); standard 4: As (10 mg L�1), Si
(10 mg L�1), Fe (10 mg L�1); standard 5: As (5 mg L�1), Si
(5 mg L�1), Fe (5 mg L�1); standard 6: As (1 mg L�1), Si
(1 mg L�1), Fe (1 mg L�1); standard 7: As (0.5 mg L�1); standard
8: As (0.1 mg L�1); standard 9: As (0.05 mg L�1). To each sample
(4 mL) 4 mL of water and 1 mL of a 20% w/w nitric acid was
added prior to analysis.

The sorbent samples were characterized by small-angle and
wide-angle X-ray diffraction (SA-XRD, WA-XRD, respectively)
using a Seifert X3000 Cu Ka radiation (1.5418 Å). Calibration
of peak position and instrumental width were done using
powder LaB6 from NIST. Renement of the structural parame-
ters81 was performed by the Rietveld method using MAUD
soware,82 adopting the recommended tting procedures.83 CIF
structure COD ID used for the renement is 1 010 369.84 Wall
thickness was calculated as the difference between the lattice
© 2021 The Author(s). Published by the Royal Society of Chemistry
parameter (a0) obtained by SA-XRD and the pore diameter
(Dpore) by N2 physisorption.

Transmission electron microscopy (TEM) micrographs and
STEM-EDX analyses were obtained using a JEOL JEM 1400 Plus
system operating at 120 kV, equipped with an Oxford Aztec
spectrometer. The specimens were prepared by dropping an
ethanol dispersion of the sample on a 200-mesh carbon-coated
copper grid.

Thermogravimetric analysis (TGA) curves were obtained
using a PerkinElmer STA 6000, in the range 25–850 �C, with
a heating rate of 10 �C min�1 under 40 mL min�1 O2 ow.

Gas sorption measurements were performed using the
Autosorb iQ MP from Quantachrome Instruments. The samples
were activated by degassing in a vacuum (5 � 10�10 mbar) at
250 �C for 12 hours (heating rate 10 �C min�1). The nitrogen
sorption measurements were performed at 77 K. The Brunauer–
Emmett–Teller (BET) specic surface area was calculated from
the adsorption data in the p/p0 range 0.05–0.17.31 Total pore
volume was calculated at p/p0 ¼ 0.875, while mean pore diam-
eter was determined by applying both the density functional
theory (DFT) model (assuming N2 as the adsorptive gas, cylin-
drical pores, and a silica-based surface) on the isotherm
adsorption branch, and the Barrett–Joyner–Halenda (BJH)
model76 to the isotherm desorption branch.

Particle size measurements were measured at Morphologi
from Malvern. An 8 mm3 sample was applied to a glass plate
with the sample dispersion unit (SDU) with low energy. The
measurements were performed with the 10� lens (3.5 mm–210
mm) and 50� lens (0.5 mm–40 mm) with differential Z stacking.

SEM-EDX analysis was carried out using a scanning electron
microscope (SEM Ultra Plus, Carl Zeiss Microscopy GmbH,
Germany), equipped with an energy-dispersive X-ray spectros-
copy detector (EDX XFlash Quad 5060F, Bruker Nano GmbH,
Germany). For this purpose, the samples were xed with
double-sided adhesive carbon tape on an aluminum pin sample
tray and covered with platinum for SEM, and with carbon for
EDX, before the investigation starts. The EDX measurements
were carried out with an acceleration voltage of 6 keV at
different magnications. For topography and material contrast
SEM imaging, an acceleration voltage of 3 keV was used.

Zeta potential measurements were performed through
a Malvern Instrument Zetasizer Nano ZSP equipped with a He–
Ne laser (l ¼ 633 nm, max. 5 mW) and operated at a scattering
angle of 173�, using Zetasizer soware (version 7.03) to analyze
the data. The sample was prepared by suspending the
composites (5 mg mL�1) in distilled water and adding HCl and
NaOH to modify the pH from 2 to 9. The scattering cell
temperature was xed at 25 �C.

Results and discussion
Characterization of SBA15 and MOSF supports

Themesostructured (SBA15) andmacrostructured (MOSF) silica
supporting materials were synthesized and their porosity and
morphology subsequently studied by SA-XRD, N2-physisorption,
TEM, and SEM. The SA-XRD patterns of the bare SBA15 sample
(Fig. 1a) revealed the presence of three clear signals ascribable
Nanoscale Adv., 2021, 3, 6100–6113 | 6103
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Fig. 1 Small-angle XRD patterns (a), N2-physisorption isotherms
(adsorption in full circles and desorption in empty circles) (b) and DFT-
calculated pore size distributions (inset) of the bare SBA-15, 15Fe-
SBA15, and APTES-SBA15. Wide-angle XRD pattern (c), and N2-phys-
isorption isotherms (d), of the bare MOSF and 15Fe-MOSF.
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to the hexagonal structure of the mesopores (space group
P6mm). In the case of MOSF, no signals were revealed at small
angles, as expected for macrostructured materials.

