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H I GH L IG H T S

synthesis of hollow–wagon-wheel sorbent (with CA/CTAB sacriﬁced template).
• Simple
surface-area microporous hollow spheres of silica@Mo(VI) for As(V) sorption.
• High
order rate and Sips equations for modeling kinetics and isotherms.
• Pseudo-ﬁrst
as naked-eye sensor, the material detects As(V) at level as low as 0.3 µM.
• Used
• Eﬃcient As(V) desorption using 1 mM NaOH solution and high recycling performance.

A B S T R A C T

A simple method has been designed for preparing a new material based on the interactions of cellulose acetate
(mixed with an alkaline urea solution, CA/urea), cetyltrimethylammonium bromide (CTAB) with tetraethyl
orthosilicate in alcohol (CTAB/TEOS). In a second step, the material is loaded with molybdate. The nano-objects
produced by this procedure are characterized as microporous hollow spheres with a morphology similar to
hollow wagon-wheels. These materials were used not only for As(V) removal (speciﬁc aﬃnity of As(V) for Mo
(VI)), but also for naked-eye detection of As(V) in solution. The chemical and physical characteristics of these
nano-objects have been analyzed through XRD, FTIR, HR-TEM, EDX, TGA/DTG and N2 sorption/desorption
isotherms. The nano-sized sorbent/sensor has large surface-to-volume ratios (715.5 m2 g−1 and 0.295 cm3 g−1,
respectively). Sorption capacity reaches 2 mmol As g−1 at optimum pH 1.8. Fast mass transfer properties allows
reaching the equilibrium within 20–25 min (kinetics controlled by pseudo-ﬁrst order rate equation). This
structure allows ultra-fast, speciﬁc and pH-dependent visual detection of As(V): the limit of detection is evaluated to 0.3 µmol L−1 (limit of quantiﬁcation: ≈1 µmol L−1). The nano-particles show remarkable long-term
stability with good reproducibility after ﬁve regeneration cycles (loss in sorption and desorption eﬃciencies less
than 5%). The recovery of As(V) from dilute solutions reaches up to 93%, when applied to water collected from
Nile river.
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1. Introduction
The strong impact of inorganic contaminants on human health and
biotope, through possible carcinogenic, mutagenic and toxic eﬀects,
may explain the drastic policies on industrial wastewater but also the

⁎

development of treatment processes to ﬁt the regulations for drinking
water, feedstock and irrigation uses [1–5]. Arsenate is the highest
noxious among inorganic hazardous substances, as reported by WHO
and EPA organizations [5–9]. Arsenic is highly persistent in water
bodies and aquifers (being present under diﬀerent forms as inorganic As
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(V) and As(III) or as organoarsenate species), combined to bioaccumulation eﬀects in the food chain, this contaminant represents an important threat for human beings and animals. People exposed to chronic
arsenic contamination may develop cancers (especially to liver, lung,
kidney, prostate, bladder and gastrointestinal organs) in addition to
nerve tissue injuries, hard patches and skin pigmentation [10–13].
Trace levels of arsenite/arsenate are of special concern because of their
high irreversible damage to human cells. This worldwide problem affects over millions of humans due to naturogenic sources and anthropogenic causes, such as reﬁning petroleum and waste streams from
mineral processing [7,14–17]. Arsenic is also widespread in Egypt,
occurring in phosphate mineral and various other mineral deposits with
an average of 0.95 ppm [18,19]. In 2001, USEPA and WHO recommended the decrease of maximum allowable limit for As in
drinking water to 10 ppb [14,15,17].
Several methods have been investigated for the removal of As from
contaminated water such as adsorption, co-precipitation, nano-ﬁltration, coagulation, cementation or electrodialysis treatment techniques
[18–24]. Sorption processes show many advantages associated with
ﬁne selectivity, low cost, limited energy requirements (compared with
membrane processes) and limited production of sub-products and
sludge (compared with precipitation, coagulation-ﬂocculation). They
can be also used as pre-concentration steps in analytical processes [25].
Diﬀerent adsorbents such as metal oxides, activated carbons, resins,
impregnated resins [26], metal-organic frameworks (MOFs) [27], nanocomposites and biosorbents have been reported for As removal
[11,28–34]. Cellulose support modiﬁed with grafting of amine groups
has been used for the binding of copper and the metal-loaded sorbent
was eﬃciently used for As(V) recovery [35–38]. Molybdate ions are
well known for their aﬃnity for arsenate and this interaction has been
reported for developing analytical methods but also molybdate-impregnated sorbents that are highly eﬃcient for As(V) recovery [39,40].
The incorporation of Mo(VI) ions in a polymer composite (Silica/CACTAB) (associating silica and cellulose acetate (CA) treated with cetyl
trimethyl ammonium bromide (CTAB)) opens possibility for the support
to bind metal anions such as arsenate. This synthesis procedure allows
preparing new nano-spherical core/shell nanoparticles of SiO2@Mo(VI)
assembled in a wagon-wheel shape. This is a new way to synthesize a
microporous sorbent with an ultra-thin inorganic top layer of molybdate anions on silica surface. Silica particles incorporated with other
metal oxides show excellent thermal and mechanical stabilities, costeﬀective, nontoxic nature with relatively simple fabrication methods
and high adsorption capacities [41–46].
The study focuses on the evaluation of the sorption properties of this
new material for As(V) removal from aqueous solutions. However, this
material can be also used as a sensor; making proﬁt of (a) the interaction of the support for molybdate and arsenic, (b) the speciﬁc morphology and pore connectivity of the composite material, and (c) the
color change of the sorbent after As(V) binding through formation of
hydrogen bonds, electrostatic interactions and/or ion-pair complexation. The color change can be enhanced by reaction with ascorbic acid,
which involves a change in the oxidation state of metal species (especially molybdate) [47,48].
Many laboratory techniques were developed for detection and
quantiﬁcation of arsenic at trace levels, including atomic absorption
hydride generation and emission spectrometry (HG-AAS/AES), organic
ﬂuorophore based assays and high-performance liquid chromatography
(HPLC) [49–55]. Despite their high sensibility, these technologies
might not be suitable for periodical ﬁeld analysis because of the use of
costly, complex and/or time-consuming instruments. Therefore, new
approaches are of strategic importance for making available cost-effective, readily operable as well as highly sensitive methods and materials for the detection and quantiﬁcation of toxic species, such as As
(V), in water samples.
Furthermore, the complex formed between Silica/CA-CTAB@MoO
and As(V) changes its color in the presence of a small amount of

reducing agent such as ascorbic acid. Spectrophotometric measurements of the solution containing the fabricated optical microporous
sensor (in ascorbate-containing media) may be used for precise quantiﬁcation of arsenic traces. The study explores the impact of parameters
such as pH, contact time, temperature, arsenic concentration, presence
of co-existing ions on the sorption of As(V) but also on the analytical
potential of this new material (after ascorbic conditioning). The work
also investigates the re-use of the sorbent for a series of cycles of
sorption and desorption.
Thus, synthesized composite is a highly promising candidate for
elaborating optical sensor: its unique morphology, self-functionalized
surface, and physical properties enhance the sensitivity, selectivity, and
time-response of the sensor. The key result in this study is the ion-selective determination of arsenic in real matrix (Nile water) of the optical meso-captor, based on the porous structure of SiO2@Mo(VI)-HS.
2. Materials and methods
2.1. Materials
All materials were used as received with analytical grade and
without further puriﬁcation. Tetraethyl orthosilicate (TEOS, 99.9%),
cetyltrimethylammonium bromide (CTAB, 98%), cellulose acetate
powder
(CA),
ammonium
molybdate
tetrahydrate
[(NH4)6Mo7O24·4H2O], urea (98%), ammonium hydroxide, (33% NH3),
ethylenediaminetetraacetic acid (EDTA), NaOH, CuCl2, Fe(NO3)3,
MnCl2, PbCl2, Na2SO4, MgSO4, CaCl2, NiCl2, CoBr2, Hg(NO3)2, NaF,
Na2CO3, ZnCl2 and sodium arsenate dibasic heptahydrate
[Na2HAsO4·7H2O] were supplied by Sigma Aldrich (Taufkirchen,
Germany). Sulfuric acid (H2SO4, 96%) was purchased from Honeywell
(Seelze, Germany). Ascorbic acid (99%) and acetone (99.5%) were
obtained from Panreac (Barcelona, Spain). Metal salts such as KH2PO4,
AlK(SO4)2, KCl, CdSO4, CrCl3 and absolute ethanol were supplied by
Merck KGaA (Darmstadt, Germany).
2.2. Synthesis of SiO2@Mo(VI)-HS sorbent
The SiO2@Mo(VI)-HS sorbent was synthesized using the classical
sol–gel method as follows:
(i) First step: Preparation of alkaline CA solution. The alkaline cellulose solution (pH 10) was prepared by dissolving 0.2 g of cellulose
acetate in a mixture of 25 mL acetone, 0.2 mL ammonium hydroxide,
0.3 g urea and 5 mL demineralized water.
(ii) Second step: Preparation of SiO2/CTAB solution. One g of CTAB
surfactant was dissolved in 40 mL ethanol under agitation for 10 min;
2.2 mL of TEOS were then added dropwise for 25 min under stirring at
25 °C.
(iii) Third step: Synthesis of CA-cross-linked SiO2/CTAB nanospheres (SiO2/CTAB-CA composite). The SiO2/CTAB solution was
added dropwise to the alkaline CA solution into a 250-mL neck-round
ﬂask under vigorous stirring for 15 h at 25 °C. The molar ratios
TEOS:CTAB:CA were set at 1.0: 0.25: 0.1. The SiO2/CTAB nano-spheres
precipitated on cellulose ﬁbers and the as-made solid sample of SiO2/
CTAB-CA was collected, ﬁltered oﬀ and carefully washed with demineralized water and ethanol before being dried at 70 °C for 16 h in
sealed condition before preparing the Mo(VI)-functionalized material.
(iv) Fourth step: Molybdate immobilization for SiO2@Mo(VI)-HS
synthesis. Ammonium molybdate salt (i.e., 0.25 g) was dissolved in a
solution containing ethanol (35 mL), demineralized water (15 mL) and
ammonium hydroxide (1.5 mL NH3, 28–30% w/w); ammonium molybdate concentration was 4.0 × 10−3 M. A ﬁxed amount of SiO2/
CTAB/CA composite (i.e., 1 g) was added to ammonium molybdate
solution under vigorous stirring for 4 h at 25 °C. The SiO2/CTAB/CA@
Mo(VI) white ﬁltrate was precipitated, ﬁltered oﬀ and washed carefully
with demineralized water and ethanol before being dried at 70 °C for
16 h in sealed condition. The organic compounds (sacriﬁced CA

template and CTAB) were carefully removed by calcination at 550 °C
for 3 h (with a heating rate of 2 °C min−1) to obtain SiO2@Mo(VI)-HS
sorbent. For sensor/sorbent application, the sorbent (SiO2@Mo(VI)-HS,
1 g) was grinded in a mortar in the presence of ascorbic acid (powder,
10 mg). The mixture was referred as SiO2@Mo(VI)-Asc.
2.3. Material characterization
The FTIR spectra for the synthesized SiO2/CA-CTAB composite,
SiO2/CA/CTAB@Mo(VI) and the SiO2@Mo(VI)-HS → As(V) were
measured using Pye-Unicam Sp-883 PerkinElmer spectrophotometer,
(Waltham, MA, USA). SEM images were collected using a high-resolution Environmental Scanning Electron Microscope (Quanta 250 FEG,
FEI, Thermo Fisher Scientiﬁc, Hillsboro, OR, USA). TEM of the SiO2@
Mo(VI)-HS microporous was achieved using a JEOL JEM-1400 transmission electron microscope (JEOL, Ltd, Tokyo, Japan). The textural
properties SiO2@Mo(VI)-HS were measured using a BELSORP MIN-II
analyzer through nitrogen adsorption at 77 K (MicrotracBEL Corp.,
Osaka, Japan). Particle size distribution and zeta potential of SiO2@Mo
(VI)-HS were determined by dynamic light scattering using a Nano
Series Zeta Sizer (Malvern, Worcestershire, UK). The TGA/DTG analyses were acquired on a Shimadzu DT = TG-50 thermogravimeter,
under N2 atmosphere (Shimadzu, Kyoto, Japan). X-ray powder diffraction (XRD) measurements were carried out using a Philips X-ray
generator model PW 3710–31 and a diﬀractometer with automatic
sample changer model PW1775 (scintillation counter, Cu-target tube
and Ni-ﬁlter at 40KV and 30 mA). UV spectra were collected using a
UV–Vis-NIR spectrophotometer (Shimadzu 3700, Kyoto, Japan).
Finally, the concentration of As(V) in solution was quantiﬁed via a
calibration curve using UV spectrophotometer, double beam, CECIL
CE7400, Aquarius at wavelength: 870 nm (Cecil Instrumentation
Services Ltd., Cambridge, UK) and inductively coupled plasma – atomic
emission spectrometer (iCAP 7000 SERIES, Thermo Fisher Scientiﬁc,
Hillsboro, OR, USA).

RE (%) = q2 / q1 × 100

(2)

where (RE) is the recovery eﬃciency (%), while q1 and q2 are the
sorption capacities at the 1st and 2nd run, respectively. Sorption and
desorption eﬃciencies were compared for eight successive cycles. The
eﬃciency of the sorbent for As(V) removal from complex solutions was
tested on two spiked solutions containing inorganic contaminants: a
synthetic solution and a sample collected from a branch of the Nile river
close to Menouﬁa governorate (Egypt). The solutions were spiked with
As(V) at the concentration of 1 mg As L−1.
2.5. Sensor testing
For sensor application, the sorbent (SiO2@Mo(VI)-HS, 1 g) was
grinded in a mortar in the presence of ascorbic acid (powder, 10 mg).
The mixture was referred as SiO2@Mo(VI)-Asc. The release of ascorbic
acid contributes to reduce the complex formed between molybdate and
arsenate, which, in turn, forms molybdenum oxide blue colored complex. The arsenomolybdate complex (associated with the formation of
an α-Leggin anion) can be visually detected and/or quantiﬁed by
spectrophotometry [57]. The sensor was added to As(V) solution at pH
1.8 (controlled with 0.2 M H2SO4 and NaOH solutions) with a material
dosage of 1 g L−1 (typically: 210 mg for 20 mL). The mixture was
mechanically shaken for 20 min at 25 °C with agitation speed close to
300 rpm. After reaching equilibrium in color development, the solid
sensor was separated from the solution by ﬁltration through a cellulose
acetate ﬁlter paper. Arsenic content on the ﬁlter was qualitatively estimated by naked-eye observation, and quantiﬁed by UV–Vis spectrophotometry. In addition, As(V) residual concentration in the solution
was measured using ICP-AES (and compared to the concentration of the
initial solution); the standard deviation for As(V) concentration in solution was evaluated to 0.05%. A blank solution was also analyzed trice
under the same experimental conditions to evaluate the blank standard
deviation. The calibration of the diﬀerent methods was performed by
analysis of a series of As(V) standard solutions. This was used for determining the limit of detection (LOD) and the limit of detection (LOQ).