The N2-physisorption isotherms reported in Fig. 1b show the
presence of an IVa isotherm for the SBA15 sample, which is
typical for mesoporousmaterials. Themesoporous contribution
of SBA15 is conrmed by the distinct step in the range 0.6–0.8 p/
p0 related to the capillary condensation phenomenon.85 The
calculated surface area for the bare support was 721 m2 g�1,
while the pore size, calculated by the DFT and BJH models,
Table 1 Surface area (SBET), pore volume (PV), calculated pore diamete
Joyner–Halenda (BJH) method (Dp (BJH)), wall thickness calculated by DF
cell parameter (a0) of the samples. Relative standard deviation: % RSD(S
obtained from X-ray diffraction data

Sample SBET (m2 g�1) PV (cm3 g�1)
Dp

(DFT) (nm) D

SBA15 721 0.94 7.6 6
15Fe-SBA15 600 0.73 7.2 4
APTES-SBA15 502 0.72 7.2 5
MOSF 229 0.26 n.a. n
15Fe-MOSF 219 0.24 n.a. n

6104 | Nanoscale Adv., 2021, 3, 6100–6113
resulted in 7.6 nm and 6.3 nm (Table 1, Fig. S1 and S3†). From
the difference between a0 and Dp, it is possible to estimate the
thickness of the pore walls, which is about 3 nm from the DFT
data and about 4 nm from the BJH model (Table 1). On the
contrary, the bare MOSF sample featured a type II isotherm
(Fig. 1d), typical of macroporous materials, with a specic
surface area of 229 m2 g�1, and with no micro or mesoporous
contributions (Table 1, Fig. S2†).

The secondary electron (SE)-SEM images of the two supports,
shown in Fig. 2, S4a and c,† highlight their morphological
features. Prisms with a hexagonal basis of about 500–700 nm
and height of about 700–1000 nm are present in the case of
SBA15 (Fig. 2a, b and S4a†). Hollow spheroidal and hemi-
spheroidal particles with sizes in the 150–1000 nm range are
visible for MOSF, although some larger particles are also
present (Fig. 2e, f and S4c†). The particle size distribution ob-
tained by image analysis (Fig. S5†), indicates the formation of
agglomerates of the primary submicrometric particles with
a maximum in the size distribution of about 30 mm for the
SBA15, and about 150 mm for the MOSF sample, with a number-
based circularity factor of around 0.5 for both samples (Table
S1†). Both MOSF and SBA15 samples showed an even grey color
distribution in the backscattered (BSE) SEM images (Fig. 2c and
g). The hexagonal mesostructure of SBA15 cannot be seen due
to the reduced pore size. On the contrary, a honeycomb archi-
tecture of the macropores of about 70–120 nm is clearly visible
for the MOSF support.

The TEM images of the bare SBA15 sample display at low
magnication (Fig. S6†), particles of about 1 mm, in agreement
with SEM data. At higher magnication (Fig. 2d), we see the
sample features a well-ordered hexagonal porous structure with
pores of 7–8 nm, consistent with the value found by N2-phys-
isorption. Conversely, the presence of macropores of about 70–
120 nm is clearly visible for the MOSF sample (Fig. 2h), in
agreement with SEM analysis.
Characterization of iron oxide-based composites

The impregnation of the supports led to the obtainment of
Fe2O3 NPs in the two most common crystalline phases, hema-
tite and maghemite. Indeed, the WA-XRD patterns of the iron-
bearing composites reported in Fig. 1c show a typical broad
band of amorphous silica at about 22�, accompanied by
reections at higher angles related to the Fe2O3. For 15Fe-
r by density functional theory (DFT) fit method (Dp (DFT)) and Barrett–
T (wt (DFT)) and BJH (wt (BJH)), lattice spacing (d100), and hexagonal unit

BET) ¼ 2.1%; % RSD (Vp) ¼ 1.1%; % RSD (Dp) ¼ 1.8%. d100 and a0 were

p (BJH) (nm)
wt

(DFT) (nm)
wt

(BJH) (nm) d100 (nm) a0 (nm)