2.4. Batch studies for As(V) ions sorption and detection
Sorption tests were carried out in batch mode. A ﬁxed amount of
sorbent (SiO2@Mo(VI)-HS, m = 50 mg) was mixed with a volume of
solution (V = 50 mL) containing As(V), at concentration C0: 0.67 mmol
As L−1 (sorbent dosage, SD: 1 g L−1). The initial pH of the solution was
varied between 1 and 10 with sulfuric acid or NaOH solutions. The ﬂask
was maintained under agitation for 60 min at 25 °C. The solution was
separated from the sorbent by ﬁltration on an Ahlstrom glass microﬁber
ﬁlter paper (1.2 mm pore size; 4.7 cm diameter). The residual As(V)
concentration (Ceq, mmol As L−1) in the ﬁltrate was analyzed by
spectrophotometry or ICP-AES and the sorption capacity (qeq, mmol As
g−1) was deduced from the mass balance equation [56]:

qe = (Ci − Ce )V/ m

(1)

Other experiments such as uptake kinetics, sorption isotherms and
the study of the eﬀect of co-existing ions were conducted under the
same procedures. Intermediary samples were collected for uptake kinetics, while initial As(V) concentration was varied up to 6.8 mmol As
L−1 (at pH 1.8) for sorption isotherms. For the study of the eﬀect of coexisting ions, arsenic solution (1 mg As L−1) was completed by the
addition of inorganic ions (at the concentration of 5 mg L−1), other
experimental conditions being identical.
Eluability and regeneration of the optical microcaptor were conducted through the contact of 100 mg of the SiO2@Mo(VI)-HS composite with 100 mL of 50 mg As L−1 (i.e., 0.67 mmol As L−1) solution
under optimal experimental conditions. The solution was ﬁltrated and
the As loaded SiO2@Mo(VI)-HS was washed with demineralized water;
and As(V) was eluted with 1 × 10−3 M sodium bicarbonate (20 mL).
The recovery eﬃciency (RE %) was obtained from Eq. (2);

3. Results and discussion
3.1. Characterization of the synthesized materials
Various analytical methods have been used for characterizing the
physical structure and the chemical composition of the SiO2@Mo(VI)HS sorbent (including intermediary compounds to illustrate the synthesis route). The preparation of the sorbent consists of the synthesis of
silica microspheres by a sol–gel process, involving CTAB, and their
precipitation at the surface of CA (sacriﬁced support): SiO2/CA/CTAB
composite. The binding of Mo(VI) (ammonium molybdate) allows
synthesizing a Mo(VI)-impregnated support; the calcination of the
material at 550 °C produces SiO2@Mo(VI)-HS: the thermal degradation
of organic compounds (the template) synthesizes hollow spheres
bearing Mo(VI) oxides.
3.1.1. Morphology of sorbent and hollow spheres – SEM and TEM
observations
The surface of microporous SiO2@Mo(VI)-HS is characterized using
SEM and HR-TEM analysis (Figs. 1 and 2): the material is characterized
as a highly porous material (Fig. 1) constituted as the assembly of
hollow spheres (Fig. 2). The porosity of the material is directly due to
the calcination of the organic template (CA support sacriﬁced). The
material can be deﬁned as the agglomeration of nano-objects constituted of SiO2 particles coated with Mo(VI) oxides; the size of interconnected nanoparticles is around 50–60 nm (though larger objects
may be observed up to about 300–400 nm, through association).
Fig. 2 shows the TEM and HRTEM micrographs of microporous
nanostructured SiO2@Mo(VI)-HS composite. SiO2 nano-spheres (of

Fig. 1. SEM micrographs (at diﬀerent magniﬁcations) of SiO2 @Mo(VI)-HS composite.

diameter close to 40–60 nm) are assembled to form a wagon wheel-like
shape with numerous voids among the spheres. This may explain the
high porosity (and speciﬁc surface area, see below) of this material. The
connectivity between diﬀerent SiO2@MoO3 nano-spheres might be due
to the condensation between hydroxyl groups on adjacent spheres
during the calcination. The HRTEM clearly displays the porous structure of the sorbent and conﬁrms the existence of a hollow-spherical
porous nanocomposite of molybdenum oxide-coated silica. Fig. 2(e & f)
shows that SiO2 nano-particles are completely covered with the MoO3
layer; this conﬁrms the synthesis of SiO2@MoO3 as also evidenced by
XRD analysis (see below). Figure AM1 (see Additional Material Section)
shows other TEM micrographs illustrating the reproducibility of hollow
nanoparticles and their arrangement (formation of assemblies and
channels).
TEM microphotographs show a hollow core appearing in Fig. 2e and
f on the largest particles (30–108 nm), surrounded by a denser zone
(thickness 40–60 nm), and covered by a lighter layer (19–30 nm). This
“general” structure can be discussed through the following synthesis
route. The ﬁrst step in this process consists of the formation of the silica
core (bearing mesopores) through the condensation of alkoxysilane
under mild basic conditions. The preferential pore growth of inner silica
core particles presumably occurred by the aggregation of subparticles
(nuclei), followed by growth through cellulose acetate addition. In such
pore formation, hydroxide ions induce a series of Si–O bond-breaking
and bond-making processes that rearrange the high-energy bonds in the
core, leading to the formation of cracks inside the particles. The second
step of the synthesis results in the formation of concentric shells around
the core. During bond re-arrangement, the micelle domains of the CTAB
surfactant might simultaneously interact with the interior and exterior
silica core of the sphere particles. Similar phenomena were described by
Arnal et al. [58] and Zhang et al. [59]. The incorporation of Mo(VI)
species to silica/CA-CTAB in the composition leads to the formation of
double mesoporous core–shell silica/CA-CTAB/Mo(VI).
It is noteworthy that when the material is synthesized in the presence of an excess of molybdate on silica particles, the surface

morphology and structure strongly change (Figure AM2) with formation of tablets of MoO3 (77.64 mg Mo g−1 SiO2). The complete covering
of silica nanoparticles with MoO3 tablets does not allow distinguish the
surface of the support. Therefore, the amount of molybdate immobilized on the support is a critical parameter for deﬁning the
structure and texture of the composite.
It is noteworthy that these results are consistent with observations
reported by Khoeini et al. [60] who prepared hollow mesoporous silica
nanoparticles with a polystyrene-templating procedure associated with
CTAB surfactant action. They obtained hollow nanoparticles with
porous wall; the hollow chamber measured between 30 and 80 nm.
DLS measurements allowed identifying a bi-modal size distribution
of SiO2@Mo(VI)-HS particles: the predominant fraction (about 96%) is
close to 69.5 nm, while some agglomerates have a larger size (4% in
number) with a size close to 350 nm (Figure AM3). This is roughly
consistent with the TEM observation reported on Fig. 2. The zeta potential analysis also shows a heterogeneous distribution of charges
among the particles with a preponderant part of anionic nanoparticles:
the global zeta potential is slightly negative (i.e., close to −10 mV).
This is an important criterion to take into account for the interpretation
of both the synthesis route and the ﬁnal distribution and shape of
particles. This global anionic charge can explain the limited agglomeration of nanoparticles. This is also important for the proper structuration of the material during the synthesis. The proper charges of
cellulose acetate and CTAB, in relation with silanol groups at the surface of silica nanoparticles may explain the successive layers appearing
on TEM (with diﬀerent porous characteristics).