.3 2.9 4.2 9.1 10.5

.5, 5.8 2.8 4.2 8.6 10.0

.8 3.1 4.5 8.9 10.3
.a. n.a. n.a. n.a. n.a.
.a. n.a. n.a. n.a. n.a.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of SBA15 (secondary electron (SE): (a and b); backscattered electron (BSE): (c)), and MOSF (SE: (e and f); BSE: (g)) supports.
TEM images of SBA15 (d) and MOSF (h) supports.
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SBA15, the reection at about 33� indicates the presence of
hematite, whilst those at 35� and 62� are common reections of
maghemite and hematite. Aware of the limits in the Rietveld
renement on complex systems as amorphous nanocrystalline
composites, an attempt was carried out taking into account the
two phases (Fig. S7†). The analysis pointed out that maghemite
is the primary phase (60–70%), and both phases are in the form
of nanocrystals of about 4–6 nm in size. The results suggest that
the particles are dispersed insides the pores, since the crystal-
lites size (4–6 nm) is lower than the pore size (6–7 nm). This is
also conrmed by the absence of nanoparticles outside the
matrix, as evidenced by TEM. The presence of maghemite is also
conrmed by its typical inter-lattice fringes revealed in the
HRTEM image reported in Fig. S8.†72,73,86–88

The three reections at about 33�, 35�, and 62� in the 15Fe-
MOSF WA-XRD pattern correspond again to the presence of
both Fe2O3 polymorphs with 3–5 nm-sized maghemite as the
primary component (70–80%), as conrmed by the tentative
Rietveld analysis (Fig. S7†). In comparison to 15Fe-SBA15,
a larger size (18–20 nm) of the hematite NPs derives from the
potential to grow within the macropores without the typical
constrictions of SBA15 mesochannels.

In order to further verify the Fe2O3 crystalline phase, DC
magnetometry measurements were performed on both
composites (DC Magnetic Measurements in ESI, Fig. S9 and
Table S2†). The results suggest for both samples, the presence
of maghemite NPs, which is in agreement with previous
work.72,73,86,87 The maghemite NPs were found to be responsible
for the observed magnetic behavior, conrming the hypothesis
based on the Rietveld renement of the WA-XRD patterns. On
the contrary, DC magnetometry cannot conrm the presence of
hematite NPs, whose magnetic behavior is probably masked by
the most intense ferrimagnetic response.

The 15Fe-SBA15 SA-XRD pattern (Fig. 1a) features, as the
parent support, the three typical reections ascribable to the
hexagonal pore structure, indicating the retention of the mes-
oporous structure aer the impregnation process. The N2-
physisorption isotherm (Fig. 1b) reveals a decrease in the
© 2021 The Author(s). Published by the Royal Society of Chemistry
surface area (from 717m2 g�1 to 600m2 g�1) and in the pore size
(from 7.6 nm to 7.2 nm by DFT, from 6.3 nm to 5.8 nm and
4.5 nm by BJH, Fig. S1 and S3†), due to the presence of the active
phase inside the pores in the form of small NPs, while pore
walls were not affected (Table 1). The presence of a bimodal
pore size distribution obtained by the BJH model for the 15Fe-
SBA15 can be justied due to the presence of small NPs instead
of the homogeneous lm of the impregnating phase on the
support, leading to smaller Fe2O3-impregnated pores and empty
larger ones.89 Conversely, only a slight decrease in the surface
area is evinced for the 15Fe-MOSF composite, from 226 m2 g�1

to 219 m2 g�1 (Fig. 1d and Table 1).
The morphological properties of the particles obtained by

SE-SEM (Fig. S4†) and image analyses (Fig. S5 and Table S1†)
indicate no remarkable changes in the composites with respect
to the corresponding bare supports.

The backscattered (BSE) SEM images for the samples SBA15
andMOSF aer the deposition of Fe2O3 are shown in Fig. 3a and
d. The 15Fe-SBA15 image features different grey levels with
darker and brighter rows ascribable to empty and full (Fe2O3-
impregnated) cylindrical mesopores of silica, in agreement with
the bimodal pore size distribution observed by the BJH model.
The EDX spectrum of 15Fe-SBA15 (Fig. S10†) shows the pres-
ence of Fe and Si, while the Fe mapping images reveal
a homogeneous distribution of Fe on the SiO2 surface (Fig. 3b).
The honeycomb architecture of the macropores of the MOSF
material is no longer visible aer the impregnation procedure,
probably due to the presence of the Fe2O3 NPs inside the pores
(Fig. 3d). The contrast in the BSE-SEM images of 15Fe-MOSF
shows even levels of grey, indicating homogeneous distribu-
tion of the small Fe2O3 NPs on the surface, as conrmed by the
elemental mapping images and spectra (Fig. 3e and S10†). The
TEM images of the two composites are shown in Fig. 3c and f.
15Fe-SBA15 reveals the presence of small particles (dark spots)
or dark channels all over the support, compatible with the pore
size of SBA15 and with no evidence of particles outside the
support, due to the efficient impregnation strategy.72,73,86–90 On
the contrary, the macroporous composite 15Fe-MOSF reveals
Nanoscale Adv., 2021, 3, 6100–6113 | 6105
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Fig. 3 Backscattered electron (BSE) SEM images (a and d), EDX elemental Femapping ((b and e), Fe is shown in red), TEM images (c and f) of 15Fe-
SBA15 and 15Fe-MOSF samples.

Fig. 4 Adsorption capacity from batch adsorption experiments with
100 mg L�1 As(V) solution on iron oxide-silica adsorbents at different
initial pH (pH0). 15Fe-MOSF is expressed in black, 15Fe-SBA15 in red.
Conditions: 20 mL solution (ultrapure water or 100 mg L�1 As(V)),
100mg 15Fe-MOSF or 15Fe-SBA15 sorbent dose, 25 �C, sorption time:
9 h shaking and 10 h resting. Further details on the adsorption
experiments can be seen in Table S4 and Fig. S12.†
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the presence of iron oxide particles inside and outside the pores
of about 10–20 nm. The particles are difficult to visualize due to
the presence of the macroporous silica support. Nevertheless, it
seems that the presence of the iron oxide particles induces an
increase of the thickness of the macropore walls or the growth
as a separated phase in contact with the matrix. From the EDX
spectra of the outer particles surface, the local iron oxide
loading can be determined (Table S3†). For 15Fe-SBA15, the
outer surface weight loading for Fe2O3 is 10.9% w/w, while for
15Fe-MOSF, it is 24.2% w/w. These results indicate a higher
incorporation of the Fe2O3 NPs into the pore structure for 15Fe-
SBA15, while in the case of 15Fe-MOSF, the NPs are deposited
more on the outer surface. Indeed, the total active phase
content in the nal sorbent is 15% w/w, as assured by the
synthesis method that does not allow mass loss of the Fe2O3

phase.
To sum up, the porous matrix plays a crucial role in the

formation of the active phase. While for SBA15 the mesopores
induced the crystallization of maghemite and hematite nano-
crystallites of particle diameters between 4 nm and 6 nm, in the
case of MOSF the presence of macropores led to about 18–20
nm-sized hematite nanocrystallites and 3–5 nm-sized maghe-
mite ones. Despite these differences, maghemite is the primary
component (60–80%) in the form of very small NPs (3–6 nm),
and both Fe2O3 phases are active towards arsenic species
adsorption.29–32 Therefore, they were tested and compared in
batch experiments at different pH values with the initial arsenic
concentration.

Arsenic removal batch experiments

To estimate the optimal pH value for the maximum adsorption
and analyze the adsorption mechanism, the rst experiment
focused on the pH-dependence of the adsorption capacity of the
6106 | Nanoscale Adv., 2021, 3, 6100–6113
Fe2O3-based adsorbents. There are four As(V) species at different
pH values having different charges, as can be seen in the Bjer-
rum plot in Fig. S11.†

Different pH conditions were tested, namely pH 3, 4, 5, 7,
and 9, to identify the best pH for the adsorption investigations
© 2021 The Author(s). Published by the Royal Society of Chemistry
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in the studied experimental conditions. The results (Fig. 4,
Table S4 and Fig. S11†) revealed a higher adsorption capacity at
pH 3, which decreases with increasing pH, as already observed
by other authors for both bare maghemite91 and hematite/
maghemite composites.29,31,51 Better performances were ach-
ieved by the mesostructured composite, especially at pH 3,
probably as a consequence of the interplay of more reactive
active phases (i.e., smaller NPs) and higher surface area. In the
literature, the effect of the size of NPs on the As(V) adsorption for
bare maghemite has been studied, showing better perfor-
mances for about 4 nm particles if compared to 12 nm and
18 nm particles, and a higher response at pH 3 for all the
adsorbents.91