3.1.2. Textural characteristics of the sorbent – BET analysis
The textural characteristics of the sorbent (SiO2@Mo(VI)-HS composite) were obtained using the N2 adsorption/desorption technique.
The BET-surface area (SA), BJH pore volume (Vp), and the average pore
diameter (Dp) were determined (Fig. 3a). The SA is close to 715.5 m2
g−1 while the porous volume is close to 0.295 cm3 g−1. The N2 adsorption/desorption isotherm shows the common IV type, with an

Fig. 2. TEM micrographs (at diﬀerent magniﬁcations) of SiO2@Mo(VI)-HS composite.

extended hysteresis loop at low P/Po (in the range 0.2 to 1.0). This
result suggests the presence of micropores in SiO2@Mo(VI)-HS. The
steepness of the isotherm and the occurrence of capillary evaporation
are associated with the formation of uniform pore diameter (1.41 nm)
(major porous volume); however, another pore size close to 24 nm is
due to inter-spheres holes (recorded on HRTEM observations). This
analysis conﬁrms the formation of interconnected hollow microspheres
that gives the sorbent high porosity and speciﬁc surface area. This is
particularly important for the fast response of the sensor for As(V) detection.
3.1.3. Thermogravimetric analysis
Fig. 3b shows the thermogravimetric analysis of SiO2/CA/CTAB@
Mo(VI) (including TGA and DTG). Diﬀerent steps are identiﬁed in the
thermogram. First, the weight loss while stabilizing the material at
38 °C was close to 6%. Between 38 °C and 120 °C the material loses
15.5% (total weight loss: 21.5%); this is directly associated with the
desorption and release of water absorbed or immobilized in the porous
network. Another weight loss (about 7.3%; total weight loss 28.8%) is

observed between 202 °C and 310 °C: this corresponds to the thermal
degradation of a fraction of the organic template (CTAB and CA may be
concerned). The decomposition of free CTAB surfactant was reported at
232 °C, but when immobilized on zeolite degradation proﬁle begun at
lower temperature [61]. The next degradation step occurs between
310 °C and 383 °C: the material loses 4.8% (total weight loss: 33.6%).
This loss is again associated to the degradation of a compound constitutive of the organic fraction of the composite, probably cellulose
acetate [62]. It is noteworthy that the impregnation of paper with
molybdate led to an increase in the temperature of degradation of the
support [63]. The last phase in the degradation proﬁle is observed
between 383 °C and 900 °C with an additional weight loss close to 4.3%
(total weight loss: 37.9%): this corresponds to the thermal degradation
of the organic char. These diﬀerent thermal transformations are correlated to three maximum peaks on the DTG curve: at 57 °C, 263 °C and
360 °C corresponding to dehydration, and degradation of CTAB and CA
respectively. The incorporation of molybdate gives the composite
higher onset temperature of decomposition.

Fig. 3. Textural properties: (a) N2 sorption/desorption isotherms (and pore size
distribution, inset) and (b) TGA/DTG analysis (N2 atmosphere, ramp:
10 °C min−1) for SiO2/CA/CTAB@Mo(VI)-HS composite before calcination at
550 °C for 3 h.

3.1.4. Surface characterization of the sorbent – FTIR spectroscopy
Fig. 4 shows the FTIR spectra of SiO2/CA/CTAB composite, SiO2@
Mo(VI)-HS, and SiO2@Mo(VI)-HS → As(V) (the sorbent after As(V)
binding). The precursor (i.e., SiO2/CA/CTAB composite, Fig. 4a) shows
a broad band at 3434 cm−1, which is assigned to the overlapping of
hydrogen-bonded υOH stretching vibrations: hydroxyl groups are present at the surface of the material. In addition, a series of bands are
observed at 2923.6 cm−1, 2854 cm−1, 1468 cm−1 and 1421 cm−1;

these bands are attributed to asymmetric υC-H stretching, symmetric
υCH3 frequencies and υCH2 mode respectively [64]. On the other hand,
the sharp peaks at 1630 cm−1 and 1703 cm−1 (tracers of cellulose
acetate) are associated with stretching vibrations of C = O groups. The
bands observed at 801 cm−1, 723 cm−1 and 546.7 cm−1 are commonly
assigned to Si-O-Si symmetric stretching vibrations [65]. The bands at
463 cm−1 and 957 cm−1 correspond to bending mode of Si-O bonds
and symmetric stretching vibration of Si-OH respectively. Najaﬁ et al.
[66] assigned the band at 463 cm−1 to Si-O-Si rocking stretching. The
strong intense broadband at 1088.6 cm−1 is assigned to Si-O-Si symmetric stretching vibration [66]. Carbonyl groups (free and bonded)
have been identiﬁed at 1705 cm−1 and 1653 cm−1 for CA/silica
composites [66], respectively (also identiﬁed at ≈ 1640 cm−1 and
1740 cm−1 [67] ; here, for SiO2/CA/CTAB composite, the peaks appear
at 1703 cm−1 and 1630 cm−1, respectively. These peaks not present on
raw silica are generally used for conﬁrming the deposition of cellulose
acetate on silica [66,67]; this is consistent with current results.
The FTIR spectrum of SiO2/CA/CTAB@Mo(VI) (Fig. 4b) shows an
additional new band at 2357 cm−1; this band is usually associated with
O]C]O or HOeC]O compounds. In addition, the υOH stretching vibration is shifted to 3427 cm−1 after the incorporation of MoO3 groups
within the material [35]. The peaks at 1703 cm−1 and 1630 cm−1 are
shifted to 1727 cm−1 and 1622 cm−1, respectively. These changes
conﬁrm the successful immobilization of molybdate groups on the
composite surface. The immobilization of molybdate on silica was
identiﬁed by the appearance of Mo-O stretching vibration at
774–905 cm−1, corresponding to MoO42− tetrahedrons [68]; the band
does not appear on SiO2/CA/CTAB@Mo(VI), probably because of superimposition with Si-O bands.
The FTIR analysis of SiO2@Mo(VI)-HS → As(V) (Fig. 4c) shows the
disappearance of a series of peaks, ﬁrst at 2924 cm−1 and 2854 cm−1,
which correspond to C–H bonds. The disappearance of these peaks is
directly correlated to the calcination of the SiO2/CA/CTAB@Mo(VI)
material (and the elimination of cellulose acetate/CTAB compounds).
Similar trend were observed in the case of polystyrene-templated silica
nano particles [60]: after calcination and polystyrene degradation) the
CeH stretching vibrations disappear from FTIR spectra. The peaks at
1703 (or 1727) cm−1 and 1465 cm−1 also disappeared, probably due to
calcination. The υOH stretching band is shifted to 3444 cm−1. A band is
observed at 1628 cm−1, resulting from the shift of the band identiﬁed
at 1630 and 1622 cm−1; however, the increase in the intensity of this
band suggests that the sorption of arsenate induces some changes at the
surface of the sorbent. In the case of molybdate supported on PAM-PVA
composite polymer hydrogel, Das and Sarkar [57] reported the appearance of a peak at 872.6 cm−1 after Mo(VI) binding, and its disappearance after As(V) sorption. These variations cannot be detected on
Fig. 4; this is probably masked by the peaks associated to Si-O groups.
3.1.5. XRD analysis
Figure AM 4 shows the XRD patterns of SiO2@Mo(VI)-HS composite
together with SiO2@Mo(VI)-HS → As. Fig. 5a conﬁrms SiO2@Mo(VI)HS is poorly crystalline: a broad peak due to amorphous SiO2 appears
together with some grown narrow peaks corresponding to MoO3. Molybdenum trioxide (MoO3) is favorably obtained after releasing all organic matter by calcination at 550 °C, although molybdenum dioxide
(MoO2) may also appear. In addition, it was observed that Mo(VI)
species are highly dispersed on silica. In contrast, after As(V) sorption
(Fig. 5b), the visible narrow peaks completely disappear; this is due to
the formation of blue molybdenum oxide (i.e., Mo2O5·H2O), which is
coherent with conclusions raised in the literature [69].
3.2. As(V) ions sorption assays