Beyond iron oxides, amino groups are also proposed in the
literature as promising arsenic binding sites in a broad range of
pH.44–49 For this reason, the support of the composite featuring
the best performance (SBA15) in terms of arsenic removal, was
functionalized with (3-aminopropyl)triethoxysilane (APTES).
CHN analyses permitted us to evaluate 2.5% of NH2 groups and
9.1% of propylamine, which correspond to about 34% w/w of
APTES. The TGA curve of APTES-SBA15 (Fig. S13a†) from 25 �C
to 850 �C under an O2 atmosphere reveals a two-step weight
loss. The rst one, ending at about 100 �C, is associated with
water, while the second one, of about 10% weight loss and
between 290 �C and 600 �C, is correlated with the loss of pro-
pylamine, in very good agreement with CHN data.92–95 The
absence of weight loss at around 200 �C, typical of free APTES
molecules (Fig. S13b†), suggests that all the APTES is covalently
bonded to the silica surface. Moreover, the FTIR spectrum of
APTES-SBA15 (Fig. S13c†) shows the vibrational modes typical
of C–H stretching of CH3 and CH2 groups, besides those
ascribable to the adsorbed water (OH stretching mode at
z3450 cm�1, H–O–H bending mode at z1630 cm�1), and the
silica support (Si–O–Si at z1200, 1080, 800 cm�1, Si–OH at
z960 cm�1, and O–Si–O at z460 cm�1). Since the best
performances of the composites were obtained at pH 3, the
isotherms for the three sorbents were studied under the same
pH value. At this pH value, the APTES-SBA15 is also expected to
work better since the amino groups show the highest value of
positive surface charge (about +28 mV at pH 3) in the selected
range (pH 3–9), as indicated by the zeta potential vs. pH
measurements (Fig. S14†).

The qe vs. Ce plots (where qe was calculated by eqn (1)) at pH 3
for the three sorbents are shown in Fig. 5. The data are reported
in Table S5† (Fig. S15† for the corresponding pH values). The
data were tted by different isotherm models, as indicated in
the experimental section (Table 2): Langmuir (eqn (2)),
Freundlich (eqn (3)), Temkin (eqn (4)), Redlich–Peterson (eqn
(5)), and Dubinin-Radushkevich (eqn (6)).

Considering how the isotherm models describe the experi-
mental data (i.e., how far or close the experimental points are
with respect to the theoretical tting curves derived by the
different isotherm equations), together with the R2 values, the
Freundlich model is the most appropriate to describe the
sorption process, as also reported by other authors for similar
systems,29–32,51 and, therefore, the surface of the composites is
made of heterogeneous sites.96 Indeed, based on just R2 values it
© 2021 The Author(s). Published by the Royal Society of Chemistry
would have been concluded that Langmuir and Dubinin–
Radushkevich models are not suitable, while the best tting is
reached for Temkin for 15Fe-MOSF, Freundlich, Temkin, and
Redlich–Peterson for 15Fe-SBA15, and Redlich–Peterson for
APTES-SBA15. Freundlich R2 is always not so far from the
highest R2 also for 15Fe-MOSF (0.93 instead of 0.96) and APTES-
SBA15 (0.96 instead of 0.98) samples, meaning that more than
one isotherm model can be considered suitable. However, the
rst points in Fig. 5 in all experimental curves (range of Ce

between 0 and 60 mg L�1) are better tted by the Freundlich
model for all samples, in particular, the point at about
30 mg L�1 for 15Fe-MOSF and 15Fe-SBA15. Even though the
Langmuir and Dubinin–Radushkevich models are not the most
suitable for the adsorption process presented here, they permit
us to estimate the maximum adsorption capacity, which
corresponds to 5.5–5.3 mg g�1 (37–35 mg gact

�1), 7.9–7.4 mg g�1

(53–49 mg gact
�1), 12.4–9.2 mg g�1 (41–31 mg gact

�1) for 15Fe-
MOSF, 15Fe-SBA15, and APTES-SBA15, respectively.

Among the tested adsorbents, better performances for the
15Fe-SBA15 composite were reached compared with the 15Fe-
MOSF one, which can be again explained mainly by the
reduced size of the active phase NPs deriving from smaller pores
in the SBA-15 composite with respect to the MOSF one. Indeed,
also other authors have reported a qm act (qm of the active phase)
at pH 3 for 4 nm particles of about 50 mg g�1, which is
comparable to that of the 15Fe-SBA15 sample with a similar
maghemite particle size (5 nm) normalizing for the active phase
mass (53–49 mg gact

�1).91 The lower qm act value obtained for
15Fe-MOSF (37–35 mg g�1) agrees with the larger hematite
particle size (18–20 nm) and the related lower surface area.
These results highlight that the active phase (i.e., surface of the
NPs) is completely accessible in both composites, suggesting
that mesostructured materials are more suitable to disperse
active phases with small NPs as adsorbents for water treatment.