Fig. 4. FTIR spectra of SiO2/CA/CTAB@Mo(VI) (A), SiO2@Mo(VI)-HS (B) and
SiO2@Mo(VI)-HS-As(V) complex (C).

3.2.1. Eﬀect of pH
The pH of the solution is a critical criterion for visual detection and
high sensitive removal of As(V) ions. The performance of the

Fig. 5. Eﬀect of initial pH on the sorption/spectrophotometric analysis of As(V)
using SiO2 @Mo(VI)-HS composite: (a) sorption capacity vs. initial pH; (b) UV
spectra of the composite exposed to As(V) solutions at increasing pH (i.e., from
1.4 to 3.66) (C0: 6.7 × 10−4 M; sorbent dosage, SD: 1 g L−1; contact time:
60 min; Temperature, T: 25 °C).

synthesized SiO2@Mo(VI)-HS composite for As(V) sorption and its visual detection is qualitatively and quantitatively evaluated at diﬀerent
initial pH values (Fig. 5a). A distinctive change in color clearly appears
at the surface of the sensor upon adding low concentrations of As(V)
ions in the acidic pH region (between pH 1.4 and pH 3.7) under reductive conditions (i.e., in the presence of ascorbic acid; Fig. 5b). The
highest capacity of the synthesized SiO2@Mo(VI)-HS for As(V) binding
is observed at pH 1.8. The speciation diagram (Figure AM5a) shows the
predominance of neutral H3AsO4 species at pH 1. With pH increase, As
(V) progressively deprotonates to form increasing fractions of anionic
H2AsO4− species. The presence of ascorbic acid may also cause the
reduction of arsenate to arsenite with formation of H3AsO3 (deprotonated species are signiﬁcantly appearing above pH 7; not shown).
Under selected experimental conditions, arsenic is essentially present as
H3AsO3, H3AsO4 at low pH (below pH 2), while anionic As(V) species
begins to predominate above pH 2.5 (Figure AM5a) [70–73]. The interaction of As(V) with molybdic acid solutions has been well documented. The concept was used for developing sensor and analytical
systems using bismuth salt [74], or dyes [75] for improving the development of the color. In the presence of ascorbic acid, ammonium
molybdenum forms the so-called molybdenum blue, which has a strong
aﬃnity for arsenate species [76]. The incorporation of adjuvants (such
as sodium dithionite, potassium antimony tartrate) allowed the analytical speciation As(V)/As(III) [77]. Naked-eye detection of As(V) was
also discussed in the case of amino-bearing resins functionalized by
sorption of molybdate [78]; the contact of As(V) solutions with the
resin in acidic solutions in the presence of a reducing agent (ascorbic
acid) allowed turning the color of the resin to blue. The XPS analysis of
the resin at the diﬀerent stages of the reaction (Mo-loaded resin, As(V)/
Mo-Resin and after reduction) clearly showed the formation of hetero-

Fig. 6. As(V) uptake kinetics (with ﬁtted lines using the PFORE and PSORE
models) (a) and sorption isotherm (with ﬁtted lines using the Freundlich,
Langmuir and Sips equations) (b) using SiO2@Mo(VI)-HS composite at pH 1.8
and T: 25 °C (SD: 1 g L−1; C0: 50 mg As L−1 for uptake kinetics; C0:
0.02–500 mg As L−1 for sorption isotherms).

poly acid (molybdenum blue) but also the formation of ternary complexes after As(V) binding. After reduction with ascorbic acid, several
changes were detected including partial reduction of As(V) to As(III)
and Mo(VI) to Mo(IV). Therefore, it is possible anticipating that the
interpretation and modeling of As(V) binding on SiO2@Mo(VI)-HS, in
the presence of ascorbic acid, is made complex by these secondary
chemical mechanisms. Under selected experimental conditions, the
maximum sorption capacity is reached at pH 1.8; the sorption capacity
attains 0.53 mmol As g−1. These conditions correspond to the strongest
density of blue color for naked-eye detection purpose. The mechanism
involves the sorption of arsenate on molybdenum blue with possible
mechanisms of reduction [76,78] and possible binding of anionic
HAsO42− species [70,73,79].
3.2.2. Eﬀect of contact time
Fig. 6a shows the relative decrease of As(V) concentration in function of time. Under selected experimental conditions, the equilibrium is
reached with 20 min of contact: more than 90% is achieved within the
ﬁrst 15 min of agitation. This fast response can be explained by the
micron-size of sorbent particles (60 nm), the high speciﬁc surface area
(715 m2 g−1) and the pore size (1.4 nm larger than arsenate species;
i.e., 248 pm). The calcination of the sorbent after Mo functionalization
allows the pyrolysis of cellulose acetate and CTAB. This thermal degradation creates an additional porosity that increases the accessibility
to Mo reactive groups. This contributes to fast uptake of As(V). This fast
sorption is consistent with the short times required for color development in comparable systems [76,78]. This fast kinetics means that the
mechanisms of resistance to ﬁlm diﬀusion and to intraparticle diﬀusion
are not playing a main role in the control of the binding of As(V) on the
sorbent. Fig. 6a also shows the modeling of kinetic curves (solid and
dotted lines) with the conventional pseudo-ﬁrst order (PFORE, Eq. (3);

Table 1
Parameters of PFORE and PSORE models for As(V) uptake kinetics.
Parameter

PFORE
−1

qeq,exp (mmol As g )
qeq,calc (mmol As g−1)
ki
R2

0.51
0.509
0.178 min−1
0.989

Table 2
Parameters of Langmuir and Sips model for As(V) sorption isotherms.