The obtained qm values for APTES-SBA15, calculated by the
Langmuir and Dubinin–Radushkevich isotherm models,
correspond to 12.4 and 9.2 mg g�1, which is higher than those
obtained by the iron oxide-based composites. The superior
adsorption capacity of APTES-SBA15 in comparison with 15Fe-
SBA15 can be due to the potential complete accessibility of
the APTES groups. Indeed, for the iron oxide modied silica,
only the groups on the surface of the Fe2O3 nanoparticles are
accessible and contribute towards adsorption.

The adsorption kinetics were studied at pH 3 for the 15Fe-
SBA15 and APTES-SBA15 sorbents in the contact time range
10–1140 min (initial As(V) concentration 10 mg L�1) (Table S6†).
The qt vs. t plots (Fig. 6a) were tted with the pseudo 1st and 2nd

order models, also in the linearized forms (Fig. 6b and c). The
APTES-SBA15 sorbent follows a pseudo 1st order model, as evi-
denced by the higher R2 and the closer theoretical adsorbed
amount ðq0

eÞ if compared to the experimental one
(qexpe ) measured aer 19 hours of testing (1.90 vs. 1.83 mg L�1).
Moreover, the maximum loading is reached aer 4 hours,
indicating faster adsorption process with respect to 15Fe-
SBA15. Indeed, in this latter sorbent, even though it features
a pseudo 1st order behavior as can be seen in the linearized
model (Fig. 6b), the kinetic constant is halved if compared to
Nanoscale Adv., 2021, 3, 6100–6113 | 6107
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Fig. 5 Sorption isotherms of As(V) on 15Fe-MOSF (a), 15Fe-SBA15 (b) and APTES-SBA15 (c). Conditions: pH ¼ 3, 20 mL As(V) solution, 100 mg of
sorbent dose, 25 �C, adsorption time: 9 hours shaking and subsequently 10 hours at rest. The isotherms were fitted by the Langmuir (blue),
Freundlich (red), Temkin (green), Redlich–Peterson (pink), and Dubinin–Radushkevich (brown) model. The corresponding pH values of the
adsorption experiments can be seen in Table S5 and Fig. S14.†
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APTES-SBA15 (5.3 � 10�3 vs. 10.5 � 10�3) and aer 4 hours of
testing only 40% of arsenic is removed. The pseudo 1st order
kinetic model was found by other authors for iron oxide-based
sorbents for arsenic and heavy metals removal.97 The qt vs. t

0.5

plots (Fig. 6d) were tted by the intraparticle diffusion model
that, up to 240 minutes, accounts for one single diffusion
mechanism. The faster adsorption rate of APTES-SBA15 is
visible also in this case, and it is reected in the rate constant
(ki) of almost one order of magnitude higher (Table 3).
Silicon and iron release

The silicon release from all adsorbents was also monitored
together with the iron release for the Fe2O3-based ones, since
this issue is rarely investigated (Tables S4, S5,† and Fig. 7).
Essentially, no iron is released (#0.4 mg L�1) aer the arsenic
adsorption process with an initial arsenic concentration of
about 100 mg L�1, in agreement with the results of Chen et al.
that have already shown that for pH values above 3.30 The iron
Table 2 Isotherm fitting parameters for adsorption of As(V) onto 15Fe-M
loading

Sample Isotherm R2 K (*) qm (mg g�1) qm act

15Fe-MOSF Langmuir 0.86 0.3 5.5 36.7
Freundlich 0.93 2.1 — —
Temkin 0.96 81.5 — —
Redlich–Peterson 0.95 31.5 — —
Dubinin–Radushkevich 0.82 3.5 5.3 35.3

15Fe-SBA15 Langmuir 0.90 0.3 7.9 52.7
Freundlich 0.94 2.9 — —
Temkin 0.94 90.8 — —
Redlich–Peterson 0.94 54.1 — —
Dubinin–Radushkevich 0.87 1.7 7.4 49.3

APTES-SBA15 Langmuir 0.95 0.04 12.4 —
Freundlich 0.96 1.8 — —
Temkin 0.97 0.55 — —
Redlich–Peterson 0.98 0.66 — —
Dubinin–Radushkevich 0.87 20.3 9.2 —

6108 | Nanoscale Adv., 2021, 3, 6100–6113
concentration decreased from 3–4 mg L�1 to 0.1 mg L�1 with
increasing initial arsenic concentration. This behavior suggests
that when the iron oxide binding sites are not saturated with
arsenic species, iron ions can be released into the solution due
to the acidic pH. On the contrary, when all the active sites are
saturated, iron ions are stabilized due to the bonds with arsenic
species (Scheme S1†).98–100