PSORE

Parameter

0.51
0.602
0.356 g mmol−1 min−1
0.993

[80]) and pseudo-second order (PSORE, Eq. (4); [81]) rate equations.
The extension of these equations initially developed for modeling
homogeneous reactions is successfully applied for ﬁtting uptake kinetics in heterogeneous systems with the implicit hypothesis that rate
coeﬃcients are apparent constants that integrate the eﬀective contributions of resistance to ﬁlm and intraparticle diﬀusions.

PFORE [80]: q (t ) = qeq,1 (1 − e k1 t )
PSORE [81]: q (t ) =

(3)

2
qeq
,2 × k2 × t

1 + qeq,2 × k2 × t

(4)

where qeq(1 or 2) are the sorption capacity (qeq, at equilibrium for PFORE
and PSORE (respectively); k(1 or 2) are the apparent rate coeﬃcients for
PFORE and PSORE (respectively). Table 1 reports the parameters for
the models ﬁtted to experimental curve; the parameters were determined by non-linear regression analysis (using Mathematica® software facilities). The determination coeﬃcients (i.e., R2) are very close
for the two models (a little better for PSORE). However, the comparison
of the calculated sorption capacities at equilibrium shows that the
PFORE model is very close to the experimental value (compared with
the PSORE that signiﬁcantly overestimates the equilibrium sorption
capacity). It is thus diﬃcult discriminating between the two models: the
PFORE is supposed to ﬁt proﬁles controlled by physical sorption while
the PSORE is usually associated with chemical sorption. Actually, the
comparison of calculated sorption capacities at equilibrium for the two
models with relevant experimental value shows that the pseudo-ﬁrst
order rate equation gives more appropriate ﬁt.
3.2.3. Eﬀect of As(V) ions concentrations
In order to evaluate the maximum sorption capacity of the sorbent,
sorption isotherms were carried out at pH 1.8 (at the temperature of
25 °C). Fig. 6b shows the sorption isotherm: the uptake of As(V) ions by
SiO2@Mo(VI)-HS sharply increases before reaching a saturation plateau. It is noteworthy that the concentration of As(V) does not change
the speciation of the metalloid: 73% of As(V) is present under the arsenic acid form (i.e., H3AsO4) while the mono-anionic species (i.e.,
H2AsO4−) represents 27% (Figure AM5b). The maximum capacity is
close to 2.03 mmol As g−1. The sorption capacity (qeq, mmol As g−1) is
plotted vs. the equilibrium concentration (qeq, mmol As L−1) for establishing sorption isotherm, which can be ﬁtted using diﬀerent models
[82]. The Freundlich equation follows a power-like equation, which is
not consistent with the saturation plateau observed in Fig. 6b. The
Langmuir model (Eq. (6)) is described by a mechanistic equation that
supposes the sorption sites to be energetically homogeneous and the
sorbed molecules to be bound independently (not mutual interaction
between species bound on vicinal reactive groups). The sorption is
supposed to occur as a monolayer and the sorption capacity at saturation of this monolayer corresponds to maximum sorption capacity (qm,
mmol As g−1). Introducing a third parameter in this mechanistic model
allows, in certain cases, improving the quality of the ﬁt; the Sips
equation (Eq. (7)) corresponds to this empirical model.
1/ n
Freundlich[82]: q = kF Ceq

qeq =

(5)

qm, L × bL × Ceq
1 + bL × Ceq

(6)

−1

qm,exp (mmol As g )
kF
qm,calc (mmol As g−1)
b (L mmol−1)
n
R2

Sips[82]: q =

Freundlich

Langmuir

Sips

2.03
1.416
–
–
2.767
0.926

2.03
–
2.357
2.567
–
0.992

2.03
–
2.178
4.231
0.773
0.996

1/ nS
qm, S × bS × Ceq eq
1/ nS
1 + bS × Ceq eq

(7)

where qm,L or S are the maximum sorption capacities (mmol As g−1) for
Langmuir and Sips equations (respectively), bL or S is the aﬃnity coefﬁcients (L mmol−1) for the Langmuir and the Sips equations (respectively), nF or S is the energy coeﬃcients for the Freundlich and the Sips
equations (respectively), kF is the Freundlich constant. These two
models are represented by solid and dashed lines in Fig. 6b, with the
parameters summarized in Table 2 (parameters obtained by non-linear
regression analysis). Consistently with the very close values of determinations coeﬃcients, the isotherm ﬁts with the two models that are
almost superimposed. The maximum sorption capacity determined with
the Sips model is closer to the experimental value than the value obtained with the Langmuir equation. Table 3 summarizes the main
properties of a series of sorbents for As(V) binding. This table shows
that SiO2@Mo(VI)-HS is one of the most eﬃcient sorbents for As(V)
removal from aqueous solutions.
3.2.4. Eﬀect of temperature – thermodynamic parameters
The temperature may aﬀect the distribution of solute between the
liquid and solid phases. Figure AM6 shows the comparison of As(V)
sorption isotherms at pH 1.8 for diﬀerent temperatures, in the range
25–40 °C (including the repetition of T: 25 °C). In this limited range of
temperatures, the variations are relatively weak but suﬃcient to demonstrate that the reaction is endothermic: the sorption capacity increases with temperature. The Langmuir coeﬃcient bL, determined at
the diﬀerent temperatures, is used in the Van ’t Hoﬀ equation (Eq. (8))
for calculating the thermodynamic parameters (i.e., ΔH°, enthalpy
change, kJ mol−1; ΔS°, entropy change, J mol−1 K−1; and ΔG°, free
Gibbs energy change, kJ mol−1):

lnbL =

ΔH°
ΔS°
+
RT
R

(8a)
(8b)

ΔG° = −ΔH° + ΔS°
−1

The enthalpy change (ΔH°: 16.87 kJ mol ) is positive; this conﬁrms the endothermic behavior of As(V) sorption on SiO2@Mo(VI)-HS
surface. The entropy change is also positive (ΔS°: 122 J mol−1 K−1).
This means that the randomness of the system (sorbent/solute) increases after sorption (in acidic solutions and in the presence of the
reducing agent); probably due to the fast formation of hetero polyacids
under these selected conditions. The free energy (Gibbs) change varies
between −19.48 and −21.92 kJ mol−1: the negative values indicate
that the reaction is spontaneous and becomes more favorable with the
increase of the temperature. The fact that |ΔH°| < |−TΔS°| conﬁrms
that the sorption of As(V) is controlled by entropic changes rather than
by enthalpic changes. Increasing the temperature enhances As(V)
sorption and simultaneously speeds up the development of the color:
color intensity is detected by naked-eye within 10 min at T: 40 °C.
3.2.5. Sensor application and limit of detection
The preciseness of As(V) detection using SiO2@Mo(VI)-HS sensor
was performed using a simple sensitive sequential quantiﬁcation of the
color for sorbent/solution suspensions with increasing concentrations

Table 3
Comparison of As(V) sorption capacities onto various sorbents .
Sorbent

pH

Contact time (min)

As(V) sorption capacity (qm or qL, mmol As g−1).

Ref.

Fe(III)-Ti(IV) oxide
Fe-Mn binary oxide
Fe-Cu binary oxide
CuO nanoparticles
Al2O3/Fe(OH)3
Fe-Zr binary oxide
Molybdenum(VI)-chitosan-TEPA
Iron-zeolites-activated carbon
Eggshell/goethite/α-MnO2
Fe(III)/La(III)-chitosan
Al-HDTMA-sericite
Cell-N-Cu
SiO2@Mo(VI)-HS

7.0
4.8
7.0
6.0–10.0
6.62–6.74
7.0
2.5–3.5
7.0–11.0
5.0
3.0–8.0
5.5
8.4
1.8

360
1440
1440
600
2880
2940
6
2880
60
45
1440
5
20

0.19
0.96
1.10
0.30
0.49
0.62
1.35
1.05
0.63
1.46
0.01
1.32
2.03

[87]
[88]
[89]
[90]
[91]
[92]
[93]
[94]
[95]
[96]
[97]
[38]
Present work

of As(V) concentrations (from 2.6 × 10−7 to 3.3 × 10−3 M). The
UV–Vis reﬂectance spectra were collected to detect the changes associated with the interaction of SiO2@Mo(VI)-HS with As(V) and to the
formation of the complex [SiO2@Mo(VI)-HS → As(V)]. The color signal
fast revealed by ascorbic acid allows correlating the color intensity to
the eﬀective arsenic concentration in the solution. Molybdate layer
coated silica surfaces develops a blue color through the formation of a
hetero-poly-acid between Mo(VI) and As(V) ions in presence of ascorbic
acid. Once the SiO2@Mo(VI)-HS composite is in contact with As(V) ions
solution, Mo(VI) is reduced to lower valence state Mo(IV) along with
the reduction of As(V) to As(III) [78].
The change in the color (measured by absorbance spectral responses
of the [SiO2@Mo(VI)-HS → As(V)] complex) is recorded at
λmax = 661 nm (Fig. 7a). The relation between As(V) concentrations
and absorbance is represented in Fig. 7b. The calibration might be
limited to absorbance lower than 1; this corresponds to the range of
concentration where the signal is linear against As(V) concentration
(i.e., 2.6 × 10−7 to 6.6 × 10−6 M) at pH 1.8 (insert in Fig. 7b). The
limit of detection (LOD) of As(V) ions using SiO2@Mo(VI)-HS sensor
was assessed from the linear part of Fig. 7b, according to Eq. (9) [79]:

LOD = 3 ×

LOQ = 10 ×

StD
slope
StD
slope

(9a)

(9b)

where StD is the standard deviation on blank analysis StD (triplicate
analysis) on blank analysis (3 measures) and slope is the slope of the
linear section of the curve. Here the standard deviation is
StD = 0.005686 while the slope is 0.0517 or 0.0571 (depending on the
range of concentration and the inclusion of the initial point). This
means that the LOD is close to 0.3–0.33 µM (i.e., close to 25 µg L−1),
while the LOQ is around 1.00–1.10 µM (i.e., close to 75 µg L−1). This is
consistent with the level of detection reported on molybdate-loaded
synthetic resin for As(V) in the presence of ascorbic acid [78].
These results show that the microporous SiO2@Mo(VI)-HS composite can detect trace amounts of As(V) in water. However, the limit
concentration for As in drinkable water is 10 µg As L−1. This means that
the sensor is not suﬃcient for achieving drinkable water levels and livestock drinking water [83]. US EPA and FAO recommend a 0.1 mg L−1
limit concentration for As in irrigation water [84].
3.2.6. Selectivity assays
To assert the applicability of the proposed SiO2@Mo(VI)-HS optical
microporous sensor it is necessary evaluating its ability to selectively
detect and remove As(V) ions from multi-component aqueous solutions.
Fig. 8a shows the results for the sorption and sensing of As(V) at the
concentration of 10 µM in the presence of an excess of interfering ions
(at constant concentration: 5 mg L−1). The list of selected interfering

Fig. 7. Eﬀect of As(V) concentration on: (a) the UV spectra response of the SiO2
@Mo(VI)-HS composite, and (b) the corrected absorbance (@ λmax: 661 nm; pH
1.8; T: 25 °C; Time: 30 min; C0(As): 1.25 × 10−7 – 6.60 × 10−3 M, inset: focus
on the initial linear section).

ions counts: phosphate, sulfate, silicate, nitrate, bromide, chloride, sodium, ﬂuoride, potassium, calcium, magnesium, iron, copper, cobalt,
nickel, manganese, aluminum and lead. The analytical test was performed at the optimum pH (i.e., pH 1.8). The results clearly demonstrate that in most cases As(V) is not aﬀected by the presence of an
excess of interfering ions: the removal eﬃciency exceeds 95% and the
sorption of these ions remains negligible. A few interfering ions are
identiﬁed: Fe(II) > silicate > sulfate > phosphate. The interfering
eﬀect is probably expressed by diﬀerent mechanisms. Indeed, for silicate, sulfate and phosphate ions their hydrated ionic size if very close
(or higher) to the ionic size of hydrated arsenate (Table AM1, see AMS);
the level of interference is correlated to the proximity in the ionic size

Table 4
Removal of As(V) ions in simulated synthetic and real surface water sample at
pH 1.8, SiO2@Mo(VI)-HS weight of 50 mg, solution volume of 50 mL, 30 min
equilibrium time at 25 °C.
Sample

Synthetic solution

Real sample

Interfering ion

C0 (mg
L−1)

Ceq (mg
L−1)

SC

C0 (mg
L−1)

Ceq (mg
L−1)

SC

As(V)
PO43−
SO42−
Cl−
NO3−
CO32−
F−
Na(I)
K(I)
Ca(II)
Mg(II)
Fe(III)
Mn(II)
Al(III)
Zn(II)
Pb(II)
Cd(II)
Hg(II)
Ni(II)
Co(II)
Cr(III)
pH

1
5.26
29.9
9.8
5.8
5.0
5.2
44.7
5.02
20.6
22.0
2.00
2.09
5.00
5.7
5.0
5.02
4.98
5.0
5.3
4.5
1.8

0.04
4.48
26.5
9.4
5.7
4.6
5.2
44.2
4.97
19.6
21.9
1.95
2.09
4.98
5.7
5.0
5.01
4.97
5.0
5.2
4.5

1
138
187
564
1368
276
∞
2122
2386
470
5256
936
∞
5976
∞
∞
12,024
11,928
∞
1248
∞

1
0.14
20.76
36.84
0.36
24.8
0.52
28.4
5.62
32.4
17.8
0.11
0.09
0.07
0.09
–
–
–
–
–
–
1.8

0.07
0.12
19.13
34.8
0.35
23.4
0.51
28.3
5.6
32.28
17.7
0.09
0.09
0.07
0.09
–
–
–
–
–
–

1
79.7
156
227
465
222
678
3760
3720
3574
2352
59.8
∞
∞
∞
–
–
–
–
–
–

∞: corresponding to interfering ions that are not sorbed on SiO2@Mo(VI)-HS.
Fig. 8. (a) Eﬀect of coexisting-ions (CI) on the selectivity of As(V) sorption/
detection using SiO2 @Mo(VI)-HS composite (C0: 1 mg As L−1; C0(CI): 5 mg
L−1; pH: 1.8; SD: 1 g L−1; Temperature: 25 °C; Time: 30 min), and (b) Eﬀect of
the recycling of SiO2 @Mo(VI)-HS composite on the recovery of As(V) over 8
cycles of sorption/desorption.