A noteworthy amount of silicon is detected for all adsorbents
and under all adsorption conditions (from 23 to 107 mg L�1)
(Fig. 7). A rst comparison between the two Fe2O3-based
sorbents for the adsorption tests at different pH reveals an
almost constant silicon content for the 15Fe-SBA15 adsorbent,
with values ranging from 52 to 60 mg L�1, and slightly lower
silicon concentrations, with values in the range 26–54 mg L�1,
in the case of 15Fe-MOSF (Table S4†), probably due to the lower
surface area of the macroporous material. The silicon release
was also monitored at pH 3 for different initial As(V) concen-
trations (Table S5†), revealing again higher silicon release for
OSF, 15Fe-SBA15, and APTES-SBA15 and corresponding active phase

(mg gact
�1) n bT (J g mol�1 L�1) aRP (L mg�1) bRP Eads (kJ mol�1)

— — — — —
0.2 — — — —
— 4176 — — —
— — 11.1 0.9 —
— — — — 0.38
— — — — —
0.2 — — — —
— 2962 — — —
— — 15.0 0.8 —
— — — — 0.54
— — — — —
0.4 — — — —
— 1040 — — —
— — 0.09 0.9 —
— — — — 0.16

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Sorption kinetics of As(V) on 15Fe-SBA15 (red) and APTES-SBA15 (violet). Kinetics model fitting (a), linearized pseudo 1st order fitting (b),
linearized pseudo 2nd model fitting (c), and intraparticle diffusion model fitting (d). Conditions: pH ¼ 3, 20 mL As(V) solution, 100 mg of sorbent
dose, 25 �C, adsorption time: 10–1140 minutes.
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the 15Fe-SBA15 in comparison with the 15Fe-MOSF (45–
49 mg L�1 against 23–29 mg L�1, respectively), with no trend as
a function of the arsenic concentration, different to what was
observed for the iron release. Since the iron release does not
follow the trend in the detected silicon, it is possible to
hypothesize that the released silica NPs do not contain iron
oxide and are therefore not mesostructured. This setback might
be overcome prior to the impregnation step by adopting
a proper separation process (e.g., centrifugation or ltration) to
remove the silica NPs. Unfortunately, the results related to the
silicon release during the adsorption tests cannot be compared
in the literature since only the arsenic adsorption performances
are commonly evaluated.

To further investigate the release of silicon, SBA15 and 15Fe-
SBA15 were placed in water with pH 5.5 and 3 (acidied with
Table 3 Kinetics parameters of the non-linearized forms and intrapartic

Sample qexpe (mg g�1)

Pseudo 1st order

q
0
e (mg g�1)

K0

(min�1) R2

15Fe-SBA15 1.81 1.67 5.3 � 10�3 0.55
APTES-SBA15 1.83 1.90 10.5 � 10�3 0.98

© 2021 The Author(s). Published by the Royal Society of Chemistry
HCl) and processed as the adsorption samples (Table S7†).
Firstly, all values for the silicon concentrations obtained at pH 3
are higher than those at pH 5.5, particularly for the 15Fe-SBA15
indicating that the pH has an effect when the support is
modied with iron oxide NPs. Furthermore, the results
compared with those acquired at different pH and initial
arsenic concentration (Table S7†) indicate that: (i) the MOSF
support and composite are responsible for the lowest silicon
release, probably due to their lower surface area if compared to
the SBA-based samples; (ii) the release in the 15Fe-MOSF
sample is strongly dependent on the arsenic concentration,
suggesting the role of the interaction between the arsenic
species and the surface on this phenomenon; (iii) for SBA15,
only a small effect from pH emerges, while there is no role of the
arsenic concentration, as expected in the absence of an active
le diffusion model for 15Fe-SBA15 and APTES-SBA15 sorbents

Pseudo 2nd order
Intraparticle Diffusion
Model

q
00
e (mg g�1)

K00

(g mg�1 min�1) R2 ki (g mg�1 min�0.5) R2

1.72 5.2 � 10�3 0.68 2.8 � 10�2 0.80
2.16 5.5 � 10�3 0.94 1.5 � 10�1 0.96

Nanoscale Adv., 2021, 3, 6100–6113 | 6109
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Fig. 7 (a) Concentration of iron released after adsorption experiments
with 100 mg L�1 As(V) at various pH (left) or at pH 3 at various initial
arsenic concentrations (right). (b) Concentration of silicon released
after adsorption experiments with 100 mg L�1 As(V) at various pH (left)
or at pH 3 at various initial arsenic concentrations (right). Conditions:
20 mL solution, 100 mg 15Fe-MOSF, 15Fe-SBA15 or APTES-SBA15
sorbent dose, 25 �C, sorption time: 9 h shaking + 10 hours still. The
corresponding pH values of the adsorption experiments can be seen in
Table S4 and S5.†
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phase; (iv) in the case of the 15Fe-SBA15, a higher averaged
silicon concentration is observed in all the conditions with an
active role of both the pH and arsenic concentration.