of hydrated species. On the other hand, in the case of Fe(II) the hydrated ion has a much lower ionic radius. Another contribution to this
competition eﬀect consists of the speciﬁc interaction that may exist
between the anion with molybdate (especially silicate and phosphate).
The competitor eﬀect of phosphate and silicate (to a lesser extent) was
reported by Dambies et al. [39,40] for the binding of As(V) onto molybdate-impregnated chitosan beads.
For these four interfering ions, the removal eﬃciency remains
below 20% and the loss in As(V) never exceeds 25%. Silicate and Fe(II)
at concentrations up to 0.1 mM and 5 mM, respectively, interfere with
As(V) sorption. The selectivity of the microporous-sorbent can be ascribed to its high binding aﬃnity for the target co-existing ions and the
stability of the formed SiO2@Mo(VI)-HS → As(V) complex. This result
conﬁrms the fast binding interactions and the stability of the target ionto-sorbent complex on the pore surfaces under optimal pH conditions,
leading to the selective removal of As(V) ions in contaminated samples.
The stability constant (log KAs) of the formed SiO2@Mo(VI)-HS → As(V)
complex at a speciﬁc pH value has a signiﬁcant eﬀect on As ion-selectivity of the microporous SiO2@Mo(VI)-HS sorbent, particularly in
high dilute concentration of As(V), compared with competitive matrices. The value of log KAs can be calculated using Eq. (10) [85];

logKAs = [SiO2 @Mo → As]s /[SiO2 @Mo]s × [As]L

(10)

where [As]L and [L]S represent the concentration of [As] in 50 mL solution (3.4 mmol L−1), and the total Mo(VI) content in SiO2@Mo(VI)HS (0.17 mM), respectively. [ML]L is the concentration of As loaded on
SiO2@Mo(VI)-HS sorbent. The determination of the stability constants
was carried out at 25 °C and pH 1.8. Results from the binding constants
(log KAs) of the complex formed upon addition of As(V) ions was 3.4 at
the optimal pH value. This value means that As(V) ions strongly bind
onto the microporous SiO2@Mo(VI)-HS surface preferentially to

competitive ions.
In addition, the application of SiO2@Mo(VI)-HS as an optical microporous sensor was examined in both simulated synthetic and real
samples under optimal experimental conditions. The simulated synthetic sample with a standard solution of 1.0 mg L−1 As(V) ions
(Table 4). The results indicate that SiO2@Mo(VI)-HS composite could
be used as a good sensor/sorbent for removal/sensing of As(V) ions
from polluted environments. To complete the assessment of the applicability of the synthesized SiO2@Mo(VI)-HS composite, a sample of
the real surface water obtained from River Nile, at Menouﬁa, Egypt,
was injected with a known quantity of arsenic (i.e., 1.0 mg L−1 As(V)).
The analyses were carried out using ICP-AES, as reported in Table 4.
Arsenic was eﬃciently sorbed: the sorption eﬃciency reaches 96% and
93% for synthetic solution and for Nile river sample, respectively. The
presence of an excess of other cations (metal cations) and anions has a
limited impact on As(V) removal. The selectivity coeﬃcient (SC) is
deﬁned by the ratio of the distribution ratios for As(V) over element:

SC =

qeq, As × Ceq, element
DAs
=
Delement
Ceq, As × qeq, element

(11)

The comparison of SC values are diﬃcult because the level of concentrations of the diﬀerent co-ions are diﬀerent; however, some trends
can be identiﬁed. Other metal ions are not bound: the change in concentration does not exceed a few percent (less than 5% in the case of
synthetic solution and even less for Nile river sample). The anions are
more eﬃciently bound; however, sorption eﬃciency does not exceed
12% (for SO42− from synthetic solution). The highest SC values are
obtained for Cd(II) and Hg(II) (around 12000), Mg(II) and Al(V) (in the
range 5000–6000) and for monovalent cations (such as Na(I) and K(I),
around 2200), for synthetic solution.
On the opposite hand, the lowest SC values are reported for phosphate (i.e., 138) and sulfate (i.e., 187) anions. This is consistent with
previous conclusions on the eﬀect of anions having hydrated ionic radius close (sulfate anions: 230 pm) or higher (phosphate anions:
323 nm) than As(V) (248 pm), and speciﬁc molybdate-phosphate (or
silicate) interactions. Figure AM7 shows an illustration of sorption test

carried out on Nile river sample.
3.2.7. Reusability assays
The competitiveness and eﬀectiveness of the support for both
sorption and sensor application requires the material to be easily regenerated and to be re-usable. Fig. 8b compares the sorption and desorption eﬃciencies for the recovery of As(V) for eight successive cycles,
using 1 mM NaHCO3 solution as the stripping agent [74]. The system
shows remarkable stability for the ﬁrst 5 cycles: the sorption eﬃciency
slightly decreases (from 75.5 to 71.3%, for the ﬁrst run) while the
desorption eﬃciency decreases from 100% to 94%. Induced by fractional dissolution of both SiO2 and MoO3 after regeneration in alkaline
media, the removal performance of arsenic was decreased due to the
exfoliation and dissolution of MoO3 ﬁlm from silica particles surface
[86]. After the ﬁfth cycle, the loss in eﬃciencies slightly increases,
especially in the eighth cycle: sorption eﬃciency decreases to 57.1%
and the desorption eﬃciency tends to 75%.
4. Conclusion
This study describes the development of nano-structured porous Mo
(VI)-coated silica (SiO2@Mo(VI)-HS) characterized by its speciﬁc
morphology (i.e., hollow-spheres) and high surface area (i.e., 715.5 m2
g−1) for sensing and removing As(V) ions from real samples. The synthesized composite was well characterized by various techniques (XRD,
FTIR, SEM, TEM, N2 adsorption/desorption, and thermal analysis).
The pH is a critical parameter for the activity of the support for both
As(V) sorption and detection: optimum value is found close to 1.8.
Uptake kinetics is ﬁtted by the pseudo-ﬁrst order rate equation; the
equilibrium is reached within 20–25 min of contact. Sorption isotherms
are modeled by the Langmuir equation: maximum sorption capacity
reaches up to 2 mmol As g−1 at 25 °C. The sorption is endothermic
(positive value of enthalpy change), spontaneous (negative value of free
energy change), and controlled by entropic changes. The ions that affect
the
most
signiﬁcantly
As(V)
binding
are
Fe
(II) > silicate > sulfate > phosphate. Arsenic can be readily desorbed from sorbent using 1 mM NaHCO3 solution, SiO2@Mo(VI)-HS can
be re-used for a minimum of 5 cycles with negligible loss in sorption
and desorption performances; the system maintains good properties for
at least 8 cycles.
In addition, to As(V) sorption properties, the material can be used
(in the presence of ascorbic acid) for naked-eye detection of arsenate
traces. The spectral response for [SiO2@Mo(VI)-HS → As(V)] complex
shows a maximum absorbance at λmax = 661 nm. The LOD is close to
0.33 µM while the LOQ approaches 1 µM (i.e., approximately 25 and
75 µg L−1, respectively).
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