The highest silicon release is detected for the APTES-SBA15
sample, with values almost constant at about 100–107 mg L�1

for the initial As(V) concentration in the range 1–20 mg L�1,
while as the As(V) concentration increases, the silicon content
progressively lowers to about 70 mg L�1. TEM analysis on the
residue of the supernatant deriving from one of the adsorption
tests (APTES-SBA15, CAs ¼ 5 mg L�1, pH 3; Fig. S16a†) shows
that the silicon content in the solution is due to silica NPs (20–
150 nm) released from the adsorbent during the removal tests.
As a consequence of the repeated deposition of the diluted
dispersion onto the TEM grid and the evaporation of the
6110 | Nanoscale Adv., 2021, 3, 6100–6113
solvent, in some cases, it is possible to observe larger secondary
entities (Fig. S16a†) made up of silica primary NPs. Further-
more, STEM-EDX analysis on the silica aggregated NPs, also in
line prole, demonstrates the presence of silicon and oxygen in
the NPs (Fig. S16b–g†) and the absence of nitrogen and arsenic
(Fig. S16e†), suggesting that the silica NPs found in the super-
natant are mainly not functionalized with APTES. Taking into
account the intrinsic limitations of TEM analysis the presence
of APTES-SBA15 nanoparticles cannot be completely excluded.
A comparison with a non-graed SBA15 sample was also per-
formed to highlight possible effects deriving from organic or
inorganic functionalization (Table S5†). In this case, values in
the range 24–15 mg L�1 are observed with a progressive
decrease of the silicon release with increasing initial As(V)
concentration. The silicon release was found to follow the order:
SBA15 < 15Fe-SBA15 < APTES-SBA15. This trend cannot be
justied in terms of surface area (Table 1). Indeed, considering
that SBA15 features the highest specic surface area, one
should expect this sample to be responsible for the highest
silicon release. Therefore, the inorganic/organic functionaliza-
tion modies the silica surface, affecting its stability in water.
Moreover, an experiment conducted on APTES-SBA15 at pH 3 in
the absence of arsenic species, revealed a halved silicon
concentration if compared to those obtained with arsenic
concentration in the range 1–20 mg L�1. These results suggest,
as for the iron oxide-based sorbents, the strong role of adsorbed
arsenic species on the silicon release phenomenon.

Conclusions

In this work, insight into the behaviour of silica-based adsor-
bents, graed with iron oxide or amino groups as active phases
and tested for arsenic removal, is provided by paying attention
to (i) the role of the textural properties of the silica support, (ii)
the role of the nature of the active phase; (iii) the occurrence of
silicon secondary pollution phenomena. In detail, an Fe2O3-
based mesostructured material (SBA15) has been compared
with a macroporous one (MOSF), studying the effect of the pH
and the initial concentration. The SBA15 sample features mes-
opores of about 7–8 nm and maghemite and hematite nano-
crystals of about 4–6 nm, while the MOSF sample is formed by
macropores of 70–120 nm containing both hematite nano-
crystals with a size of 18–20 nm andmaghemite of 3–5 nm. Both
adsorbents showed better performance at lower pH (z3), while
the mesoporous sample revealed higher arsenic adsorption
capacity (7.9 mg g�1) than that of the macroporous ones (5.5 mg
g�1), mainly due to the smaller particle size and higher surface
area. The SBA15 sample was compared with a hybrid organic-
inorganic adsorbent, i.e., SBA15 functionalized with APTES
(2.5% w/w NH2). This latter sample features a higher adsorption
capacity and faster kinetics than the iron oxide-based counter-
part (12.4 mg g�1). The use of the Fe2O3-based samples does not
lead to iron release (<0.4 mg L�1). However, silicon leaking was
detected for all samples, probably caused by the detachment of
silica nanoparticles from the material. The silicon content was
found to be dependent on the surface area (mesostructured >
macrostructured), the pH (3 > 5), the post-synthesis surface
© 2021 The Author(s). Published by the Royal Society of Chemistry
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graing (graed > non-graed), the type of functionalization
(organic > inorganic), and the arsenic concentration for the
composites.
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